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Chapter 1

1.1 Introduction

Cancer is a group of diseases characterized by the uncontrolled growth

and spread of abnormal cells that can result in death if not treated. Although the exact
cause of many cancers remains unclear, several factors are known to elevate risk,
including modifiable ones such as tobacco use and obesity, as well as non-modifiable
factors like inherited genetic mutations [1]. In recent years, control of cancer has been
considered to be a foremost communal health issue. Due to the high number of deaths
from cancer, cancer is a serious health problem worldwide [2]. The World Health
Organization (WHQO) has projected that approximately 13.1 million cancer-related
deaths will occur by the year 2030.
Additionally, it is expected that over 1.9 million new cancer cases will be diagnosed
in 2024. In the United States alone, it is anticipated that around 611,720 Americans
will succumb to cancer in 2024, equating to roughly 1,680 deaths each day. This
emphasizes the fact that, after heart disease, cancer is the second most common cause
of mortality. Cancer diagnosis and treatment were delayed in 2020 due to the
COVID-19 pandemic because of hospital closures, disruptions in work, health
insurance, and worries about viral exposure [3].

The global rise in cancer cases in recent years is attributed to epidemiological
shifts driven by increased life expectancy, an aging population, and the growing
prevalence of unhealthy lifestyles [4]. Cancer survival rates significantly differ
depending on the type and late-stage diagnosis. Metastatic spread, defining late-stage
cancer, is responsible for 90% of cancer-related deaths. It is worth considering that
widespread screening and early cancer detection could significantly improve cancer
morbidity and mortality outcomes. Notwithstanding the pressing demand for early
cancer detection, screening tests with established clinical effectiveness are infrequent.
The emergence of high-throughput technologies and computational resources holds
the promise of enabling early diagnosis in the future. In cases where early detection is
viable and treatment choices are available, our restricted knowledge of patient
categorization for informed treatment decisions frequently hinders successful
outcomes. Clinical protocols for diagnosing and determining treatment paths
commonly rely on procedures such as tissue biopsy, imaging modalities, and
cytology. The information obtained through these approaches is coarse-grained,

offering limited molecular details about the cancer. This lack of molecular specificity
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can complicate treatment decisions, as interpatient tumor heterogeneity often governs
the response to existing therapies [5]. Current cancer treatment approaches, such as
chemotherapy and radiotherapy, regrettably have the potential to harm healthy tissues
in the body and can lead to a decline in the patient's overall health. Consequently, the
quest for less detrimental and more efficacious treatments is growing significantly.

Despite intensive research endeavors spanning the past few decades, cancer
continues to stand as a prominent contributor to mortality and a significant public
health concern. Cancer manifests as a complex cascade of pathological states,
advancing incrementally to form a cluster of cells characterized by unbridled
proliferation and the capacity to evade the body's inherent mechanisms for cell
apoptosis. Chemotherapy is a significant treatment modality for both localized and
metastasized cancers. It involves administering free drugs into the bloodstream to
target cancer cells. However, as anticancer drugs are not specific to cancer cells, there
is a strong interest in selectively increasing their uptake in tumor tissues. The current
state of cancer therapy still faces challenges, as the potent drugs used in
chemotherapy can harm healthy cells that overgrow, in addition to cancer cells.
Existing diagnostic and prognostic categorizations lack the precision required to
forecast treatment success and patient prognosis accurately. Consequently, there is a
pressing demand and a substantial impetus to create novel and inventive technologies
capable of eradicating an entire tumor and ascertaining whether a cancer has been
thoroughly excised [6]. Currently, traditional methods for cancer treatment include
tumor removal through surgery, immunotherapy, radiation therapy, chemotherapy, or
a combination of these approaches [7].

Magnetic iron oxide nanoparticles are a prominent example of multifunctional
nanomaterials, gaining increasing use in various biomedical fields such as magnetic
resonance imaging (MRI), biological catalysis, magnetic hyperthermia, magnetic
targeting, magnetic separation, photo-responsive therapy, and drug delivery. They are
now widely used in the diagnosis and treatment of cancer. New therapies at different
stages of development include angiogenesis inhibitors, biological treatments, bone
marrow and peripheral blood stem cell transplants, laser therapy, hyperthermia,
photodynamic therapy, and targeted cancer therapies [8]. Current chemotherapy faces
several challenges, including non-specificity, cytotoxicity, short half-life, poor
solubility, the development of multi-drug resistance, and the growth of stem-like
cancer cells. To address these issues, advanced treatment methods such as
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nanomaterial-based  chemotherapy, targeted therapies, molecular therapy,
photodynamic therapy (PDT), photothermal therapy (PTT), chemodynamic therapy
(CDT), magnetic hyperthermia therapy (MHT) and sonodynamic therapy (SDT) are
being employed in cancer treatment [9]. MHT has recently gained prominence as a
non-invasive approach to cancer therapy, offering several advantages in contrast to
conventional treatments. Hyperthermia is defined as a very high body temperature.
This could be from an infection, heat exposure, or an adverse effect of the drugs.
Additionally, body tissue can be exposed to extremely high temperatures as part of
hyperthermia therapy to either kill or damage cancer cells or to increase their
susceptibility to the effects of radiation and specific anticancer drugs. Hyperthermia,
in essence, involves elevating body temperature beyond the normal range. This
elevation can be induced as part of a treatment, as a result of infection, or due to
exposure to heat. Magnetic hyperthermia, employing FezO./y-Fe.O3 nanoparticles,
offers the distinct advantage of selectively eliminating cancerous cells while sparing
healthy ones. This selectivity is achieved by raising the temperature to approximately
42-43 °C within the specific target area of these nanoparticles [10 -11].

Magnetic nanoparticles (MNPs) are among the most significant
nanomaterials in healthcare and life sciences. When their size is reduced to the
nanoscale (1-100 nm), they display distinct physical, chemical, and biological
properties highly dependent on their size. The ability to control and utilize magnetic
properties in medical applications makes them particularly valuable for cancer
diagnosis and treatment. MNPs hold great promise for biomedical applications due to
their small size, enabling interactions with living organisms like cells and bacteria.
Their magnetic properties allow remote control and guidance within the human
body.Consequently, there has been extensive research in recent years to explore their
potential biomedical uses, such as MRI, drug delivery, biosensing, and MHT [12].
Nanotechnology research and developments allow the synthesis of MNPs with
particular morphologies, surface modification, and property manipulation at the
nanoscale. The efficiency of MHT is primarily influenced by the specific absorption
rate (SAR) of the heat mediator, which is further affected by the applied magnetic
field (AMF), the magnetic characteristics of the nanoparticles, and the properties of

the surrounding biological medium.
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1.2 Overview of Cancer

Cancer comprises a collection of conditions marked by the uncontrollable
proliferation and dissemination of abnormal cells, posing a significant threat if left
untreated. The fundamental hallmark of cancer is the abnormal increase in the number
of cells, which results from alterations in the mechanisms that govern cell birth and
proliferation. Although the precise origins of cancer remain partially veiled, various
factors that heighten the risk are recognized, encompassing those that are amenable to
modification, such as tobacco consumption and excessive body weight, as well as
those that are innate, like hereditary genetic mutations. Cancer is a leading cause of
death worldwide, affecting both developed and underdeveloped countries, with a
higher prevalence in middle-income countries, potentially linked to poor
socioeconomic conditions. Geographic variations in cancer prevalence can be
attributed to several factors, including early diagnosis, age, risk factors, screening
tests, and access to quality treatment. Recent research has shown that reduced cell
death or apoptosis rates play a role in developing certain types of cancer [13]. Cancers
are categorized based on the kind of fluid or tissue from which they arise or where
they first show themselves in the body. Cancerous cells, in their somewhat self-
sufficiency, remain unresponsive to the signals that typically initiate the normal cell
cycle. This lack of responsiveness leads to the uncontrolled growth and proliferation
of transformed cells, which, if unchecked, can result in a fatal outcome. About 90% of
cancer-related deaths are attributed to metastasis or the spread of cancer cells to other
tissues. In normal cells, the process of mitosis relies on external growth factors, and
cell growth occurs coordinatedly. When the supply of these growth signals becomes
limited or is halted, normal cells cease their reproduction. Furthermore, normal cells
exhibit contact inhibition, a mechanism where they break cell division when they
reach a certain threshold, responding to the presence of a sufficient number of
neighboring cells.

Conversely, cancer cells lack this contact inhibition capacity, forming
unwanted cell masses. The lifecycle of a normal cell is well-regulated, dividing
around 50 times before undergoing apoptosis or programmed cell death, after which it
is replaced by a new cell. This is consistent with the restricted efficiency of DNA
replication, as repeated repetition leads to the shortening of telomeres. Conversely,
cancer cells exhibit high telomerase enzyme activity, constantly replenishing
telomeres' lost and worn-out ends, enabling unrestricted cell proliferation [14]. In
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addition, some cancers are of mixed types. A new growth of abnormal tissue that is
often uncontrolled and progressive. Cancer initiates when healthy cells undergo
alterations, leading to uncontrolled growth and the formation of a mass known as a
tumor. Tumors can be broadly categorized into benign (noncancerous) tumors and
malignant (cancerous) tumors. A benign tumor comprises cells that do not invade
unrelated tissues or organs in the body, although it may continue to grow in size
excessively.

On the other hand, malignant or cancerous tumors can spread into nearby
tissues, glands, and other parts of the body. They exhibit invasive properties, making
them a more serious health concern. Fig. 1.1 represents the difference between benign

tumors and malignant tumors.

Benign Tumor Malignant Tumor

Cells are not cancerous and @ Cells are cancerous and @
won't spread. can spread to other tissues
and organs.

Figure 1.1 Characteristic features of benign tumor and malignant tumor

The tumor-specific cells are not aberrant or noticeably distinct from
neighboring cells and are contained within the tumor. Cancer cells, the basis of
malignant tumors, have the potential to spread to neighboring tissues and proliferate
uncontrolled. A malignant tumor usually contains cancer cells that differ significantly

from the healthy tissue around it in terms of abnormality and morphology.

Types of cancer depend on the location (organ-specific) [15]

Breast cancer  Cancer that begins in the cells of the breasts is known as breast

cancer
Prostate Prostate cancer, on the other hand, occurs in the prostate gland of
cancer men, a small walnut-sized organ responsible for producing seminal
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fluid.

Melanoma Melanoma is regarded as the most severe form of skin cancer.

Colon cancer  Colon cancer originates in the colon or rectum and may initially
manifest as noncancerous polyps.

Lung cancer Lung cancer primarily begins in the lungs and is often linked to
tobacco use.

Leukemia Leukemia is a type of cancer that affects blood-forming tissues,
compromising the body's ability to combat infections.

Stomach Stomach cancer, or gastric cancer, initiates in the cells that line the

Cancer stomach.

Liver cancer Liver cancer pertains to malignant cells forming in the tissues of

the liver, termed primary liver cancer.

As of 2024, cancer remains a significant public health challenge in India, with
approximately 2.5 million individuals currently living with the disease and over 1.46
million new cases diagnosed annually. Fig. 1.2 illustrates the estimated number of
cancer cases in India for 2024, categorized by region and type of cancer. The most
prevalent cancers differ by gender: lung cancer is most common among men, while
breast cancer predominates among women. Additionally, childhood cancers,
particularly lymphoid leukemia, are becoming increasingly concerning. By 2025,
India is expected to see a 12.8% rise in cancer cases compared to 2020, especially in
the northern and northeastern regions. This increase is influenced by lifestyle factors
such as tobacco use, alcohol consumption, and poor dietary habits. Tobacco-related
cancers, especially oral cancer, represent a significant portion of male cases, while
breast, cervix, oral cavity, and lung cancers together account for more than 50% of
cancer-related fatalities. The five-year survival rates for certain cancers, like cervical
cancer (51.7%) and breast cancer (66.4%), show considerable variation based on
region and healthcare access. Fig. 1.3 represents the estimated distribution of cancer
cases in India for 2024, categorized by type of cancer [3]. Based on the data presented
in the table, it is evident that the number of estimated new cancer cases exceeds the
estimated number of deaths. This indicates a rapid increase in cancer incidence
compared to previous years. To address the growing prevalence of cancer, there is a
critical need for advancements in new medical treatments [2]. The following section

provides a comprehensive overview of existing and emerging cancer treatments.
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Figure 1.2 The projected number of cancer cases in India for 2024, classified by

region and cancer type [3]

Cancer Cases in India by Type of Cancer

Lung Cancer Colorectal Cancer

‘ 11.8%
Cervical Cancer
. Breast Cancer

Oral Cancer

Figure 1.3 The projected distribution of cancer cases in India for 2024, classified by
cancer type [3]

1.3 Challenges in Cancer Diagnosis and Treatment
Cancer treatments encompass a range of approaches, including surgery,
chemotherapy, radiation therapy, and innovative techniques like interventional
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radiology and immunotherapy. Ongoing research focuses on discovering innovative
and effective treatment methods for cancer. Currently, more than 60% of medical
trials worldwide concentrate on cancer. Treatment selection and progress depend on
the cancer type, location, and stage of advancement. Conventional treatments such as
surgery, radiation-based techniques, chemotherapy, and radiotherapy continue to be
commonly utilized. At the same time, new methods include hormone therapies, anti-
angiogenic strategies, stem cell treatments, immunotherapy, and dendritic cell-based
immunotherapies. Notably, traditional treatments may have side effects, underscoring
the importance of exploring novel cancer treatment methods. Novel approaches for
treating cancer involve targeting cancer's ability to generate blood vessels, utilizing
oncolytic virotherapy, genetic manipulation of pathways related to apoptosis and
tumor suppression [16].

Cancer treatment typically relies on three primary methods: surgery,
radiotherapy, and chemotherapy. Surgery and radiotherapy are highly effective for
removing tumors, especially in early-stage cases, but their application becomes
limited in high-stage tumors. In such cases, chemotherapy is often necessary,
although it doesn't ensure a cure. Therefore, developing innovative drugs and
combination therapies is crucial to maximize the effectiveness of cancer treatment for
malignant tumors [17]. Numerous methods and medications exist for cancer
treatment, and ongoing research is exploring even more. These treatments can be
categorized into ‘local’ approaches like surgery and radiation therapy, which target
specific tumor areas of the body. ‘Systemic’ treatments, such as chemotherapy,

immunotherapy, or targeted therapy, can potentially impact the entire body [18].

1.3.1 Early Diagnosis

Diagnostic tools that detect specific molecular changes in tumors are crucial in
precision medicine. In recent years, the Food and Drug Administration (FDA) has
frequently approved companion diagnostic tests alongside new targeted therapies.
These tests help determine whether a patient's tumor possesses the target for a
particular treatment, potentially saving patients from the costs and side effects of
therapies that may be ineffective for their cancer [19]. Recent research has focused on
developing effective methods to minimize the side effects of conventional cancer
therapies and diagnostics. Early cancer detection aims to identify symptomatic

patients as soon as possible, offering them the best chance for successful treatment.
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Delays in cancer care can lead to lower survival rates, increased treatment
complications, and higher healthcare costs. Early diagnosis enhances cancer outcomes
by enabling intervention at the earliest stage, making it a crucial public health strategy
in all contexts. Some MNPs-based nanotechnology applications in cancer detection

and diagnosis are shown in Fig. 1.4.
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Figure 1.4 Schematic illustration of nanotechnology applications in cancer detection
and diagnosis [20]

Early diagnosis programs are relatively simple and cost-effective because they
focus on symptomatic patients, making them less extensive than screening programs
that target entire populations. In this context, magnetic nanoparticles have garnered
significant interest due to their unique physical properties, including magnetic
susceptibility, biocompatibility, and stability. For in vivo biomedical applications,
MNPs must meet specific conditions such as appropriate size, size distribution,
surface charge, biodegradability or bio-liminality, and if needed, the presence of well-

chosen ligands for targeted delivery.

1.3.2 Conventional Treatments

Conventional cancer treatments typically contain the surgical removal of
tumors, followed by radiotherapy using X-rays and chemotherapy using drugs.
Surgical resection is most effective in the early stages of the disease. Radiation

therapy may damage healthy cells, organs, and tissues, while chemotherapy, though
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effective in lowering morbidity and mortality, also affects healthy cells, particularly
those that rapidly divide. A significant challenge with chemotherapy is the
development of drug resistance in cancer cells, leading to decreased drug
effectiveness. Conventional chemotherapy has limitations such as difficulty in
selecting the proper dosage, lack of specificity, rapid drug metabolism, and significant
side effects [21].

(a) Radiotherapy

Radiation therapy, often referred to as radiotherapy, is a method for treating
cancer that uses high doses of radiation to target and kill cancer cells, which helps to
reduce the size of tumors. In contrast, lower doses of radiation are commonly
employed in medical procedures like X-rays, which are used to capture internal
images, such as those of teeth or fractured bones. In contrast, high doses of radiation
in radiation therapy target cancer cells, causing damage to their DNA. Cancer cells
with irreparable DNA damage either cease dividing or undergo cell death. The body
subsequently breaks down and eliminates these damaged cells. It's essential to
understand that radiation therapy doesn't kill cancer cells instantly; it takes several
days or weeks of treatment to cause enough DNA damage to ultimately lead to cancer
cell death. After radiation therapy concludes, cancer cells continue to perish over
several weeks or even months. Radiation specialists have a dual objective: to safely
enhance the radiation dose delivered to the tumor and shield surrounding healthy
tissues from this dose, minimizing potential side effects at the treatment site.
Significant advancements have been made in achieving these objectives by
integrating state-of-the-art technology into radiation oncology.

In cancer therapy, radiation is a potent tool to eliminate cancer cells. This
therapy's specific type of radiation is known as ionizing radiation. Radiation
interacting with biological tissues induces an electrical charge in the particles within
these bodies, rendering it "ionizing." In this process, energy is transmitted from the
radiation to the body's cells, which it traverses. This energy can lead to the direct
destruction of cancer cells or genetically modify them, compelling them to undergo
apoptosis or programmed cell death. Radiation therapy, whether used on its own or in
conjunction with other treatment methods, has demonstrated substantial
enhancements in tumor remission rates. Presently, two primary radiation treatment

modalities exist: external beam radiation and internal radiation, commonly referred to
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as brachytherapy [21]. Using a machine to target the malignant spot with radiation is
known as external beam radiation therapy. As a focused treatment, it targets a
particular bodily part. Conversely, internal radiation therapy, also known as
brachytherapy, involves the implantation of a radioactive implant inside or close to

the physical tumor. The external beam radiation therapy setup is shown in Fig. 1.5.

Optical Surface Optical Surface
Guidance System X Guidance System

-

Cherenkov
Camera

Paticot Treatment
Table (Couch)

Figure 1.5 External beam radiation therapy setup [22]

Radiation therapy, while effective at targeting and inhibiting the growth of cancer
cells, can also impact neighboring healthy cells. This can lead to side effects, such as
hair loss at the treatment site (sometimes permanent), skin irritation at the treatment

site, and fatigue.

(b) Surgery

Surgery is a well-established treatment method for various types of cancer.
The history of cancer surgery can be traced back thousands of years, with records of
surgical procedures to remove breast tumors dating as far back as ancient Egypt
(Edwin Smith papyrus; 1600 BC). Over time, advancements in surgical techniques
have led to improved cancer outcomes. Surgical oncologists play a crucial role in
enhancing these outcomes and minimizing the impact of cancer treatments on a
patient's quality of life. Surgery is most effective in cases where the cancer is
localized, meaning it is confined to the original site and hasn't spread to other parts of
the body, a condition known as metastasis. Surgery remains the primary treatment

approach for most cancers. However, surgical oncologists now collaborate as part of a
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comprehensive multidisciplinary team, where healthcare professionals with diverse
skills work together to optimize patient outcomes. Technological advancements have
significantly minimized the impact of surgery on patient’s quality of life, allowing
cancer survivors to enjoy longer and better lives. Like all cancer treatments, surgery
comes with benefits, risks, and side effects, which may vary from person to person
depending on various factors such as the cancer's location and type, the specific
surgical procedure, prior treatments like chemotherapy and radiation therapy, general
health, and any symptoms experienced before the surgery. After surgery, it is
expected to have some pain from the surgery's effect on the body. Surgery serves
multiple purposes in the context of cancer.

Common side effects: Surgery, while an effective cancer treatment, is not
without its associated risks. These risks include potential complications like bleeding,
injury to neighboring tissues, and adverse reactions to the anesthesia used during the
procedure. After surgery, it's common for individuals to experience pain in the area
where the operation was performed. There is a risk of post-operative infections that

can develop after surgery.

(c) Chemotherapy

Chemotherapy was first used to treat cancer at the beginning of the 20™
century, both for targeted treatments and as a means of developing novel medications.
Chemotherapy includes the use of various chemicals to eliminate cancer cells.
Specifically, cancer chemotherapy entails administering cytotoxic chemicals, which
have cell-killing properties. The objective is to eradicate the tumor in some cases or,
at the very least, reduce its size and alleviate tumor-related symptoms, potentially
extending the patient's life. Chemotherapy, which primarily employs cytotoxic drugs,
is often administered intravenously. The fundamental mechanism of chemotherapy is
to impede the progression of tumors by inhibiting their ability to divide and
promoting apoptosis. These cytotoxic drugs are typically administered in carefully
selected combinations of two or more medications. This approach serves several
purposes: it enhances the chances of overcoming tumor cell resistance, broadens the
activity of the regimen against various tumor cell variants, and minimizes the risk of
significant toxicity to healthy tissues. In a healthy body, the natural biological
processes regulate cell renewal by eliminating excess or damaged cells and

facilitating the production of new ones. In contrast, tumor cells exhibit an increased
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capacity for division and seemingly endless replication, as they are not subject to
apoptosis control. Consequently, whereas cell proliferation to cell death is balanced
and regulated in healthy bodies, cancerous masses display a significantly skewed ratio
with increased cell proliferation and diminished cell death [23].

Combination chemotherapy is frequently employed to achieve optimal
treatment responses. This approach aims to prevent the development of drug-resistant
clones by increasing cytotoxicity in both resting and dividing cells. Many
chemotherapy drugs are available, all potent chemicals designed to combat cancer by
interfering with specific cell cycle phases. The cell cycle is the process of producing
new cells, and all cells go through this cycle. However, cancer cells progress through
this cycle faster than normal cells, making chemotherapy particularly effective against
these rapidly dividing cells. It's important to note that chemotherapy drugs target
cancer cells and all fast-growing cells in the body, potentially leading to side effects.
Moreover, it can enhance the effectiveness of other treatment modalities, such as
surgery or radiation therapy.

Common side effects of chemotherapy include fatigue, hair loss, easy bruising
and bleeding, and issues in the mouth, tongue, and throat, such as sores and pain
while swallowing. Currently, around one-third of patients with localized tumors at the
time of diagnosis can achieve a cure through local treatment strategies like surgery,
radiotherapy, and chemotherapy.

1.4 Cancer Nanotechnology

Cancer nanotechnology is an emerging interdisciplinary field that integrates
biology, chemistry, engineering, and medicine and is anticipated to bring significant
progress in cancer detection, diagnosis, and treatment. Designing more effective
cancer therapies by manipulating materials at the nanoscale offers a promising
solution for selectively targeting cancer cells while minimizing harm to normal cells.
Nanomedicine holds immense promise for transforming cancer treatment and
diagnostics by creating innovative biocompatible nanocomposites, particularly for
drug delivery, one of the most significant applications of nanoparticles [24].
Nanotechnology in cancer treatment can potentially improve therapy and minimize
side effects by explicitly directing drugs to target cancer cells. Nano-based

approaches could also aid in more precise surgical tumor removal and increase the
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effectiveness of radiotherapies and other treatment methods, reducing patient risk and
improving chances of survival [25].

Extensive research has demonstrated that nanotechnology can effectively
create systems that enhance the pharmacokinetics of drugs and reduce associated
toxicities. Beyond drug delivery, nanotechnology research also explores the
development of novel therapeutics that leverage the unique properties of
nanomaterials themselves. Firstly, specific physical properties of nanoparticles, such
as their ability to absorb and re-radiate energy, can be utilized to disrupt diseased
tissue, as demonstrated in laser ablation and hyperthermia treatments. Secondly,
nanoparticles are small enough to accumulate at tumor sites and large enough to carry
numerous therapeutic agents, such as radionuclides and active pharmaceutical
compounds. Thirdly, their surfaces can be modified with ligands like DNA or RNA
strands, peptides, aptamers, or antibodies, explicitly targeting their delivery within the
body [26]. The engineered properties of nanoparticles enable innovative, non-invasive
cancer therapy approaches that were not previously feasible, including advanced
techniques like PDT, radiotherapy, radiofrequency therapy, and theranostics.
Combining diagnosis and treatment into a single process is a developing biomedical
approach known as theranostics. Many theragnostic methods use nanoparticles to
deliver both diagnostic agents and therapeutic drugs. Biocompatible nanoparticles are
being developed as theragnostic agents for cancer, allowing for non-invasive
diagnosis and targeted therapy. They offer unique advantages in designing and
customizing properties that traditional drugs cannot achieve, positioning them as a
promising new generation of cancer therapies. Additionally, multifunctional
nanoparticles may eventually be capable of detecting and eliminating cancer cells

simultaneously [27].

1.5 Nanoparticle-Based Cancer Treatments

Currently, the most prevalent cancer treatments are chemotherapy, radiation
therapy, and surgery. In addition to these established methods, there are emerging
treatments at various stages of development. These therapies include angiogenesis
inhibitors, biological treatments, bone marrow and peripheral blood stem cell
transplants, laser therapy, MHT, PDT, and targeted cancer treatments. Extensive
research and application of nanotechnology in cancer treatment have highlighted the

significant potential of nanoparticles as drug delivery systems. Nanoparticle-based
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drug delivery offers several advantages over conventional drugs, including improved
stability, biocompatibility, enhanced permeability and retention effect, and targeted
delivery. Hybrid nanoparticles, combining the properties of different nanoparticles,
have further advanced this drug-carrier system. Moreover, nanoparticle-based drug
delivery systems have demonstrated promise in overcoming drug resistance

associated with cancer treatment [28].

LFie @
5 @

PHOTO 7

THERAPY \ o o)

MULTIMODAL SONODYNAMIC
IMAGING THERAPY
METALLIC
ruuno*rueuweuncs
AMIC DRUG & GENE
C“Ex,?:;;v @ DELIVERY
‘

=
A
=2

MAGNETIC
HYPERTHERMIA

Figure 1.6 Metallic nanotherapeutic applications in cancer theranostics [30]

In the past twenty years, a wide array of nanoscale and nanostructure-based
agents has been created to treat and diagnose cancer. These approaches can be
employed individually or in conjunction with other cancer treatments, which can
actively or passively target tumors, respond to internal or external stimuli, and
transport therapeutic genes to cell nuclei [29]. Advancements in materials science and
nanotechnology have significantly expanded the range of nanosized materials utilized
for drug delivery in cancer treatment. Various synthetic materials, encompassing
inorganic, organic, and natural compounds, have been developed, modified, and
harnessed as nanosized carriers for anticancer therapeutics, mainly systemic delivery
[30]. MNPs can be used in conjunction with different stimuli, such as light,
ultrasound, and an AMF, to increase the effectiveness of anticancer treatments. Fig.
1.6 depicts using stimulus-triggered metallic nanotherapeutics in various cancer
therapies such as PTT, PDT, MHT, SDT, and CDT to kill cancerous cells.
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1.5.1 Photodynamic Therapy (PDT)

PDT employs a photosensitizer, which becomes active when exposed to
visible or near-infrared light. It then transfers energy to molecular oxygen, producing
reactive oxygen species (ROS) such as singlet oxygen, free radicals, and peroxides.
PDT employs a light-activated drug to eliminate cancer and other abnormal cells.
PDT triggers the oxidation of lipids, amino acids, and proteins, resulting in cell death.
PDT is an approved and minimally invasive therapeutic method known for its
selective cytotoxicity against malignant cells. The process involves giving a
photosensitizing agent and exposing the area to light at a wavelength that matches the
agent's absorbance band. In the presence of oxygen, this exposure triggers a series of
reactions that result in direct destruction of tumor cells, damage to the
microvasculature, and local inflammatory response. Clinical research has
demonstrated the effectiveness of PDT in treating early-stage tumors, extending the
lives of patients with inoperable cancers, and significantly improving their quality of
life. PDT is noted for its minimal toxicity to normal tissues, negligible systemic side
effects, reduced long-term morbidity, and lack of resistance mechanisms. This makes
it a valuable choice for combination treatments. Recent technological advancements
have further improved PDT's potential to become an integral part of mainstream

cancer treatment [31].
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Figure 1.7 Schematic representation of PDT by using MNPs [36]

PDT is a two-step procedure that uses light energy in conjunction with a

photosensitizing drug to destroy cancerous and precancerous cells selectively upon
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activation by light. A Commonly used sensitizer is Porphyrins, Chlorines, Purpurins,
Phthalocyanines, Hematoporphyrin derivative (HpD), Photofrin, Aminolevulinic acid
(5-ALA), Temoporfin or m-THPC (Foscan(®)), etc [32]. The photosensitizer remains
non-toxic until it is exposed to a specific wavelength of light energy, often delivered
through a laser. Once activated by light, the photosensitizer becomes toxic to the
targeted tissue. The photosensitizer depends on the treatment area and duration; the
cancer cells absorb the drug. Subsequently, light is applied to the treated area, causing
the drug to react and generate a particular type of oxygen molecule that kills the cells.
PDT may also destroy the blood vessels that nourish the cancer cells and activate the
immune system to attack the cancerous cells. PDT is well-known for its ability to
provide precise targeting via intravenous or topical injection to the skin.

After minimal invasiveness and toxicity, it has been found to have extensive
clinical use in treating different tumors, particularly those on the surface.
Nevertheless, the tumor microenvironment (TME) often exhibits hypoxia, stemming
from insufficient oxygen (O2) supply due to irregular blood vessel formation in
neoplastic tissues and heightened O> consumption triggered by the rapid growth of
tumor cells. This hypoxic TME can impede the effectiveness of oxygen-dependent
PDT [33]. In addition to having negative consequences, PDT might damage healthy
cells in the treated area. H. Hou et al. present a novel cancer treatment combining
PDT with the Fenton reaction using multifunctional MNPs. These nanoparticles
enhance the generation of ROS when exposed to light and magnetic fields, improving
the effectiveness of PDT in targeting and destroying cancer cells. This approach
offers a synergistic method to increase cancer cell death and potentially reduce side
effects compared to conventional treatments [34]. Jiong Li et al. describes the
development of nanoparticles coated with cancer cell membranes. These
nanoparticles are designed for dual-modal imaging using magnetic resonance (MR)
and near-infrared (NIR) fluorescence, enhancing the accuracy of tumor imaging.
Additionally, they facilitate targeted PDT, using light to activate the nanoparticles and
destroy cancer cells, offering a precise and effective cancer treatment strategy [35].
Fig. 1.7 shows the PDT-induced effect based on MNPs.

1.5.2 Sonodynamic Therapy (SDT)
SDT is a treatment strategy that uses ultrasound to kill cancer cells by

inducing the overproduction of ROS activated by sonosensitizers. Due to the unique
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properties of ultrasound, SDT is particularly effective for treating deep-seated tumors.
This therapy leverages the synergistic effects of ultrasound and chemical agents, with
ultrasound stimulation, especially cavitation, causing cytotoxicity, making SDT one
of the least invasive approaches for solid tumor treatment [37]. Initially, ultrasound is
applied to focus energy in the target area of sensitizers. Cavitation processes create
intense conditions that enable sonochemical reactions. These reactions take place in
three specific zones. High temperatures and pressures Within the collapsing bubbles
generate suitable pyrolysis conditions, producing hydroxyl radicals (*OH) and
hydrogen atoms (*H) in aqueous environments. Secondly, the bubble-liquid interface
forms steep pressure and temperature gradients, which can break down nearby
solutes. Thirdly, the ROS generated during bubble collapse can trigger chemical
reactions in the surrounding solution. Extensive studies have explored the link
between cavitation and ROS production, with sonoluminescence being connected to
the formation of ROS [38]. In SDT, ultrasound penetrates deep tissue and focuses
energy precisely on tumor cells, activating sonosensitizers to produce ROS, which
induces cytotoxicity in tumors while minimizing harm to surrounding healthy tissue.
The principle behind SDT is similar to that of PDT. However, SDT offers several
advantages: i) ultrasound is a widely used, safe, and affordable imaging technique,
and ii) it can be focused on pathological tissue with penetration depths of up to
several centimeters. SDT depends on the interplay of ultrasound, sonosensitizer, and
oxygen [39]. However, three potential mechanisms have been proposed (Fig. 1.8): the

generation of ROS, mechanical disruption, and thermal effects.
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Figure 1.8 lllustration of potential SDT mechanisms [39]
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Focused ultrasound can target deeper areas within the body where light would
be obstructed or require invasive delivery methods. It can also deliver a precise dose
of energy, triggering apoptosis across the entire tumor. Additionally, it enables
localized toxicity while minimizing damage to surrounding healthy tissues. Ma et al.
Study the use of metalloporphyrin complex-based nanosonosensitizers in SDT for
treating deep-tissue tumors. These nanosonosensitizers are activated by ultrasound,
enabling precise, non-invasive therapy and imaging of tumors located deep within the
body [40].

1.5.3 Chemodynamic Therapy (CDT)

CDT is a novel treatment method that harnesses Fenton-type reactions to
produce the exceptionally cytotoxic hydroxyl radical (*OH), the most potent ROS.
The production of *OH through Fenton chemistry involves the interaction between
hydrogen peroxide (H20.) and catalysts, requiring no external energy input or oxygen
(O2). This unique ROS generation mechanism in CDT overcomes challenges
associated with hypoxia-related resistance and limited light penetration depth
observed in tumor PDT, a widely used ROS-based therapeutic strategy. Recent
advancements have investigated different nanoparticles for controlled delivery of
Fenton catalysts in cancer CDT, using endogenous H20; as the substrate for Fenton-
type reactions. However, although specific tumor cells exhibit higher intracellular
H202 levels than normal cells, the amount of H2O2 produced naturally is often
inadequate to achieve optimal chemodynamic efficiency [41]. CDT utilizes iron-
triggered Fenton chemistry to eradicate cancer cells by transforming the body's
hydrogen peroxide (H20.) into harmful hydroxyl radical (*OH). Although Fenton-like
reactivity has been noticed in metal ions apart from Fe?*, there's a scarcity of metal-
based CDT agents exhibiting Fenton-like traits [42].

Regrettably, intracellular glutathione (GSH), recognized for its capability to
neutralize *OH, considerably impedes the effectiveness of CDT. The elevated GSH
levels in tumor cells pose a considerable challenge for CDT. Although GSH plays a
vital role in cellular protection against various harmful agents, its overexpression in
cancer cells also leads to increased resistance to chemotherapy, radiotherapy, and
PDTs. GSH, known for its robust intracellular antioxidant properties, counteracts the
potent hydroxyl radicals (*OH) produced by chemodynamic agents, strengthening

cancer cells' resistance to oxidative stress and diminishing the effectiveness of CDT.
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Consequently, reducing intracellular GSH levels is pivotal for CDT nano agents to

conquer tumor resistance and boost the effectiveness of CDT.
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Figure 1.9 Formation of copper peroxide nanodots for H>O> self-supplying CDT [43]

To achieve this, innovative nanoformulations have been developed for the
controlled generation of highly toxic ROS. In particular, the recent advances in CDT
use nanoparticles containing transition metals like ferro or ferric oxide,
antiferromagnetic pyrite, and iron-based nanoparticles to catalyze the production of

hydroxyl radicals (*OH) shown in Fig. 1.9.

1.5.4 Hyperthermia Therapy
In the oncology field, hyperthermia has been explored as a complementary

approach alongside radiotherapy or chemotherapy for addressing different cancer
types, including brain, breast, liver, prostate, and lung cancer. Elevating the tumor's
temperature to a specific range, usually between 40 to 45 °C, induces damage to
tumor cells and enhances their responsiveness to conventional treatment methods.
Significantly, this approach minimizes adverse effects on healthy cells, as they are
less susceptible to temperature elevation [44]. In the 42 to 46 °C temperature range,
hyperthermia is employed with simultaneous radiotherapy or chemotherapy. This
combination triggers cell death through diverse mechanisms, including nucleus

condensation, membrane blebbing, DNA damage, protein denaturation, protein
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folding, disruption of cellular signaling, stimulation of anticancer immune responses,
and apoptosis. At higher temperatures (>46 °C, up to 55 °C), also known as
"thermoablation,” cancer cells are directly killed through coagulation, carbonization,
or necrosis. Fig. 1.10 shows the schematic illustration of MNP-mediated MHT for

tumor cell apoptosis.
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Figure 1.10 Schematic illustration of MNP-mediated MHT for tumor cell apoptosis

Hyperthermia employs different external sources like hot water, microwaves,
ultrasonic waves, and radio waves to elevate the temperature. Despite advancements
in clinical routines, conventional hyperthermia techniques still face challenges such as
burns, blisters, unregulated tissue growth, limited heat wave penetration, imprecise
localization of thermal energy, and inadequate tumor targeting. MHT achieves precise
heat localization within deep tissues noninvasively due to the presence of MNPs and
the penetrating power of the magnetic field. Iron oxide nanoparticles have notably
featured in numerous theranostic applications [45].

1.6. Statement of the Problem

Cancer nanotechnology has substantially contributed to personalized
diagnostics, healthcare, and monitoring. In the context of hyperthermia therapy,
research has primarily concentrated on tailoring the size, composition, and surface
properties of MNPs to enhance the SAR of the MHT agent. However, despite these
endeavors, conventional cancer treatments such as chemotherapy, PDT, and PTT face
challenges that constrain their effectiveness and efficacy [46]. Therefore, various
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strategies are being investigated to enhance the effectiveness of traditional therapies
or target tumor cells directly. One approach is to utilize diverse morphologies,

different sizes, various chemical properties, and the tunable structure of MNPs.
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Figure 1.11 Specific absorption rates concerning the shape of iron oxide

nanoparticles

It is observed that nanoparticles with non-spherical shapes (e.g., cubical,
hexagonal) demonstrate higher heating efficiency compared to their spherical
counterparts. Fig. 1.11 represents various values of SAR concerning the formation of
magnetic nanostructures. The heating efficiency of nanoparticles can further be
improved by changing both the shape and composition of nanoparticles. It is well-
established that introducing specific metals into iron oxide in precise ratios can boost
its magnetic properties and enhance heating efficiency. In this regard, intense efforts
have been taken to develop biocompatible shape selective nanostructures of
manganese iron oxide, which are expected to generate the high value of a specific
absorption rate under a physiologically safe range of AC magnetic field and

frequency [47-50]. The present work is subjected to three objectives as follows:

1) To optimize the synthesis method (co-precipitation and reflux method) for
preparation of magnetic manganese iron oxide nanostructure in different

shapes such as nanocubes, nanosphere, & nanoflowers.

D.Y. Patil Education Society (Deemed to be University), Kolhapur 22



Chapter 1

2) To surface functionalize manganese iron oxide nanostructure with m-
polyethylene glycol to improve stability and biocompatibility for possible
biomedical applications.

3) To evaluate the anticancer activity of m-polyethylene glycol coated
manganese iron oxide nanostructure on MCF7 breast cancer cell line under

AC magpnetic field.
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Chapter 2

2.1 Introduction

Recent progress in the field of nanomedicine holds excellent potential for the
precise delivery of anticancer agents using specially designed nanomaterials. These
nanomaterials, typically existing at the nanoscale, fall into two main categories:
organic nanoparticles, including lipids, polymers, liposomes, dendrimers, and nucleic
acids and inorganic nanoparticles including metal oxide-based nanoparticles, metal
nanoparticles, and carbon nanoparticles are depicted in Fig. 2.1. Compared to
traditional chemotherapy, nanoparticle-based drug carriers provide the advantages of
well-tailored drug formulations and enhanced pharmacokinetics, allowing for targeted
drug delivery to tumors while minimizing systemic toxicity [1]. MNPs have garnered
substantial attention in biomedical research due to their versatile properties,
encompassing crystallite size, structure, composition, rapid magnetic response, and
excellent biocompatibility, making them prime contenders for drug delivery systems.

MNPs have gained significant recognition as versatile nanomaterials, finding
applications in numerous biomedical domains such as MRI, MHT, magnetic
targeting, magnetic separation, phototherapeutic responses, and targeted drug delivery
[2-4]. Ongoing research and advancements in nanotechnology have enabled the
precise fabrication of MNPs with specific morphologies, tailored surface
modifications, and manipulating properties at the nanoscale [5]. MNPs typically
comprise a magnetic core-shell enclosed by a polymer shell. The surface coating of
MNPs improves their colloidal stability, providing the capability for covalent or
electrostatic attachment of therapeutic payloads, targeting agents, and even
supplementary imaging agents. Furthermore, this coating plays a pivotal role in
adjusting various aspects of MNP properties, including their pharmacokinetics,
systemic toxicity, clearance rate, non-specific protein adsorption, interactions with
cells, and controlled drug release, among other factors.

Nanoparticles are solid colloidal structures with sizes ranging from 10 to 1000
nanometers. These small particles have specific advantages over bigger ones, such as
a higher surface-to-volume ratio and unique physical, chemical, electrical,
mechanical, thermal, and magnetic properties. Notably, ferromagnetic nanomaterials
represent a significant class of materials, with their magnetic properties being greatly
influenced by anisotropy factors such as structure, shape, and surface anisotropy [6].
Ferromagnetism in materials arises from interactions between free electrons,

including spin-spin, spin-orbit, and coherent exchange interactions, causing the
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When

ferromagnetism becomes size-dependent due to limited electron interactions.

reduced to the nanoscale,

alignment of their magnetic moments.

Adjusting the material's size, shape, and surface characteristics allows precise control

over magnetic properties like coercivity and magnetization.
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Figure 2.1 Various forms of theranostic magnetic nanoparticles, including their

modifications and biomedical applications [7]

Nanostructured MNPs are synthesized using both physical and chemical
techniques. Chemical methods are mainly based on solution-phase reactions. They
have received significant attention due to their unique bottom-up approaches,
enabling the creation of monodisperse MNPs with precise control over their
dimensions, composition, and shape. These MNPs produced via chemical methods
can be stabilized with organic surfactants and dispersed in different solvents. This
provides two fundamental systems, both in solution and solid-state, for exploring
various applications related to magnetism, magneto-optics, and magneto-electronics
[8]. MNPs present several benefits: (i) their small size allows for intravenous
injection and delivery through the bloodstream, reaching tumors that might be
challenging to access (ii) The substantial surface-to-volume ratio of MNPs enables
precise surface modifications with single or multiple targeting molecules, facilitating
specific targeting of tumor tissues (iii) remote heating of MNPs using an externally
AMF restricts heat generation exclusively to the area where the nanoparticles have

accumulated [9].
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Chapter 1 discusses the fundamental concepts of MNPs and their use in biomedical
applications. Preliminary aspects of magnetic hyperthermia, modes of hyperthermia,
and material properties used for MHT are discussed in this chapter. The effects of
various physical properties on the heating of MNPs in MHT applications are

addressed at the end.

2.2 Magnetic Nanoparticles in Hyperthermia

MNPs engineered for medical use hold the promise to bring about a paradigm
shift in the field of medicine, diagnostic, therapeutic, and theranostic tools. Due to its
abundance in living organisms and its vital role in numerous biological processes like
oxygen transport and cellular respiration, iron emerges as a promising material for
applications in the biomedical field. Iron oxide nanoparticles (IONPs), such as
maghemite (y-Fe2Oz) and magnetite (FezOs), are particularly noteworthy among
nanomaterials, as they can be safely injected into the body and metabolized naturally.
Magnetite-based MNPs have gained recognition as promising candidates for
biological applications due to their exceptional magnetic properties, biocompatibility,
and biodegradability. The FDA has approved several magnetite-based MNP products
for human use [10]. Pure iron oxides are commonly used in biomedical applications;
IONPs doped with magnetically susceptible elements or metal alloy nanoparticles are
less employed due to potential toxicity and rapid oxidation despite their more vital
magnetism. The toxicity, metabolic pathways, and pharmacokinetics of IONPs
administered intravenously have been subject to comprehensive research. Specific

IONP-based MRI contrast agents have undergone clinical trials [11].

2.2.1 Types of Magnetic Nanoparticles

MNPs are classified based on their magnetic behavior, encompassing
diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic
materials, contingent on the orientation of magnetic dipoles in the presence or
absence of an external magnetic field shown in Fig. 2.2. Diamagnetic nanomaterials
lack magnetic dipoles without a magnetic field but generate dipoles opposing when
applied to the external field. Paramagnetic nanomaterials exhibit randomly oriented
dipoles without a magnetic field yet align in response to an external magnetic field.
Ferromagnetic materials have permanent magnetic dipoles, maintaining their

orientation regardless of the magnetic field. In antiferromagnetic materials,
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neighboring dipoles are antiparallel and mutually cancel each other out when no

magnetic field is present.
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Figure 2.2 Schematic representation of magnetic dipole arrangements in various
materials, including diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and
antiferromagnetic substances, both in the absence and presence of an external
magnetic field (H).

2.2.2 Properties of Magnetic Nanoparticles

The hysteresis curve of ferromagnetic materials reveals key parameters such
as saturation magnetization (Ms), remanent magnetization (M) at zero applied field,
and coercivity (Hc), which is the external field needed to bring the magnetization to
zero. Above the blocking temperature (Tg), both ferromagnetic and ferrimagnetic
materials exhibit (Superparamagnetic) SPM behavior. Zero Field Cooling (ZFC)
curves measure the magnetization of a material as it is cooled without an external
magnetic field. In contrast, Field Cooling (FC) curves assess the magnetization when
the material is cooled under the influence of an external magnetic field. The
experimental determination of Tg relies on the point where the ZFC and field-cooled

FC magnetization curves converge. Tg can be calculated using the formula:
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Ty = —~ (2.1)

T 25Kpg

where K stands for the anisotropy constant, V refers to the volume of the MNPs, and
Kg represents the Boltzmann constant. In bulk magnetic materials, the magnetic
properties, such as hysteresis, are mainly determined by a magnetic structure of
magnetic domains separated by domain walls. However, when the particle size drops
below a certain threshold, having a single magnetic field rather than multiple domains
becomes more energetically favorable. This critical size for a monodomain depends
on a balance of several energies within the material, which is determined by factors
such as the composition and shape of the MNPs and the domain wall energy. Most
magnetic materials show magnetic anisotropy, indicating they align a specific
direction for magnetization, usually aligned with one of the crystal axes.
Monodomain MNPs generally possess two stable magnetic orientations that are
antiparallel to each other, aligned along this easy axis of magnetization. An energy
barrier separates these orientations called the anisotropic energy (Ea), which is
directly proportional to the product of the magneto-crystalline anisotropy constant (K)
and the magnetic volume (V) of the MNPs (Ea = KV). As the size of the nanoparticles
decreases, the energy barrier for reversing the magnetic spin also decreases. When the
thermal energy (Ks T) becomes sufficiently high, the particle spins switch randomly
between these energy minims. Below a specific critical diameter, thermal activation
causes the magnetic moments of the particles to reverse spontaneously and
continuously, leading to an average total magnetic moment of zero for the particle
[12].

The nano size of MNPs also leads to a decrease in their Ms values despite Ms
being an intrinsic property. This reduction in Ms for very small MNPs is attributed to
surface effects. When a magnetic field is applied, the magnetic moments of MNPs
align with the magnetic field, increasing magnetization (M). Once all the magnetic
moments align with the magnetic field, the material reaches magnetic saturation,
exhibiting its Ms. Magnetic materials exhibit exciting properties based on their
response to magnetic fields. When the direction of the magnetic field is reversed, the
magnetization decreases. Still, some alignment of magnetic moments continues even
when the magnetic field decreases to zero, resulting in what is known as M. To
eliminate this magnetization, the magnetic field must be reversed, and the magnetic

field required to achieve this is referred to as the coercive field or coercivity (Hc).
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Magnetic materials are generally classified as soft-magnetic or hard-magnetic based
on their Hc. Soft-magnetic materials have low Hc values and exhibit narrow magnetic
hysteresis loops.

On the other hand, hard-magnetic materials possess wide hysteresis loops,
substantial coercivity values, and significant remanent magnetization. These materials
are typically used to produce permanent magnets. Hard-magnetic materials include
rare-earth transition-metal alloys, hexaferrites based on MFe12O19 (usually M =
barium or strontium), and y-Fe203.

The electronic structure of the magnetic atoms or ions and the material's
crystal structures shape the basic properties of magnetic materials. These factors
impact the strength of the magnetic coupling within the material, thereby influencing
its Ms and magnetocrystalline anisotropy. In particular, the value of Ms depends on the
magnetic moments of the atoms/ions and the distance and angle between

neighbouring magnetic atoms/ions.

2.2.3 Iron Oxide-Based Magnetic Nanoparticles

Ferrite is a ceramic-like material with magnetic properties that make it useful
in various electronic devices. It is hard brittle, contains iron, and is typically grey or
black. Ferrites are polycrystalline, meaning they are composed of many small
crystals. Ferrites are typically ferrimagnetic ceramic compounds derived from iron
oxides, with magnetite (FesOs) being a well-known example. Like most ceramics,
ferrites are brittle, hard, and poor conductors of electricity. IONPs, with diameters
typically ranging from 1 to 100 nm, are a focus of extensive research due to their
biocompatibility and ease of synthesis. These nanoparticles often comprise nano-
crystalline magnetite (FesOs) or maghemite (y-Fe-Oz) and have a spinel crystal
structure. The unigue magnetic properties of MNPs are achieved by varying the types
of cations occupying these crystal positions. Metal ferrites can be adjusted in
composition, typically MFe2O4, where M represents divalent cations such as Mn, Fe,
Co, or Ni, with a valence of +2. This compositional adjustment allows for fine-tuning
of specific magnetic properties. When the particle size is reduced, these nanoparticles
exhibit SPM behavior, preventing them from self-aggregating. SPM nanoparticles
only display magnetic properties in an external magnetic field. To enhance the

stability of MNPs in aqueous solutions, surfactants like silica, phosphoric compounds,
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or silicones are often used to modify the nanoparticle surfaces [13-14]. These surface-
modified nanoparticles are used for biomedical applications.

Spinel ferrites have a general AB2O4 formulation, where A and B represent
metal ions arranged in A-O tetrahedra and B-O octahedra, respectively. Within the
crystal structure, a unit cell consists of 32 oxygen atoms and 24 cations in various
positions. These positions contain six octahedral and eight tetrahedral sites, resulting
in 32 octahedral and 64 tetrahedral sites. Spinel materials, like spinel ferrites, are
divided into three categories based on the distribution of divalent metal ions and Fe®*
on cationic sites: normal, inverse, and complex. These rigid ferrimagnetic oxide
materials comprise Fe®* and other bi- and trivalent cations. A cubic unit cell contains
eight formula units. Oxygen (O2) creates a cubic close-packed structure, with metal
cations occupying 8 of the 64 tetrahedral sites (A-sites) and 16 of the 32 octahedral
sites (B-sites).

Bivalent metal cations occupy the tetrahedral sites in a normal spinel structure,
while trivalent cations exist in the octahedral sites. Most ferrite nanoparticles exhibit
SPM properties when their size is below or around 20 nm in diameter. In a single unit
cell of spinel ferrite, 64 available tetrahedral positions and 32 octahedral positions for
cations, but only eight tetrahedral and 24 octahedral sites are occupied. In an inverse
spinel structure, eight bivalent cations occupy octahedral sites, while eight trivalent
cations fill the tetrahedral sites, with the remaining eight trivalent cations also
occupying octahedral sites. Smaller cations tend to prefer the tetrahedral sites, and
since trivalent cations are smaller than bivalent ones, they favor the tetrahedral sites,
making inverse spinel structures more common in ferrites [6]. These ferrites comprise
32 oxygen atoms distributed among 32 trivalent octahedral sites and 64 divalent
tetrahedral sites. Specifically, in these structures, divalent cations (M?*) and trivalent
cations (Fe®*") occupy specific sites to maintain an electrically balanced state. In the
standard or typical spinel ferrite structure, divalent cations (M2*) are found in
tetrahedral sites, while trivalent cations (Fe3*) are in octahedral sites. Examples of this
structure include ZnFe>O4 and CdFe20a. In an inverse spinel ferrite structure, divalent
cations (M?*) occupy only octahedral sites, whereas trivalent cations (Fe®") are
equally distributed between tetrahedral and octahedral sites. Examples of this
structure include FesOs, NiFe2Os, and CoFe.Os4. Complex spinel ferrite structures

randomly distribute M?* and Fe®" cations across tetrahedral and octahedral sites.
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Examples of complex spinel ferrites include MnFe>O4 and MgFe>O4 [15]. Fig 2.3

shows the crystal structure of spinel ferrite.

I. Oxygen
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Figure 2.3 Crystal structure of spinel ferrite [16]

2.2.4 Manganese Iron Oxide Nanoparticles (MnFe20a)

MnFe20s, a well-known soft magnetic material, has gained significant
attention from researchers due to its remarkable magnetic and electromagnetic
properties, low cost, large surface area, good chemical stability, mechanical hardness,
catalytic properties, and environmental friendliness. MnFe>O4 nanoparticles exhibit a
mixed spinel structure (Fig. 2.4), where Mn?* and Fe*" cations occupy A (tetrahedral)
and B (octahedral) sites within a face-centered close-packed arrangement of oxygen
anions.

[MnitFel*], [Mn}*Fe3*;]5 0, (2.2)
In this formula, "I represents the inversion parameter, which indicates the degree of
inversion. In normal spinels (i = 0), all Mn cations occupy tetrahedral sites, while in
inverse spinels (i = 1), they are located in octahedral sites [17]. MnFe2O4
nanoparticles have garnered significant attention in electronic systems due to their
soft-magnetic properties, including low coercivity, high magnetic permeability, and
moderate saturation magnetization. Additional benefits of MnFe>Os nanoparticles
include their SPM nature, ease of preparation, high chemical stability, high electrical

resistivity, and high crystal symmetry. Additionally, MnFe>O4 nanoparticles have
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been identified as effective heat sources in magnetic hyperthermia-based cancer
therapy, as they generate heat when exposed to AMF. The heating efficiency of
MnFe204 nanoparticles in an oscillating magnetic field is closely tied to their
saturation magnetization, which is heavily influenced by particle size, shape, and the
distribution of cations between tetrahedral and octahedral sites. These properties can

be regulated by the synthesis methods and conditions used [18,19].

0 Mn
&) Fe

Qo

Figure 2.4 Structure of manganese ferrite showing tetrahedral (Tq) and octahedral
(On) sites [20]

In particular, spinel manganese-iron oxide (MnxFe3«Os) systems exhibit
distinctive features such as high magnetic moment values around five pg per unit cell,
excellent chemical stability, high saturation magnetization, minimal or nearly zero
coercivity, and surfaces well-suited for ligand functionalization and bioconjugation.
Manganese has garnered special interest in biomedicine among various cations due to
its multiple oxidation states. Manganese's most common valence states are Mn?*,
Mn®*, and Mn**. Mn?* ions are the most stable compared to Mn®* and Mn** ions,
thanks to their half-filled outer 3d electron shell. Additionally, the manganese valence
states influence the magnetic properties of the nanoparticles; Mn?* ions, with their
five unpaired electrons, exhibit the highest relaxivity, followed by Mn** and Mn**
ions. MnFe204 has been of primary interest among spinel ferrites due to its suitability
for biological applications. MnFe>O4 has a bulk saturation magnetization (Ms) of 80

emu/g, similar to the Ms values of bulk Fe3O4 and y-Fe2O3 (approximately 90 emu/g
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and 80 emu/g, respectively). Additionally, it has an anisotropy constant of K = 2.5 x

103 J/m3 at room temperature [21]. Table 2.1 presents various synthesis methods,

highlighting how variations in shape, size, magnetic saturation, and the choice of

capping agents impact the effectiveness of hyperthermia applications.

Table 2.1: Literature survey on MNPs used for hyperthermia application

Sr | Synthesis Morpholo | Size Magnetic | Capping agent | SAR Ref.
. Method gy saturation
N (nm) M (W/g) | No.
o (emul/g)
1 | Co- Cubic- 23 63.4 Poly (I-lysine) | 201 [22]
condensation | spinel
2 | Seed-mediated | Spherical ~12.1 |40.2-31.2 | Chitoson/ 1.15- [23]
growth method to 18 i 1.20
Dimercapto
Succinic  Acid
(DMSA)
3 | Hydrothermal | Cubic 9.3 38.4 Polystyrene- [24]
Poly Ethylene
Glycol  (Ps- | 1%
PEG)
4 | Thermal Cube-like | 60 - Polyvinyl 215 [25]
Decomposition pyrolidine
(PVP)
5 | Co- Spherical 10-14 | 40.6 to | Polyamidoamin | 49.8- [26]
precipitation 63.4 edendrimer 129.3
(PAMAM)
6 | Thermal Nanocubes | 27 62.1 Poly-maleic - [27]
decomposition anhydride-alt-
1-octadecene)
(PMAO)
7 | Co- Spherical ~20 54 Silica 217.62 | [28]
precipitation
8 | Polyol method | Multicore | 30-80 | 54-18 Polyethylene 965 [29]
structure Glycol (PEG)
9 | Seed-mediated | Nanostar 16-20 | 71-68.1 Dimethylforma | 15-140 | [30]

growth method

mide (DMF)

It is observed in the literature that non-spherical MNPs can generate more

heat than conventional spherical MNPs of the same size. Controlling the shape of

MNPs is key to achieving the desired temperature. With this intention, in the present
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work, manganese iron oxide nanostructures (such as nanocube, polyhedron) will be
synthesized. The effect of manganese composition in iron oxide will also be evaluated
to optimize magnetocrystalline anisotropy, thereby improving induction heating.
Properly tuned, such magnetic nanostructures are expected to produce a high value of
SAR.

2.3 Biomedical Applications

The magnetic anisotropy and magnetization of nanoscale MNPs can better
those of bulk materials. Multiple factors influence the magnetic properties of these
materials, with chemical composition, particle size, shape, morphology, and
nanoparticle interactions being the primary determinants [31]. Among ferrite
nanoparticles, those doped with manganese are particularly promising for biomedical
applications. These nanoparticles have a high Curie temperature, mild saturation
magnetization, high coercivity, high magneto-crystalline anisotropy, and chemical
stability. Researchers have explored their potential uses in MHT and as contrast
agents in MRI [32]. The Different properties and possible applications of MnFe2Os-

based nanostructures are shown in Fig. 2.5.
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Figure 2.5 Applications of manganese iron oxide nanoparticles in various fields [21]

Stable and biocompatible functionalized MNPs can serve various roles in
theranostics. They can be utilized as agents for MRI, MHT when exposed to high-

frequency AMF, and magnetic drug targeting and delivery. MNPs offer a crucial
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advantage due to their controllable sizes, which can be much smaller than cells (9-99
pm), proteins (4-49 nm), or viruses (19-451 nm). Their key attributes, such as
biocompatibility and the ability to aggregate precisely in desired tissues, make them
an ideal choice for biomedical applications. These particles need to be of a size that
allows for biological circulation, are small in scale, and are explored in numerous

applications [33 -35].

2.3.1 Targeted Drug Delivery (magnetically triggered)

Targeted drug delivery is a method that enhances the concentration of
medication in specific areas of the body compared to others. This approach is
primarily based on nanomedicine, which aims to use nanoparticle-based drug delivery
to overcome the limitations of traditional methods. The nanoparticles are loaded with
drugs and directed to areas with diseased tissue, minimizing interaction with healthy
tissue. A magnetic field is the control mechanism that ensures efficient drug delivery
to the desired location. Using MNPs in drug delivery is crucial for cancer treatment,
targeted drug delivery to tumors, and improving efficient gene delivery systems.
These systems offer precise targeting of specific locations within the body, a
reduction in the necessary drug quantity to achieve the desired concentration at the
target site, and a decrease in drug concentration at non-target sites, ultimately
mitigating severe side effects. MNPs serve as carriers for drugs, directing them to the
tumor. Once the drug enters the bloodstream, a magnetic field is applied to retain the
particles at the tumor site. This has emerged as a highly promising treatment for
cancer. When coupled with an external magnetic field, these nanoparticles can be
manipulated to transport the drug to the target site, anchor the particles in place,
release the medication, and accomplish magnetic drug targeting [36- 38].

Drug delivery using nanostructures occurs through two primary mechanisms:
passive and self-delivery. In passive delivery, drugs are bounded within the structure's
inner cavity, primarily through hydrophobic interactions. In self-delivery, drugs
meant for release are directly linked to the carrier nanostructure, ensuring efficient
delivery. Drug targeting within nanoformulations can be further categorized as active
or passive, as diagrammatically shown in Fig.2.6.

Active targeting in drug delivery involves the attachment of specific
moieties like antibodies and peptides to drug delivery systems. These moieties bind

the drug delivery system to receptor structures at the target site. Active targeting relies
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on the overexpression of distinct epitopes or receptors in tumor cells and specific
physical characteristics. Consequently, carriers that respond to physical stimuli such
as temperature, pH, electric charge, light, sound, and magnetism have been created
and linked to drugs. Active targeting can also be achieved by utilizing the
overexpression of specific molecules, such as low molecular weight ligands like folic
acid, thiamine, and sugars, along with peptides, proteins antibodies, lectins,
polysaccharides like hyaluronic acid, peptides, DNA, and others.

Passive targeting involves drug carrier complexes that circulate through the
bloodstream and reach the target site based on properties like pH, temperature,
molecular size, and shape, leading to affinity or binding. Common targets in the body
include cell membrane receptors, lipid components of cell membranes, and cell
surface antigens or proteins. Passive targeting frequently depends on the enhanced
permeability and retention effect and is commonly linked to drug-conjugated

dendrimers and dendritic polymers [39].

Passive targeting Active targeting

blood vessel
tumor cell
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Figure 2.6 Drug targeting approaches: (a) Passive targeting, (b) Active targeting [40,
41]

The localization of drugs using magnetic delivery systems relies on the
interaction between forces acting on the particles from the bloodstream and the
magnetic forces generated by an applied field, such as a magnet. When the magnetic
forces exceed the linear blood flow rates in arteries (10 cm/s) or capillaries (0.05
cm/s), the MNPs are retained at the desired target site. They may also be absorbed by
the endothelial cells in the targeted tissue. MNPs are introduced via an intra-arterial
route using a catheter. These drug-loaded magnetic carriers are introduced into an

artery specifically selected for its connection to the tumor. A permanent dipole
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magnet is positioned directly over the cancer on the patient's body to concentrate the
particles. Following a specified duration, during which the particles have migrated
into the surrounding tissues, the magnet is removed. The particles remain trapped in
the tumor, where the drug is released. The loading and release of bioactive material
from the polymer coating is a significant parameter that decides the efficiency of
magnetic polymeric particles in therapy [37].

Methods for loading drugs onto magnetic particles can be broadly classified
into two primary categories: chemical bonding and physical bonding. Chemical
bonding typically involves the formation of covalent bonds using the amino,
carboxyl, and thiol groups found on the surfaces of both the MNPs and the drug.
Polymer coating often introduces These functional groups to the magnetic particle
surface. The same chemical groups can also attach peptides, antibodies, and viruses,
thereby improving targeting. External factors like a controlled temperature increase or
internal factors, such as a change in pH, can trigger drug release after magnetic
stimulation. Physical binding involves electrostatic, hydrophilic/hydrophobic, and
affinity interactions. These interactions offer advantages such as rapid binding and
high efficiency but often result in early drug release. Magnetic fields are suitable for
medical applications as they do not disrupt biological processes. Nevertheless, several
challenges are linked to utilizing magnetic carriers and vectors in targeted drug
delivery systems [42].

Advantages Disadvantages

It prevents the medication from Leakage and fusion of the medication
degrading. within is observed.

The patient's dose required decreases. Short half-life because of its chemical
and physical instability

Deliver the most insoluble medicines. The low loading capacity of drug ejection
during crystallization and the
comparatively high-water content of the
dispersions are some disadvantages of
nano delivery.

Targeted drug delivery with the aid of Disruption of autonomic imbalance
liposomes and exosomes to targeted directly impacts heart and vascular
organs function.
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2.3.2 Magnetic Resonance Imaging (MRI)

MRI is a non-invasive imaging technique that produces detailed cross-
sectional images of internal structures using non-ionizing electromagnetic radiation. It
is based on the principle of nuclear magnetic resonance, where atomic nuclei, exposed
to a strong magnetic field, absorb and emit electromagnetic waves at specific resonant
frequencies in the radiofrequency (RF) range. This signal contains rich information
about tissues' biochemistry and gross structural properties, making MRI an incredibly
versatile imaging tool. MRI techniques can be customized to enhance specific
features of interest, providing high-resolution images of particular structures like
white matter tracts, lesions, and arteries. While MRI was initially used for anatomical
depiction, it is now evolving to capture functional properties and localized spectra.
MRI finds diverse clinical uses encompassing neurological, psychiatric, cardiac,
abdominal, musculoskeletal, and vascular imaging. This versatility positions MRI as

one of the most influential and versatile medical imaging technologies [43].

MRI is a medical imaging technique used to visualize thin slices of soft tissues
in the human body in two and three dimensions. It relies on the interaction of water
within our bodies. The hydrogen nuclei in water align themselves with an applied
external magnetic field. To produce MRI images, an RF signal is employed to change
the orientation of these hydrogen nuclei, and the RF signal's frequency must match
that of the hydrogen nuclei. When the directions of these nuclei change due to the RF
signal, they re-align with the applied magnetic field, releasing energy in the form of
an RF signal, which is then detected by MRI equipment. The realignment rate of these
nuclei varies among different body tissues, aiding in precisely imaging these tissues.
The duration required for this realignment is referred to as relaxation time, which is
categorized into two types: T1 (longitudinal or spin-lattice relaxation) and T2
(transverse or spin-spin relaxation). These relaxation times are based on how long the
components of the respective magnetization vectors are to return to their original
thermal equilibrium state. Relaxivities (r. and r2) are inversely related to the
relaxation times (i.e., r1 = 1/T1; ro = 1/T2). The ratio of relaxivities is crucial in
determining whether nanoparticles will be used as a positive or negative contrast
agent in MRI. The saturation magnetization of nanoparticles and their interactions
with protons in the surrounding water molecules affect T1 and T2 relaxations. The

process involving the precession of nuclei in the direction of a magnetic field is akin
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to a device with a spinning wheel or gyroscopes, known as Larmor precession. The
‘Frequency of Larmor precession’ (mo) iS determined by Equation 2.3, and it is

directly correlated with the intensity of the applied magnetic field [44].
wo =7 Bo (2.3)

Where By is the applied magnetic field strength, y is the gyromagnetic ratio and is the
nuclei-specific constant. The value of y for hydrogen is 42.6 MHz/Tesla. Fig. 2.7

displays the hydrogen atoms nuclei aligned in the direction of the applied magnetic

[asee
sw éé

(a) Magnetic field off (b) Magnetic field on

Figure 2.7 Hydrogen nuclei (a) magnetic field is absent (b) magnetic field is present.

At a mechanical level, variations in the pathological characteristics of
biological samples create different chemical and physical environments. These
differences lead to distinct outcomes in the computation of nuclear relaxation via
MRI. MNPs influence the nuclear relaxation of magnetic nuclei in their vicinity by
generating a local magnetic field. This accelerates the relaxation process and reduces
the relaxation time of nearby protons, ultimately enhancing the contrast in MRI
images. Throughout this process, two primary relaxation mechanisms are consistently
employed in MRI: longitudinal and transverse relaxation, abbreviated as T1 and T2
relaxation, respectively. Depending on the specific magnetic properties of MNPs,
various MNPs used as contrast agents can significantly augment the contrast in either
T1-weighted or T2-weighted MRI [45-46].
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Advantages

Highly effective for the precise scanning
and detection of abnormalities in soft
tissue structures, including cartilage and
delicate organs like the brain and heart

It does not expose individuals to
radiation, making it a safe imaging
option, particularly for those vulnerable
to radiation's effects, such as pregnant
women and infants.

Disadvantages

Performed in an enclosed area and some
people may become afraid to be in a
closely contained area during the scan
due to the loud noises produced by the
magnets

Particular ear protection may be
necessary due to loud noises, generally
known as clicking and beeping, as well as
sound intensities up to 120 dB in some
MR scanners

2.3.3 Magnetic Hyperthermia Therapy (MHT)

Hyperthermia is the medical context involves the therapeutic exposure of a
specific region to elevated temperatures above average body temperature (around
37°C in humans). The effectiveness of this treatment is rooted in the distinct heat
tolerance of healthy tissue compared to cancerous cells. Due to their rapid growth and
compromised vascular supply, tumor cells are more vulnerable to elevated
temperatures, and temperatures above 42°C can significantly impact their survival. In
recent years, hyperthermia has been recognized as an alternative or complementary
approach to treating cancer. Moderate temperature increases (41-46°C) can alter
cellular functions, induce cellular degradation, and eventually lead to controlled cell
death or apoptosis.

In contrast, temperatures exceeding 50°C cause rapid cell death, resulting in
tissue necrosis, a procedure known as thermoablation. By utilizing the heat generated
when MNPs are exposed to an alternating current (AC) magnetic field, MHT is
created. Gilchrist et al. initially presented this method in 1957 with a revolutionary
study involving locally heating lymph nodes laden with MNPs [47]. In MHT, MNPs
are selectively introduced as heat mediators into the tumor, exposing the cancer to an
external AMF. This process raises the tumor's temperature by generating heat from
the internalized magnetic nanoparticles under high-frequency AMF. This heat is
produced due to the dissipation of magnetic energy in single-domain particles through
internal Néel and Brownian relaxation. The actual MHT setup is shown in Fig. 2.8
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Figure 2.8 Magnetic hyperthermia therapies [48]

The increased temperature eliminates cancer cells through various direct
mechanisms, including protein denaturation, folding, aggregation, apoptosis, necrosis,
and coagulation. Additionally, it indirectly activates the immune system by promoting
the overexpression of heat shock proteins. MHT has not reached its full clinical
potential due to challenges in efficiently and locally heating malignant cells. To
address this, MNPs can be intravenously administered, explicitly targeting cancer
cells accumulating in the tumor. Magnetite and maghemite nanoparticles are
commonly used materials for MHT. The heat generated by MNPs in response to an
AMF is primarily due to two mechanisms: hysteresis and relaxation losses. In MHT,
electromagnetic energy is converted into heat. MNPs are distributed near the target
region, and an AMF is employed. This field supplies the requisite energy for the
magnetic moments within the nanoparticles to surpass their energy barriers for
reorientation. Consequently, energy is emitted as the magnetic moments within the
nanoparticles gradually revert to their equilibrium state. This sequence of events
results in the heating of the nanoparticles through mechanisms such as Brownian
rotation or Neél relaxation [49].

MNPs are delivered to tumors using intertumoral, intra-arterial, intracavitary,

and intravenous administration. Oral administration is not feasible due to nanoparticle
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excretion. Intertumoral and intracavitary approaches localize MNPs effectively for
primary tumor heating. However, intravenous administration is the most versatile for
Iron oxide MNPs,
intravenously, accumulate in tumors partly due to the enhanced permeability and

treating various oncological conditions. when delivered
retention effect, which capitalizes on tumor vasculature permeability and poor
lymphatic drainage. Attaching target ligands like antibodies, receptor-specific ligands,
peptides, and aptamers to MNPs enhances uptake by malignant cells. This causes the
targeted heating of the tumor while protecting neighboring healthy tissues when
exposed to an AMF. Despite promising preclinical results in MHT, several challenges
remain, including establishing optimal magnetic field strength and frequency limits,
their correlation with treatment duration, the toxicity of MNPs (which depends on
specific ligands), and determining the ideal nanoparticle concentration in the affected

organ [50-52].

Advantages

In contrast to near-infrared (NIR) laser-
based hyperthermia, MHT exhibits
superior tissue penetration capabilities for
the magnetic field and enhanced
accumulation of MNPs in the tumor
through magnetic targeting, making it a
more potent approach for cancer
treatment.

Hyperthermia can improve the efficacy of
other cancer treatments, such as
chemotherapy and radiation therapy.

Because of their synergistic effects,
MHT-based multimodal cancer therapies,
particularly ~ when  combined  with
chemotherapy, are more successful in
treating cancer.

Disadvantages

Safety, Effectiveness, and Dosing: The
safety, effectiveness, and appropriate
dosage of MHT remain uncertain. This
includes determining the optimal amount
of MNPs administered, selecting
magnetic parameters, and determining the
power of the AMF, all of which are

critical for  achieving effective
hyperthermia.
Lack of Temperature Measurement:

Precisely measuring the local temperature
rise achieved in vivo during treatment is a
challenge

The normal tissues in the treated area
may experience bleeding, edema, clots of
blood, and other side effects. However,
the majority of these adverse effects
become better with therapy. After total
body hyperthermia, diarrhea, nausea, and
vomiting are frequently experienced.
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2.4 Magnetic Hyperthermia Therapy (MHT)
2.4.1 Modes of Hyperthermia

The two main components of hyperthermia treatment are internal and exterior
hyperthermia. While internal hyperthermia involves the introduction of specific
substances into the body to serve as heat sources, external hyperthermia is induced by
applying heat from sources outside the body, which can include various methods like
microwaves, radiofrequency, ultrasound, and more. The National Cancer Institute

(NCI) classifies hyperthermia into three categories, and these classifications are based

on the size of the treated area:

a-) Local Hyperthermia

In hyperthermia therapy, heat is applied explicitly to a localized area, often a
tumor, using various energy sources like microwaves, radiofrequency, or ultrasound.

Tumors typically have leaky blood vessels, which allow MNPs to passively enter the

tumor cells based on the particles’ biophysiochemical properties [53, 54].

Hyperthermia therapy comes in various forms tailored to the location and depth of the

tumor:

e External hyperthermia is employed for tumors near or just below the skin.
Devices generating heat are placed around or near the treatment area.

e Intraluminal or endocavitary hyperthermia is a treatment approach designed
for tumors located within or close to body cavities, such as the esophagus or
rectum. This method involves the insertion of heat-emitting probes into the cavity,
directing them toward the tumor.

e Interstitial hyperthermia is suitable for deep-seated tumors, such as those in the
brain, and allows for higher-temperature heating. Under anesthesia, probes or
needles are carefully inserted into the cancer, with the aid of imaging techniques
like ultrasound, to ensure precise probe placement. Subsequently, a heat source is
introduced for the procedure.

b-) Regional hyperthermia, employed in treating locally advanced cancer through

perfusion or microwaves, utilizes techniques like external applicators or regional

perfusion to heat substantial tissue volumes, including body cavities, organs, or limbs.

When a patient has regional hyperthermia, medical professionals provide heat to

sizable body parts like a cavity, organ, or limb. Deep tissue procedures, regional
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perfusion, and continuous hyperthermic peritoneal perfusion are methods utilized to
treat regional hyperthermia.

Deep tissue procedures are employed to address internal tumors, such as those

found in cases like bladder or cervical cancer. Heat-delivering devices are

positioned around it to boost the temperature of the cavity or organ to be treated,
and energy is directed there.

Regional perfusion techniques are applied to manage cancers in the arms and legs,

like melanoma, or in specific organs, such as the liver or lung. In this process, a

portion of the patient's blood is extracted, heated, and re-circulated into the affected

limb or organ. In some cases, chemotherapy is administered concurrently with this
treatment.

Continuous hyperthermic peritoneal perfusion is a method for treating cancer in

the peritoneal cavity, the abdominal space housing organs like the intestines,

stomach, and liver. It's administered during surgery while the patient is under
anesthesia. In this procedure, heated chemotherapy drugs are dispersed through the

peritoneal cavity via a warming device, raising the local temperature to about 106

to 108°F.

c-) Whole-body hyperthermia is a method employed to treat metastatic cancer that
has spread all over the body. During this treatment, patients are placed in thermal
chambers or wrapped in hot water blankets, elevating their body temperature to
approximately 107 to 108°F for short periods.

Among various hyperthermia approaches such as microwave, laser, and ultrasonic
wave-based treatments, MHT stands out for its potential to selectively target tumor
cells. The magnetic fluid carrying MNPs can be delivered to the tumor in four ways:

1. Arterial injection involves the injection of a fluid containing MNPs into the
arterial supply of the tumor, creating a route for targeted drug delivery.

2. Direct injection: The fluid is directly injected into the tumor, with most
particles in the tumor tissue, particularly in the interstitial space. This approach
ensures that heat is generated primarily outside the cells. Additionally, MNP
synthesis with specific tumor antibodies can enable selective ingestion by tumor
cells, minimizing uptake by normal cells (differential endocytosis).

3. Formation of in situ implants involves injectable formulations that transform

into gels, effectively trapping magnetic particles within the tumor.
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4. Active targeting: A more complex delivery method involves antibody targeting
and the enrichment of particles in the tumor region using an external magnetic

field gradient, known as magnetic targeting.

2.4.2 Heat Loss Processes in MHT

In MHT, heat generation from MNPs is responsible for using two
mechanisms: relaxation losses and hysteresis losses. In the case of multi-domain ferro
or ferrimagnetic nanoparticles, heat is produced when exposed to a magnetic field.
This heating effect is a result of a phenomenon called domain wall displacement.
However, heat generation is primarily due to hysteresis losses for nanoparticles with
multiple magnetic domains. On the other hand, in single-domain nanoparticles like
SPM nanoparticles, the primary mechanism responsible for heat generation is
Brownian-Néel relaxation. Different heat generation models in MNPs in response to
the AC magnetic field are shown in Fig. 2.9.

» Hysteresis losses

Hysteresis losses are typically observed in multi-domain ferro or ferrimagnetic
nanoparticles. These losses occur when these nanoparticles are exposed to a magnetic
field, leading to heat dissipation. The underlying mechanism for this heat generation
is the displacement of domain walls, and it tends to be more prominent in larger
nanoparticles, usually exceeding 100 nm in size. Ferromagnetic materials are
analyzed by the alignment of magnetic moments resulting from unpaired electron
spins on neighboring atoms. This alignment occurs spontaneously, allowing
ferromagnetic materials to maintain a net magnetization without an external magnetic
field. The saturation magnetization value, denoted as Ms, represents the maximum
magnetization achievable when all magnetic moments in the ferromagnet align. When
a material exhibits hysteresis behavior, where magnetization curves for rising and
decreasing magnetic field amplitudes do not overlap, it produces heat when subjected
to an AC magnetic field. The quantity of heat produced per unit volume is dictated by
the magnetic field's frequency and the area enclosed within the hysteresis loop. In an

AC magnetic field, the hysteresis loss can be represented as,
—_ _Hmax
A= f_HMm uM(H)dH (2.4)
And thus, the SAR is,

SAR = A* f (2.5)
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The area of the hysteresis loop is determined by several factors, including the
size of the MNPs, their anisotropy, and the frequency and amplitude of the applied
AC magnetic field. In larger particles, coercivity (Hc) and remanence (M;) are
diminished, primarily due to reduced energy loss per cycle. In contrast, more minor
particles experience heightened anisotropy energy barriers that separate various
orientation states, leading to increased energy loss. This effect can potentially result in

magnetization blockage, particularly in the case of SPM nanoparticles.

Magnetic Nanoparticles
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Figure 2.9 Different heat generation models in MNPs in response to the AC magnetic
field (H)

Fig. 2.10 The hysteresis loop of a multi-domain magnetic material, where H
represents the applied magnetic field, and M represents the magnetization of the
material, illustrates domain wall displacements within such a material. In the case of
multi-domain materials, arrows on the cycle indicate the path taken when increasing
or decreasing the field amplitude. Ferromagnetic materials exhibit a multi-domain
system and hysteresis loss, which refers to the energy converted into heat during each
cycle of the magnetization reversal process. In a multi-domain system, domain walls
can shift in response to an AMF. The external magnetic field can instigate these
domains' formation, expansion, and dissolution by providing a favored direction for
the magnetic moments. To alter the orientation of spins within a particular domain, it

IS necessary to reposition the walls of that domain, a phenomenon known as the

D.Y. Patil Education Society (Deemed to be University), Kolhapur 49



Chapter 2

Barkhausen effect. This effect is irreversible, relying on structural imperfections in

atomic arrangements, including defects, dislocations, vacancies, etc [55].

Multi-domain

Figure 2.10 the hysteresis loop of a multi-domain magnetic material

» Eddy current losses

Eddy currents are produced as a consequence of the law of electromagnetic
induction, and they are not limited to magnetic materials but are relevant to all
macroscopic conductive materials. Eddy current loss represents the Joule loss
resulting from these eddy currents induced by an AMF, and the material's electrical
resistivity primarily determines the extent of this loss. Residual loss has a more
complex physical origin that cannot be easily distinguished from either eddy current
loss or hysteresis loss. Nonetheless, many ferrite materials exhibit high electrical
resistivity, leading to low eddy current loss. The heat loss resulting from eddy
currents can be mathematically expressed as follows:

ED = W (2.6)

In the equation, 't represents the material's permeability, ’d’ stands for the diameter
of the particle, and 'p' corresponds to the material's resistivity. The heating of small
magnetic particles induced by eddy currents is significantly minimal compared to
magnetic losses. Hence, the induction of magnetic heating in ferrite materials is
predominantly due to hysteresis loss and residual loss within an alternating magnetic
field [55].
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> Neel and Brownian- relaxation

In MHT, two mechanisms, Brownian-Néel relaxation and hysteresis losses,
generate heat from MNPs in sizes < 100 nm. Hysteresis losses cause heating in
nanoparticles with multiple magnetic domains. On the other hand, Brownian-Neel
relaxation primarily occurs in single-domain nanoparticles, like SPM nanoparticles.
When exposed to an external magnetic field, néel relaxation involves the rapid
reorientation of magnetic moments within the nanoparticle. The time it takes to return
to equilibrium depends on the effective anisotropy of the crystal, which considers
factors such as magnetocrystalline energy, shape anisotropy, and surface effects.
Simultaneously, the magnetic moments of the MNPs interact with the externally
applied AC magnetic field, causing the nanoparticles to rotate due to Brownian
physical motion. This rotational friction is influenced by the surrounding liquid's
viscosity () and the hydrodynamic diameter of the nanoparticle (VH) [56]. The

following equations give the Néel (tN) and Brownian (1B) relaxation times:

KV

Ty = T,eKT (2.7)
3nVv
g = % (2.8)
__ TBTN
= Tp+TN (29)

Where t denotes the effective relaxation time, 1, represents the characteristic flipping
frequency, K is the magnetic anisotropy constant, V refers to the nanoparticle volume,
k is the Boltzmann constant, T signifies the temperature, n_stands for the fluid's
viscosity, and Vu corresponds to the hydrodynamic volume of the nanoparticles.

The Néel relaxation time is strongly influenced by nanoparticle size, while
Brownian relaxation time depends on nanoparticle hydrodynamic size and is highly
affected by fluid viscosity. Smaller MNPs are better suited for efficient intracellular
hyperthermia because they require less energy for magnetic moment rotation and
experience fewer restrictions to rotation in high-viscosity cellular environments. Heat
is generated in MNPs since their magnetic moments take longer to relax under an
external AMF than the relaxation times of the nanoparticles. The following equation

gives the heat dissipation:

P = porry’fH? (2.10)
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Where P is the value of heat dissipation, po is the permeability of free space, ” is the
magnetic susceptibility, f is the frequency of the AMF, and H is the strength of the
AMF, respectively. Changes in nanoparticle size introduce shape anisotropy, which
strongly influences SAR. In the monodomain range, larger nanoparticles reduce
anisotropy because they are inversely proportional to size, enhancing SAR. However,
excessive anisotropy can hinder the Néel and Brownian relaxation mechanisms,

becoming detrimental [57].

2.4.3 Specific Absorption Rate (SAR)

SAR holds significant importance in the development of MNPs for MHT. This
parameter measures the absorbed power per unit mass of MNPs when subjected to a
specific frequency and intensity of an applied AMF. Simply put, SAR serves as a
metric to assess how efficiently MNPs convert magnetic energy into heat in colloid
form. The process of converting magnetic energy into thermal energy, facilitated by
MNPs when exposed to an external AMF, can be determined through the value of
SAR, also known as Specific Loss Power (SLP).

sAR=C (2) (5=) (2.11)

at) \Mp,

In this equation, 'C' denotes the specific heat capacity of the water, '(dT/dt)' represents
the initial rate of temperature change, ' Mn ' refers to the mass of dispersed MNPs, '
Ms ' stands for the mass of the suspension, 'H' corresponds to the magnetic field, and '
f ' represents the frequency.

To achieve optimal SAR per Hysteresis value through hysteresis losses, it is
necessary to employ high magnetic field amplitudes, at least equal to the coercive
field value. This allows for the full utilization of the hysteresis loop area; however,
due to various physiological and technical constraints on field amplitudes, such as the
safety condition (e.g., H. f < 5 x10° Am™s™) that must be observed to prevent harm to
the patient; the hysteresis loop can seldom be fully exploited. Modern particles
utilized for hyperthermia purposes predominantly rely on Neéel relaxation. This is
because SPM particles tend to yield a higher SAR when working with smaller field

amplitude than ferromagnetic MNPs [58].

2.4.4 Intrinsic Loss Power (ILP)
To compare the heating efficiency across various samples and field

conditions, SAR values can be standardized using the ILP. The SAR is a commonly
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employed metric to describe the heat-producing capacity of a system. Nevertheless,
the SAR value for a specific sample is influenced by the strength and frequency of the
AMF, making it challenging to directly compare results across diverse experimental
configurations. As a result, an alternative parameter, the ILP, has been suggested to
standardize the SAR values.

P SAR

ILP = pfH? — fH?

(2.12)

In this equation, 'P' stands for volumetric power dissipation, calculated as P = pomy”(f)
fH?, where ” (f) represents the imaginary part of the magnetic susceptibility, 'p' is the
density of the magnetic material, 'H' denotes the strength of the magnetic field, and 'f'
is the frequency. This parameter enables a straightforward comparison of outcomes
across various research groups since it does not rely on the strength and frequency of
the AC field. ILP parameter, being the most appropriate model, depends on the
magnetic field's frequency and magnitude, offering a convenient means to compare

results from multiple experiments.

2.5 Influencing Parameters on SAR
2.5.1 Magnetic Field Amplitude & Frequency

The heating efficiency of a ferrofluid is indicated by its SAR value.
Nevertheless, the amount of heat produced is not exclusively dictated by the structure
and composition of nanoparticles. Still, it is also influenced by the frequency and
amplitude of the AMF. SAR values generally increase with higher frequencies and
field amplitudes. Currently, most SAR measurements reported in the literature fall
within the frequency range of 300-700 kHz and field strengths between 10 and 30
kAm™. However, there is still uncertainty regarding the safety of these values at the
clinical level. To address safety concerns, the Brezovich criterion, introduced in 1988
by Atkins and Brezovich, establishes a safety threshold for magnetic hyperthermia.
According to this criterion, the product of H « f should not surpass 4.85 x 10° Ams*
to prevent the occurrence of eddy current effects. In simpler terms, this safety limit
was defined to avoid unintentional heating or harm to the human body. However, this
threshold was determined based on feedback from healthy patients who underwent
MH treatment on their entire torso to gauge discomfort and tolerance levels [59-61].
Currently, the NanoActivator® system (MagForce AG, Germany) is the only
therapeutically available AMF system in the world. It has a frequency of 100 kHz and
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can apply magnetic fields of up to 18 kAm1, according to Jordan et al. in 2001. The
frequency of 100 kHz was chosen to reduce the formation of eddy currents while
increasing the temperature difference between normal tissues and tumor regions
containing MNPs. Eddy currents refer to electrical currents induced within a
conductor, in this context, the human body, due to changes in the magnetic field, as

explained by Faraday's law of electromagnetic induction [62].

2.5.2 Particle size

As we previously discussed different heat loss mechanisms, it becomes
evident that the size of the nanoparticle core, mainly whether it is monodomain or not,
plays a crucial role. Hysteresis losses are the dominant mechanism for relatively large
blocked particles exceeding 100 nm. Moreover, the specific type of relaxation
mechanism, whether Néel or Brownian, is contingent on the anisotropy of the NPs.
Enhancing anisotropy decreases the critical size of the transition from Néel to
Brownian mechanisms. This is a crucial factor to consider when assessing a system's
heating capability in a biological environment because cellular internalization may

hinder the Brownian mechanism.

Additionally, the surface coating of the MNPs can also influence their heating
capabilities by affecting Brownian relaxation and subsequently controlling the
transfer of heat into the surrounding medium [63]. The discrepancies in determining
the ideal particle size for treatments arise from variations in the heating process setup,
including magnetic field strength and frequency. Even when comparing results using
ILP, variations exist across different studies due to differences in parameters such as
anisotropy. The particle size and all other relevant factors must be carefully optimized
to achieve the highest possible heating effect. Nanoparticles sized at the boundary
between exhibiting single-domain behavior in superparamagnetic and being in a

blocked domain state are likely optimal for magnetic hyperthermia treatments.

2.5.3 Effect of Particle Morphology

The characteristics of nanoparticles are significantly influenced by their
surface properties, and any modifications to these properties can result in changes in
their physical, chemical, and biological attributes. Various investigations have been
conducted to explore the relationship between surface properties and shape

morphologies, focusing on understanding the magnetic characteristics and their
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impact on magneto-hyperthermia. Core-shell MNPs belong to the category of hybrid
materials, where the composition and microstructure vary radially, enabling the
provision of multiple functionalities. Fig.1.10 (Chapter 1, Section 1.6) shows that
nanoparticles with non-spherical shapes (e.g., cubical, hexagonal) demonstrate
superior heating efficiency compared to their spherical counterparts. It represents
various values of SAR concerning the formation of magnetic nanostructures. The
heating efficiency of nanoparticles can further be improved by changing both the
shape and composition of nanoparticles.

2.5.4. Anisotropy in magnetic materials

The size of the particles has a notable impact on the outcome of SAR.
Moreover, magnetic anisotropy plays a critical role in determining the effectiveness
of hyperthermia treatment. Modeling studies have shown that as the anisotropy
constant increases, the nanoparticle size at which the highest heating power is
generated decreases. Carrey et al. estimate the optimal anisotropy required for
achieving the best heating results; an analytical calculation can be carried out using
the proposed formulation. The anisotropy constant can be manipulated by altering the
nanoparticle synthesis methods. Additionally, the shapes of nanoparticles play a role
in determining magnetic anisotropy.

The effective anisotropy of a nanoparticle system plays a significant role in
heat dissipation, as demonstrated by its exponential dependence on Néel relaxation
time. Consequently, adjustments in the anisotropy of nanoparticles can offer the
means to control the heating potential of such a system. The effective anisotropy of
nanoparticles is primarily influenced by crystal or magnetocrystalline anisotropy,
shape anisotropy, and surface effects. When no external magnetic field is applied, the
magnetization aligns with the direction of minimum energy or the easy axis. Two
main strategies can be employed to enhance the effective particle anisotropy and
improve heating efficiency: Varying the magnetocrystalline anisotropy of the material

and shape anisotropy.

a. Magnetocrystalline Anisotropy

The strength of magnetic anisotropy in crystalline ferromagnetic materials is
determined by the atomic stacking patterns, a characteristic referred to as
magnetocrystalline anisotropy. This type of anisotropy is intrinsic to the material and

is contingent upon its structure and composition. For instance, magnetite exhibits the
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maximum anisotropy among iron oxides, ranging from 11 to 14 kJ m=, while
maghemite has an anisotropy value of about 4.6 kJ m=. However, it's possible to
enhance the anisotropy value by incorporating other transition metals, such as cobalt,
manganese, or nickel, into the inverse spinel structure. Introducing these transition
metals as dopants in iron oxide has been proposed to improve the SAR [64]. The
energy needed to reverse the magnetization direction is called magnetocrystalline
anisotropy energy. Magnetization aligns along the magnetic easy axes in a crystal
structure with minimal anisotropy energy. In contrast, directions requiring more
energy to align magnetization are termed magnetic hard axes. The most commonly
studied crystal structures for ferromagnetic materials are cubic and hexagonal are

shown in Fig. 2.11.
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Figure 2.11 Schematics of magnetic easy and hard axes for (a) fcc-Co and (b) hcp-
Co crystals [65]

Materials with cubic structures typically possess multiple easy axes and demonstrate
low magnetocrystalline anisotropy, falling into the category of ‘soft magnetic
materials. In contrast, materials with hexagonal structures possess high
magnetocrystalline anisotropy and substantial coercivity, earning them the label of
‘hard magnetic materials. For example, in a face-centered cubic (fcc) structure, like
fcc-Co, the magnetic easy axes align with three <111> directions. In a hexagonal-
close-packed (hcp) crystal structure, such as hcp-Co, the magnetic easy axis coincides
with the (0001) direction, often called the uniaxial axis. The magnetocrystalline
anisotropy in hcp-Co (530 kJ/md) is significantly greater than that of fcc-Co (270
kJ/md).
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b. Shape Anisotropy

The changing shape of nanoparticles can enhance effective anisotropy, with
surface effects playing a more significant role. On the nanoparticle's surface, changes
in neighboring atoms and crystal orientation result in variations in local magnetization
about the surface. In the case of faceted particles, when subjected to a nonzero
magnetic field, domain wall motion tends to align toward forming flat domains,
reducing energy and increasing surface anisotropy. Simultaneously, cubic
morphology appears to reduce spin canting compared to spherical particles. As a
result, it has been observed that faceted or cubic-shaped nanoparticles tend to display
higher SAR values compared to their spherical counterparts [66]. Shape anisotropy,
arising from dipole-dipole interactions in ferromagnetic materials, is a fundamental
aspect of magnetism. When dealing with equally magnetized magnetic ellipsoid
bodies, shape anisotropy can be quantitatively characterized using the
demagnetization tensor (N), which is solely determined by the object's shape. This
method provides a simple and effective way to control the local effective anisotropy
field for micro- and nanoscale magnetic components. However, achieving uniform
magnetization under a finite magnetic field is challenging for a magnet with an
irregular, non-ellipsoidal shape. Due to this non-uniform magnetization, the values of
N estimated using the constant magnetized ellipsoid approximation may need to be
more accurate and suitable for describing shape anisotropy [67].

2.6 Magnetic Nanoparticles: Toxicity, Biodistribution, Pharmacokinetics
Ensuring the safety and effectiveness of MNPs in clinical applications hinges
on understanding their toxicity, pharmacokinetics, and biodistribution within the
body. Several factors, including hydrodynamic size, surface potential, coating, and
NP interactions, play vital roles in the pharmacokinetics and pharmacodynamics of
MNPs in the body. In contrast, the liver and spleen may take up larger particles before
undergoing eventual degradation or excretion via the hepatobiliary route. Moreover,
the physicochemical characteristics of nanomaterials, including size, structure,
composition, surface charge, and surface modification, collectively contribute to the
toxicity profile of formulated MNPs. Specifically, nanoparticles with less than 10 nm
are effectively removed from circulation through renal clearance, while core sizes

exceeding 200 nm are more susceptible to sequestration by the spleen.
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Additionally, MNPs with a neutral surface charge exhibit prolonged
circulation times compared to nanoparticles with positive or negative surface charges.
Surface coating represents another crucial determinant affecting the circulation of
MNPs. Accumulation of MNPs in the liver and spleen can lead to unintended off-
target toxicity. Furthermore, in vivo toxicity is influenced by several additional
critical factors, including the synthesis procedure, purity, nanoparticle size, surface
charge, biodistribution within the body, and the pharmacokinetic properties of these
nanoparticles [68]. The effectiveness of heating induced by an AMF is closely tied to
the concentration of MNPs within the tumor. In clinical trials, patients with
glioblastoma have been administered up to 31.36 mg of iron per cubic centimeter
(Fe/cm®) of tumor in the form of MNPs via intratumoral injection (as reported by
Maier-Hauff et al. in 2011). Feraheme® (AMAG Pharmaceuticals, USA), an IONP
approved by the FDA for iron replacement therapy, has been safely administered
intravenously in substantially larger quantities than most other FDA-approved
inorganic nanoparticles. The standard dosing regimen typically involves the
administration of 510 mg of iron in the form of Feraheme®, followed by a second
injection within a time frame ranging from 3 to 8 days [69].

a. Viscosity of the fluid

When MNPs exhibit a magnetic anisotropy characterized by an energy barrier
significantly surpassing the thermal energy at room temperature, the predominant
mechanism for magnetic relaxation shifts to Brownian rotation. The hydrodynamic
diameter of MNPs and the viscosity of the surrounding medium are crucial factors in
determining the SAR. Additionally, the type of medium employed can impact the
treatment outcome. In an experiment where the same material concentration and
magnetic field conditions were maintained, the temperature rose most significantly in
water, followed by glycerol, while the temperature increase was the lowest in
collagen. This disparity can be attributed to collagen's high viscosity, which hampers
the Brownian relaxation effect. The inhibition of Brownian relaxation was confirmed
through an in vitro experiment involving living cells. Various types of nanoparticles
were introduced into cell cultures as part of this study. Creating perfectly uniform
particles is exceptionally challenging, so for practical applications, the variation in
particle diameters (polydispersity) must be considered when calculating optimized
heat generation. Research has been undertaken to investigate the influence of
polydispersity on the heat-generation capabilities of MNPs [70].
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b. Effect of coating with organic ligands
The chemicals that stabilize the nanoparticles also discover their magneto-
hyperthermia once exposed to bodily fluids due to developing a protein corona that
modulates the particles' behavior. MNPs that are coated with various organic ligands,
such as polyethyleneimine (PEI), polyethylene glycol (PEG), dextran, oleic acid, and
Pluronic F-127, exhibit different behaviors compared to uncoated MNPs, according to
in-vivo and in-vitro magnetic hyperthermia tests. Effective stabilization enhances the
biocompatibility of nanoparticles, minimizing immune reactions and preventing the
formation of protein-nanoparticle aggregates that could obstruct blood capillaries.
Improving the biocompatibility of nanoparticles involves the introduction of organic
ligands on their surface, resulting in enhanced uptake by tumors and cells. The use of
organic ligands serves to extend the circulation time of nanoparticles in the
bloodstream and minimize toxicity. Although these organic ligands may not directly
affect the heat dissipation of MNPs, they do influence the hydrodynamic sizes and
dispersion of the particles, consequently impacting the process of Brownian
relaxation. Selecting a biocompatible capping agent can lead to increased nanoparticle
uptake in tumors, prolonged circulation in the bloodstream, improved heating

efficiency, and reduced particle aggregation in vivo [71-73].
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3.1 Introduction

MNPs have garnered significant interest for their potential applications in
various fields, including biomedicine, catalysts, and magnetic data storage. To
effectively utilize MNPs in these applications, it is crucial to have precise control over
the particle’s morphology, uniformity, and chemical composition. This level of
control is essential because these parameters significantly influence the physical and
chemical properties of MNPs. MNPs can be synthesized using biological, chemical,
and physical processes. Recently, numerous wet chemical approaches such as co-
precipitation, hydrothermal, polyol, solvothermal, electrochemical, and reverse
micelle syntheses have been widely employed to form MNPs of diverse sizes and
forms [1]. Among MNPs, iron oxide-based nanoparticles are of interest in the present

work.

3.2. Synthesis of Iron Oxide Nanoparticles
3.2.1. Co-precipitation Method

The most widely used method for synthesizing magnetic IONPs is co-
precipitation. This method is favored due to its cost-effectiveness, environmentally
friendly precursor materials, and simple experimental procedures. However,
optimizing co-precipitation syntheses remains a challenge because of particle
formation mechanisms. Co-precipitation involves the simultaneous precipitation of
ferrous and ferric ions in an aqueous solution by adding a base. One of the reasons for
the popularity of this method is the use of inexpensive chemicals and relatively
simple experimental procedures carried out at moderate temperatures (typically below
100 °C) without the involvement of toxic reactants or by-products. Despite its
advantages, co-precipitation synthesizes IONPs with relatively low magnetization and
a significant polydispersity. This variation in IONP core sizes and the presence of
agglomerates can limit the uniformity of the resulting nanoparticles. These
agglomerates present new challenges related to stabilizing and utilizing the 1ONPs.
For instance, the distribution of IONPs within body tissues is significantly influenced
by both the core size and the presence of agglomerates. Variations in core size are
likely due to simultaneous nucleation and particle growth processes, along with the
formation of intermediate phases before or during the emergence of the desired
magnetic phases, such as magnetite (FesO4) or maghemite (y-Fe203). It is expected to

vary based on different synthesis conditions, including the choice of precursors, their
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concentrations, temperature, pH, and the sequence of reagent and stabilizer additions,
among other factors. Only a limited number of recent studies have successfully
provided some insights into particle formation mechanisms in the context of co-
precipitation [2-4].

& = — = S & = -

-
a0°C 8=

—l_ NaOH + 2h ‘Washing and P

isti Dried at 30°C
ctal P | Distilled Water B
+ Distilled Water Preci pltate Dried
E 3 Nanoparticles

Figure 3.1 Schematic representation of co-precipitation method

Typically, the synthesis process involves introducing a reducing or
precipitating agent into the aqueous solution containing the metal precursors. This
addition initiates the formation of MNPs as the reaction progresses. The aqueous
solution generally consists of metal salts and a base. The reaction can take place at a
variety of temperatures, ranging from room temperature to higher temperatures.
Multiple factors, including the reaction temperature, the type and ratio of precursors,
the solution's volume, and the medium's pH, can be adjusted to modify the
composition, shape, and size of the resulting MNPs [5]. In general, precursor salts
such as chlorides, nitrates, perchlorates, and sulphates are used. Fig. 3.1 shows the
schematic diagram of the co-precipitation method. The following equations describe

the mechanism involved in the co-precipitation method of creating MNPs.

MCl,.4H,0 + 2 FeCl3.6H20 + 8 NaOH A, MFe204 + 20 H201 + 8NaCl
...... (3.1)
xM?* + (1 — x)Fe?* + 2Fe3* + 80H- —»
xM(OH), (1 — x)Fe(OH)3. 2Fe(0H);
......... (3.2)
xM(OH),. (1 — x)Fe(OH),. 2Fe(OH)5 — M,Fe;_,Fe,0, + 4H,
...... (3.3
Puspitasari et al. reported varied sizes of manganese iron oxide generated by adjusting

the pH of the solution via a co-precipitation approach. The experiment involved
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changing the amount of sodium hydroxide injected to get three varied pH levels of 8,

10, and 12. The morphological study of the synthesized particles demonstrated a

decrease in particle size, magnetic properties, and medium pH [6].

Advantages

The preparation method is simple, easy to
use, and straightforward, making it
convenient ~ for  researchers  and
practitioners.

Short processing time and performed at
relatively low temperatures, usually
below 100°C

Practical and energy-efficient method

Disadvantages

The particles generated through this
method exhibit irregular morphology,
lacking a consistent and well-defined
shape.

The wide range of particle sizes and high
polydispersity indicate significant particle
size variation.

It lacks precise particle size and shape

control and is less suitable for highly
uniform applications.

3.2.2. Thermal Decomposition

Recently, thermal decomposition syntheses have become one of the essential
methods for obtaining IONPs. However, recent studies have shown that similar
thermal decomposition mechanisms may first produce a nonmagnetic Wistite phase,
from which the magnetic magnetite/maghemite phases may eventually arise due to
oxidation upon exposure to ambient oxygen. This synthesis method is carried out in a
liquid phase at elevated temperatures, using multivalent alcohol as the solvent. In
producing nanoparticles, bottom-up liquid-phase methodologies are appealing due to
their versatility. Numerous organic chemical reactions have prolonged reaction times;
heat is commonly employed to accelerate these reactions. Organic substances have
low boiling temperatures and high vapor pressures, making them volatile.

Thermal decomposition is a chemical process that entails heating a reaction
for a predetermined amount while employing a condenser to cool the vapours
produced back into a liquid form. The vapours generated on top of the reaction
undergo continuous condensation and return as a liquid condensate into the reaction
flask. This method ensures that the reaction temperature remains constant.
Monodisperse IONPs were synthesized through the thermal decomposition of iron
oleate in the presence of oleic acid as a surfactant using a ‘heating up’ process. In this
process, different solvents with varying boiling points, such as 1-octadecene

(~320°C), eicosane (~360°C), and docosane (~380°C), were chosen to examine the
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effects of reaction temperature on the size and morphology of the IONPs. Due to the
distinct temperature dependence of nucleation and development, the production of
monodisperse IONPs was ascribed to their separation. Nucleation occurred at
approximately 240°C, while growth occurred at a higher temperature. Surfactants,
such as long-chain alkyl compounds with heteroatom or polar groups, played an
essential role in determining the size and shape of the nanoparticles. Surfactants could
interact with and bind to the nanoparticle's surface through covalent, electrostatic, or
coordination bonds. Increasing the concentration of the reactants promotes the
generation of more monomers. When the concentration of monomers in the solution
exceeded a critical supersaturation level, it overcame the energy barrier, resulting in
rapid nucleation. These lead to the creation and aggregation of stable nuclei. The
equation provided below defines the minimum radius required for a nucleus to remain

stable and grow spontaneously within the supersaturated solution:

— 2VVm_ (3.4)

RTLn S

Where vy is the amount of free energy on the surface per unit area, the variables Vi, R,
T, and S represent the molar volume, temperature, supersaturation, and molar constant
of bulk particles. The size of a nucleus that can persist is determined by the minimum
radius, and any nucleus with a size smaller than this minimum radius will dissolve.
The minimum radius of a stable nucleus is inversely proportional to the degree of

supersaturation.
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Figure 3.2 Schematic illustrations for the formation Kkinetics of iron oxide

nanoparticles [7]
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The heating rate was crucial for synthesizing monodisperse IONPs, even
though its impact on the nanoparticle morphology was limited. The synthesis of
monodisperse IONPs was essential to ensure the separation of nucleation and growth
processes (Fig. 3.2). If the heating rate were exceptionally high, the reaction system
would be rapidly heated to the temperature at which growth occurred, even while
nucleation was still in progress. This was due to a temperature variation between the
nucleation and growth phases. When nucleation and growth processes overlap, the
growth of individual nanoparticles becomes uneven, resulting in a broad size
distribution. Nuclei more significant than the critical radius will continue to grow to

form nanoparticles.

Temp. controller

Figure 3.3 Schematic diagram of the thermal decomposition method

Particles with a smaller critical radius dissolve and contribute to monomers,
while high reactant concentrations promote small nanoparticles; nanoparticle growth
at high monomer levels is thermodynamically controlled, resulting in spherical
shapes, and higher temperatures from iron complex decomposition generate more
monomers, leading to larger nanoparticles. For example, cubic nanoparticles are
generated when spherical nanoparticles experience kinetically controlled growth
along the <111> crystallographic directions. This typically occurs when the monomer
concentration is low. To produce larger nanoparticles, adding more iron oleate is

necessary to ensure an adequate monomer supply for continued growth. This growth
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mechanism aligns with the ‘Ostwald Ripening principle, often called seed-mediated
growth [7].

A magnetic stir bar can prevent violent boiling and ensure uniform heating
when working with reactants in the round-bottom flask that are not overly dense. As
depicted in Fig. 3.3, if a magnetic stir bar is utilized, a hot plate should replace a
heating mantle because it includes a magnetic stirrer that automatically spins the bar
during the thermal decomposition. Maintaining a constant water supply in the
condenser is crucial to facilitate effective cooling. As the vapors generated from the
liquid reaction mixture release heat and transition from the gaseous phase to the liquid

phase, they promote the return of the fluid mixture to the round-bottom flask.

Advantages

The high boiling point permits syntheses
at elevated temperatures, promoting the
formation of well-crystallized materials.

The solvent's reducing properties protect
metal particles from oxidation while in
the medium.

The medium's high viscosity enables

Disadvantages

Complex synthesis procedure, making it
challenging to carry out.

There is a need for high temperatures and
relatively long reaction times, which can
span from hours to days.

Medium yield of nanoparticles.

diffusion-controlled  particle  growth,
resulting in well-defined structures and
morphology.

3.3. Characterization Techniques

In this section, we provide a concise overview of the fundamental principles,
operational mechanisms, and experimental arrangements of the instruments employed
to investigate the structural, magnetic, and thermal characteristics of the MNPs that

are produced. The following instruments and their functionalities are outlined below:

3.3.1. X-ray Diffractometer (XRD)

XRD is one of the most commonly employed techniques for nanoparticle
characterization. It is a fundamental, robust, and non-destructive method that finds
widespread use in the characterization of nanoparticles. XRD is primarily utilized to
extract information about the material's crystalline structure, phase characteristics,
lattice parameters, and crystalline grain size. The Fig. 3.4 displays the schematic

representation of the X-ray diffractometer.
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Working principle
The XRD technique is based on the reflection of X-rays from crystallographic
planes and is defined by Bragg's equation;
2d sinb = n\ (3.5)

where d= interplanar spacing, 6= diffraction angle, A= wavelength of X-ray and n=
order of diffraction. The crystallite size of a sample can be determined using
Scherrer's equation (Equation 3.6) by measuring the full width at half maximum

(FWHM) of the most prominent diffraction peak.

KA

B cos® (3.6

Dyrg =

Here, D,,.4 represents the crystallite (grain) size, A is the X-ray wavelength, g is the
FWHM of the diffraction peak in radians, 0 is the Bragg's angle, and K is the shape
factor. The value of K typically ranges from 0.89 to 1.39, with ~1 being used in most
cases. XRD is based on constructive interference of monochromatic X—rays and a
crystalline sample. These X—rays are generated by a cathode ray tube, filtered to
produce monochromatic radiation, collimated to concentrate, and directed toward the
sample. The interaction of the incident rays with the sample produces constructive
interference when conditions satisfy Bragg's Law.
Instrumentation and Working

In the XRD process, X-rays are produced using a cathode ray tube. This is
accomplished by heating a filament to release electrons, which are then accelerated
toward a target through voltage application. These accelerated electrons collide with
the inner shell electrons of the target material. As a result of these collisions,
characteristic X-ray spectra are emitted. These spectra encompass numerous
constituents, the most prevalent ones being Ka and K. The Ka component can be
divided into Koz and Kap, where Kay has a slightly shorter wavelength and is twice as
intense as Kay. These wavelengths are unique to the target material, such as copper
(Cu), iron (Fe), molybdenum (Mo), or chromium (Cr). In diffraction experiments, it is
necessary to generate monochromatic X-rays by employing filters like foils or crystal
monochrometers. Since Kaiz and Koz have closely related wavelengths, a weighted
average is typically used for this purpose. With CuKa radiation = 1.5418A, copper is
the most often used target material for single-crystal diffraction [8-10].
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X-ray
source

Figure 3.4 Schematic representation of X-ray diffractometer

In XRD, focused X-rays are directed at the sample, and the sample and
detector are rotated to measure the reflected X-ray intensity. When the incident X-
rays satisfy the conditions of Bragg's Equation, constructive interference produces an
intensity peak. A detector captures the X-ray signal, converts it into a count rate, and
displays it on a device such as a computer monitor. In the XRD setup, the sample
rotates at an angle 0 within the focused X-ray beam while the detector moves at 20 to
collect the diffracted X-rays. A goniometer controls the rotation of the sample in the
X-ray beam path.

Applications

e Characterizations of crystalline materials

e Determination of unit cell dimension and sample purity

e To determine the structure of biological macromolecules

e Identification of different phase formation
In the present study, the XRD patterns of as-synthesized MNPs using Rigaku miniflex
600 with Cu Ka characteristic radiation (1=1.5406A) operated at 35 kV in 6/26

mode at a D. Y. Patil Education Society, Kolhapur.

3.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectroscopy, often called IR spectroscopy, is crucial in organic
chemistry for identifying specific functional groups within a molecule. It can

accurately determine the characteristics of pure compounds and pinpoint particular
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impurities through the distinctive patterns of absorption bands. This technique
operates on the principle that molecules vibrate at distinct frequencies, typically
within the range of approximately 4000 to around 200 cm™ in the infrared region of
the electromagnetic spectrum [11].
Working principle

In an electromagnetic field, the energy gap between two levels (E1 and E2) of
a material is expressed as the product of Planck's constant (h) and the frequency (v) of
the incident radiation, represented as:

AE=hv (3.7)
When exposed to IR radiation, a sample selectively absorbs energy at frequencies
corresponding to its molecular vibration frequencies while allowing other frequencies
to pass through. An infrared spectrometer detects the frequencies of absorbed
radiation, generating a plot of absorbed energy versus frequency known as an

"infrared spectrum.’
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Figure 3.5 Basic working principle of the FTIR system

Since different materials exhibit distinct vibrations and produce unique
infrared spectra, this method enables the identification of specific molecules. A
nonlinear molecule composed of N atoms, it undergoes 3N-6 vibrational motions for
its constituent atoms, often referred to as fundamental vibrations or normal modes.

Only those molecular vibrations considered IR active are observed in the IR

D.Y. Patil Education Society (Deemed to be University), Kolhapur 72



Chapter 3

spectrum, meaning they absorb IR light. For a vibration to be IR active, it must cause
a change in the dipole moment of the vibrating molecule. In a molecule that has a
center of symmetry, the vibrations that exhibit symmetry for the center are considered
IR inactive. However, any molecular vibrations that lack symmetry are IR active and
thus manifest in the spectrum. This leads to the simultaneous detection of all chemical
groups in the material. Intriguingly, this technique can detect amino acids and water
molecules, which can be challenging to see using other spectroscopic methods.
Chemical groups with a permanent dipole moment, such as polar bonds,
exhibit strong absorption in the infrared region. Consequently, IR spectra of proteins
include absorption peaks arising from the carbonyl groups in polypeptide chains [12].
Using the FTIR spectrometer involves several key components within its optical
system. The IR radiation first passes through an interferometer, which modulates it by
performing an optical inverse Fourier transform. This modulated IR beam is then
directed through a gas specimen, which gets absorbed at different wavelengths due to
various molecules in the sample. Finally, an IR detector measures the intensity of the
absorbed IR radiation. A computer digitizes and performs a Fourier transform on the
detected signal, ultimately producing the IR spectrum of the gas sample [13]. The
essential components of the optical system in an FTIR spectrometer consist of an
interferometer with two mirrors, an IR source, an IR detector, and a beamsplitter, as
shown in Fig. 3.5. The half-silvered mirror in an interferometer splits incident light
into reflected and transmitted beams, which are reflected by rotating and stationary
mirrors, creating an interference pattern at the beamsplitter; the moving mirror alters
the path length, leading to variations detected as IR energy changes, providing
spectral information [14].
Applications
FTIR spectroscopy equipment is widely employed in various applications:
e Itis used in quality control to analyze and maintain the consistency of industrially
manufactured materials.
e The material analysis showed shifts in absorption bands signal changes in
composition or contamination.
e Itisused in drying processes for polymers, photoresist materials, and polyimides.
e FTIR spectrum analysis aids in diagnosing organ diseases and quantifying
biomolecules such as proteins, nucleic acids, and lipids.
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The FTIR Alpha (11) Bruker unit in the range of 400-4000 cm™' is used in the

present study.

3.3.3. Thermogravimetric Analysis-Differential Thermal Analysis (TG-DTA)

Thermal analysis (TA) encompasses a range of measurement techniques united by

a common principle: they assess how a material responds to heating, cooling, or
isothermal conditions. The aim is to establish a relationship between temperature and
distinct physical properties of materials. Among the most widely employed
techniques are:

1. Thermogravimetric Analysis (TGA): TGA measures changes in a material's
weight as a function of temperature, typically used to investigate
decomposition, volatilization, or oxidation processes.

2. Differential Scanning Calorimetry (DSC): DSC measures the heat flow into
or out of a material as it undergoes physical or chemical transformations. It is
beneficial for studying phase transitions and reactions.

3. Differential Thermal Analysis (DTA): A sample property is continuously
measured as the sample is programmed through a predetermined temperature
profile.

Thermogravimetric Analysis (TGA)

The demand for controlled heating processes and precise temperature
regulation led to the development advanced heating furnaces in TGA. The
development of accurate thermometers and temperature scales marked a significant
milestone in the eighteenth century, with Celsius introducing its temperature scale in
1742. During this period, temperature was primarily determined by observing the
thermal expansion of materials. These advancements laid the foundation for the
precise control and measurement of temperature, integral to various thermal analysis
techniques, including TGA [15].

Working principle

TGA is a valuable analytical technique used to investigate how the mass of a
substance changes in response to controlled variations in temperature and time within
a specified environment. Commercial TGA instruments often offer an impressive
upper-temperature limit, typically reaching 1000 °C or beyond. A controlled
atmosphere is established within the instrument to carry out TGA effectively. This

atmosphere is created by introducing a purge gas, which can be chosen to be inert
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(nitrogen, argon, or helium), oxidizing (typically air), or reducing. These different
atmospheres allow us to investigate how materials respond to diverse thermal
conditions, shedding light on their stability, decomposition, and other relevant
characteristics. Typically, measured substances exhibit mass loss, but it's also possible
to observe mass gain before degradation occurs, especially when heating rates are
slow and the atmosphere is oxidizing. The mass loss can be attributed to volatile
components, which include absorbed moisture, residual solvents, or low-molecular-
mass additives or oligomers. These components tend to evaporate within the
temperature range of ambient conditions to around 300 °C. In addition, reaction
products such as water and formaldehyde can be generated while curing phenolic and
amino resins. These reaction products are typically observed within the 100 to 250 °C
temperature range. Furthermore, the degradation of volatile products can lead to chain

scissions, which occur in the temperature range of 200 to 800 °C [16].

Figure 3.6 TG-DTA measurement unit [17]
Thermogravimetric instruments have various components to ensure flexibility

in obtaining specific analytical data. These key components include balance, which is
used to measure the weight of the sample accurately. The furnace provides controlled
and linear heating to the sample. A temperature programmer is used for precise
temperature measurement and control during the analysis. The recorder records and
displays the unit for weight changes and temperature variations throughout the study.
These components work in tandem to enable comprehensive TGA and to capture

essential data regarding weight loss and temperature changes in the sample over time
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[18]. The weight of the sample causes a balance beam to shift from its normal
position in TGA instruments. Two main types of balances are employed for this
purpose: null and deflection balances.
Null Balance: In this type, a sensor detects the deviation of the balance beam from
the null point, and a reset force is applied to bring it back into balance. Various
methods, such as photographic recording, electrical signals, or electrochemical
devices, are used to measure the conducted beam deflection and convert it into a
recognizable weight.
Deflection Balance: These balances directly measure the deflection of the balance
beam and do not rely on a null point. The change in position of the beam is used to
determine the weight. Several factors can influence the sensitivity of the balance,
leading to alterations in the shape of the TGA curves. To ensure accurate results, it is
crucial to calibrate the instruments before conducting new experiments [19-20]. In
this study, the thermal and oxidative stability of the prepared samples were analyzed
using TG-DTA, performed with an SDT-2960 instrument from TA Instruments, USA
(Fig. 3.6).
Applications
e DTA can provide valuable insights into the thermal properties of materials,
including specific heat capacity, thermal conductivity, and thermal diffusivity.
¢ In metallurgy, DTA is extensively used to examine the behavior of metals and
alloys during thermal treatments like annealing, quenching, and tempering.
e It is instrumental in determining phase transitions and assessing the kinetics of
phase transformations during these processes.
e Analysis of polymers, organic and inorganic materials and determining the

effect of oxidative or reductive atmospheres on materials

3.3.4. Transmission Electron Microscopy (TEM)

The TEM is a potent tool in materials science. The TEM functions based on
the same fundamental principles as a light microscope but employs electrons rather
than visible light. Due to the significantly smaller wavelength of electrons compared
to light, TEM can achieve a level of resolution that is orders of magnitude superior to
that of a light microscope. High-resolution TEM can be utilized to analyze the
quality, shape, size, and density of structures like quantum wells, wires, and dots. One

of the key advantages of TEM is that electrons, which are used as the probing
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particles, have a significantly shorter wavelength than light. While light microscopes
depend on shorter wavelengths for increased resolution, in TEM, as electrons
illuminate the specimen, the longer electron wavelength boosts resolution. The
wavelength of electrons is approximately 0.005 nm, which is 100,000 times shorter
than that of light. This fundamental difference in wavelength contributes to TEM's
superior resolution, offering about 1,000 times greater.
Working principle

The electron beam produced by the electron gun is focused into a compact,
coherent beam through the condenser lens. The condenser aperture is then employed
to eliminate high-angle electrons, refining the beam further. Subsequently, the beam
strikes the specimen, and depending on its thickness and electron transparency, parts
of it are transmitted through. The portion of the electron beam that passes through the
specimen is then focused by the objective lens, creating an image on either a
phosphor screen or a charge-coupled device (CCD) camera. Optional objective
apertures can block high-angle diffracted electrons to enhance contrast. The image
then travels through the column, passing through intermediate and projector lenses at
each stage, where it is successively magnified. The high-resolution power they
produce, which enables their application in numerous fields, powers their functioning
mechanism. The schematic representation of TEM shown in Fig. 3.7, and its three
functional components are as follows:

a) Electron gun

The TEM electron beam-producing section is located at the electron gun. A
cathode forms electrons in a tungsten filament that is V-shaped, and it is usually
heated. The tungsten filament is covered by a control grid known as a Wehnelt
cylinder with a central hole that lies columnar to the tube. The cathode lies on top of
or below the cylindrical column hole. The cathode and the control grid are negatively
charged with an end of the anode, which is disk-shaped and has an axial hole. The
transmission of electrons from the cathode to the anode through a columnar aperture
(hole) at a high voltage and consistent energy. This process effectively focuses the
specimen to create a precisely defined image. The TEM incorporates a condenser lens
system crucial in concentrating the electron beam onto the specimen. It controls the
energy intensity and the column hole of the electron gun, ensuring precise imaging
and analysis. The TEM uses two condenser lenses to converge the beam of electrons
to the specimen. The two condenser lenses each function to produce an image, i.e.,
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the first lens, which has strong magnification, produces a smaller image of the
specimen, to the second condenser lens, directing the image to the objectives.

b) Image- Producing system

The TEM consists of several critical components contributing to its imaging
capabilities: The objective lens is a fundamental element of the TEM near the
specimen. It has a short focal length, typically 1 to 5 millimeters. This lens plays a
crucial role in forming an intermediate image from the sample, which is then
transmitted to the projector lenses for further magnification. The intermediate lens is
one of the types of projector lenses. It allows for substantial magnification of the
intermediate image, contributing to the overall magnification of the specimen. The
projector lens is another type of projector lens in the TEM. It imparts additional
magnification beyond that provided by the intermediate lens. This combination of
lenses ensures that the final image is highly magnified. For optimal performance and
the production of high-quality images, both the objective and projector lenses require
high-power supplies with excellent stability to achieve the highest resolution
standards.

c) Image-Recording System

The TEM is equipped with various components that enable the visualization and
capture of images. A fluorescent screen is used in TEM to view and focus on the
images. It plays a critical role in the formation and visualization of images. A digital
camera is also incorporated into the microscope, which records the images
permanently after viewing. The TEM features a vacuum system that maintains a
vacuumed environment within the microscope. This vacuum system is essential for
preventing electron movement and focusing disruption caused by collisions with air
molecules. It ensures that electrons travel in a straight path to form images. The
vacuum system consists of several key elements, including a pump, gauge, valves,
and a power supply, all working together to create and maintain the vacuum.

The images produced by TEM are monochromatic, typically appearing in shades
of grey or black and white. Electrons can pass through a fluorescent screen positioned
at the microscope's base to make these images visible to the human eye. The images
captured by TEM can also be recorded digitally. They can be displayed on a computer
screen and stored in formats like JPEG or TIFF. It's possible to manipulate the
monochromatic images and add color during storage and processing. When the
electron beam hits the phosphor screen, it generates light, making the image visible.
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The darker areas of the image represent regions of the sample where fewer electrons
have passed through. In contrast, the lighter areas of the image represent areas of the

sample through which more electrons were transmitted [22-24].
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Figure 3.7 Schematic representation of TEM [21]

Applications of TEM

TEM is utilized in a wide range of applications. Biology, microbiology,
nanotechnology, and forensic studies are:
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e It is used for visualizing and researching the intricate cell structures of bacteria,
viruses, and fungi.

e TEM is used to determine nanoparticle size, shape, and distribution.

e TEM aids in examining the diverse forms and sizes of microbial cell organelles,
deepening our understanding of microorganisms.

e This technique is instrumental in investigating and differentiating between plant

and animal cells, shedding light on their unique features.

Energy dispersive X-ray Spectroscopy (EDS)

EDS, or EDX or EDXA, is a highly effective technique to analyze an object's
elemental composition. The fundamental principle underlying EDS operation relies
on high-energy electromagnetic radiation interaction with the electrons within an
atom, specifically X-rays. This interaction removes ‘core' electrons, which are those
not situated in the outermost electron shell. This principle is articulated by Moseley's
Law, which established a direct relationship between the emitted light's frequency and
the element's atomic number. Vacancies are created after removing these core
electrons, and higher-energy electrons can fill these gaps. As the filling electrons
transition to their lower energy states, they release energy. Notably, the energy
emitted during this relaxation is unique to each element found on the periodic table.
Consequently, by irradiating a sample with X-rays, EDS can be employed to ascertain
elements’ presence and relative proportions within the sample.

Here is an illustrative example of how EDS functions: Electrons in different
electron shells are denoted by letters K, L, and M, with K electrons closest to the
nucleus and having an n value of 1. The terms a and B are used to signify the
magnitude of the transition. The transition from M to L or L to K is designated as Lo
or Ko while transitioning from M to K is termed a K transition, as shown in Fig. 3.8.
These transitions are collectively described using the Siegbahn notation. EDS relies
on a system comprising three primary components: an emitter, a collector, and an
analyzer.

Typically, these components are integrated into electron microscopes, such as
scanning electron microscopes (SEM) or TEM. The collaborative operation of these
three elements facilitates the assessment of the quantity of emitted X-rays and their
energy levels concerning the initial X-ray emission. The data obtained through EDS

analysis is visually represented as a graph, where the x-axis represents energy in kilo-
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electronvolts (KeV), and the y-axis represents peak intensity. To deduce the elements
associated with the energy variations, a computer program is employed to convert the
peak positions on the x-axis into the specific atoms responsible for the energy
transitions observed. This process assists in identifying the elemental composition of
the analyzed sample [25-28].

kicked-out ..
electron - -

radiation
energy

Figure 3.8 Mechanism of X-ray emission in EDS

EDS systems are most commonly integrated into SEMs and electron
microprobes. SEMs rely on a cathode and magnetic lenses to generate and focus an
electron beam. The energy of the electron beam is a critical parameter that must be
carefully chosen to balance the need for high-resolution and efficient X-ray
production. The X-rays generated within the specimen are analyzed using two
focused crystal spectrometers. An EDS X-ray detector is commonly employed and
typically constructed as a solid-state device using lithium-drifted silicon. This
detector measures the relative abundance of emitted X-rays as a function of their
energy. When an incident X-ray interacts with the detector, it generates a charge
pulse, and the magnitude of this pulse is directly proportional to the energy of the X-
ray. Following the generation of a charge pulse, it is converted into a voltage pulse by
a charge-sensitive preamplifier. These voltage signals are then transmitted to a
multichannel analyzer, categorizing the pulses according to their voltage levels. The
energy of each incident X-ray is determined from the voltage measurement and is
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subsequently sent to a computer for visualization and in-depth data analysis. The X-
ray spectrum, which illustrates the relationship between X-ray energy and the
corresponding counts, is scrutinized to infer the elemental composition of the sample
volume under investigation.

It is important to note that elements with low atomic numbers can be
challenging to detect using EDS. To address this, the silicon (Si) detector is often
protected by a beryllium (Be) window. However, the presence of the Be window
limits the detection of elements with atomic numbers below 11 (Na). In windowless
systems, elements with atomic numbers as low as 4 (Be) have been detected, but the
challenges associated with lower atomic numbers become increasingly significant
[29-30].

In the present study, Transmission Electron Microscopy with a JEOL TEM-2100
microscope operating at 200 kV, and an EDXS (energy-dispersive X-ray

spectroscopy) detector was used for size, shape and composition of given studies.

3.3.5. Vibrating Sample Magnetometer (VSM)

The VSM is a straightforward yet precious technique used to characterize the
properties of magnetic materials. This method is based on Faraday's law, which
describes how an electromagnetic force is induced in a coil when there is a change in
the magnetic flux linked with the coil [31]. The basic principle of VSM is shown in
Fig. 3.9.

The VSM operates with a straightforward principle. It involves subjecting a
sample to vibration between two pickup coils while simultaneously applying a direct
current (DC) magnetic field to the sample, generally in a direction perpendicular to
the coils. This magnetic field leads to the sample's magnetization, causing the
vibrating magnetic moment to create a flux that fluctuates over time. By Faraday's
Law, this temporal flux change results in the induction of an alternating current (AC)
voltage in the detection coils. The signals generated in the coils are then detected
using a lock-in amplifier. This instrument is chosen because it features a narrow
bandwidth (for a given relative frequency) and very high gain. The lock-in amplifier
yields a DC voltage output directly proportional to the magnetic moment of the
material. As a result, this setup enables the measurement of sample magnetization as a

function of the applied magnetic field, yielding a magnetization curve.
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Figure 3.9 Basic principle of VSM

Working principle

The fundamental VSM measurement process involves oscillating the sample
close to a detection (pickup) coil while synchronously detecting the induced voltage.
This is accomplished using a compact gradiometer pickup coil arrangement, which
allows for relatively large oscillation amplitudes, typically in the range of 1-3 mm at
its peak, and operates at 40 Hz. This configuration enables the system to detect
magnetization variations smaller than 1076 electromagnetic units (emu) at a frequency
of 1 Hz. It includes a VSM linear motor transport for vibrating the sample, a detection
coil set puck, electronics for driving the motor and processing signals from the coils,
and software for automation and control. The sample is mounted on the end of a rod
that moves in a sinusoidal pattern. The oscillation center is precisely positioned at the
vertical midpoint of the gradiometer pickup coil. The VSM motor module, guided by
an optical linear encoder signal from the motor transport, ensures accurate control of
both the position and amplitude of the oscillation. The voltage generated in the pickup
coil is amplified and processed using lock-in detection within the VSM detection
module, which employs the position encoder signal as a reference for synchronized
detection. The VSM motor module generates the encoder signal by processing raw
signals from the VSM linear motor transport. In the VSM detection module, the in-
phase and quadrature-phase signals from the encoder and the amplified voltage signal

from the pickup coil are detected. These signals are averaged and transmitted to the
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VSM application on the PC for further analysis and processing. The schematic

working principle of VSM is shown in Fig. 3.10.
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Figure 3.10 Working Principle of Vibrating Sample Magnetometer [32]

Applications
e The VSM s widely used to characterize the magnetic properties of
diamagnetic, paramagnetic, ferromagnetic, and antiferromagnetic materials.
e An essential application is measuring domain sizes in ferromagnetic minerals,

offering valuable insights into their magnetic properties [32-34].

In the present study, all magnetic characterizations of prepared MNPs were
carried with Lake Shore 7307 model under the applied field of £10,000 Oe at

room temperature and low temperature.

3.3.6. Zeta Potential and Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a well-established and highly accurate method
for determining particle sizes in suspensions and emulsions. Its fundamental principle
relies on the Brownian motion of particles within a liquid medium, where smaller
particles exhibit faster movements while larger ones move at a slower pace. By
analyzing the light scattered by these particles, DLS can extract valuable information
about their diffusion rates, consequently providing insights into the size distribution
of particles within the sample. DLS is a useful method for particle size analysis,
offering a comprehensive size range capability spanning from 0.3 nm to 10,000 nm.

Unlike Laser Diffraction, which tends to encounter limitations for particles smaller
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than 100 nm due to weak signals and small angular change in scattering, DLS excels
in precisely this size range. Its particular strength lies in the analysis and
characterization of nanoparticles. DLS provides additional advantages, such as
measuring highly concentrated and extremely dilute samples. Moreover, it can
determine important parameters like Zeta Potential, molecular weight, and
concentration, making it a comprehensive tool embedded in many DLS analyzers.
Working principle

A typical DLS system has six essential components. To begin with, a laser (1)
serves as the light source, illuminating the sample particles within a cell (2). Although
most of the laser beam travels directly through the sample, a portion scatters when it
interacts with the particles. A detector (3) captures the scattered light, and because
particles scatter light in all directions, the detector can theoretically be positioned at
any angle and still detect the scattering.

Depending on the specific DLS model, the detector is positioned at either 175°
or 90°. For precise measurements, the intensity of the scattered light must remain
within a particular range. If the detected light is too intense, the detector can become
overloaded. To prevent this, an "attenuator" decreases the laser's intensity, reducing
the scattering intensity. In cases where samples scatter minimal light, as with tiny
particles or samples of low concentration, the attenuator permits more laser light to
pass through to the sample.

Figure 3.11 Basic working principle of the DLS system
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Conversely, for samples that scatter more light, such as larger particles or
samples with higher concentrations, the attenuator decreases the laser light reaching
the sample. This precise control allows for accurate DLS measurements. The basic
working principle of the DLS system is shown in Fig. 3.11.

The particle-liquid interface affects the physical properties of colloids and
suspensions, with zeta potential being a key factor in optimizing formulations and
predicting interactions; particles with zeta potentials above +30 mV or below -30 mV
are considered stable. In a zeta potential measurement system, six essential
components are at play. Initially, a laser (1) serves as the light source to illuminate the
particles in the sample for zeta potential measurements. This laser light is split into an
incident beam A and a reference beam B, modulated to create the required Doppler
Effect for the measurement. The laser beam is directed through the center of the

sample cell (2), and a scattering beam C is detected at an angle of 12.8°.

&g

Figure 3.12 Basic working principle of zeta potential system

When an electric field is applied to the cell, particles moving through the
measurement volume create fluctuations in the intensity of the detected light. A
detector (3) transmits this information to a digital signal processor (4). This
information is subsequently forwarded to a computer (5), where the Zetasizer

generates a frequency spectrum to calculate electrophoretic mobility and,
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consequently, zeta potential information. For precise measurements, it is essential to
maintain the intensity of the scattered light within a specific range, as overloading the
detector can lead to inaccuracies. To address this concern, an 'attenuator' (6) is
utilized to decrease the laser's intensity, thereby reducing the intensity of the
scattering.

Furthermore, compensation optics (7) are integrated into the path of the
scattering beam to account for potential differences in cell wall thickness and
refractive properties of the dispersant, ensuring the alignment of the scattering beams
is maintained. This helps to correct for potential sources of error in the measurements
[35-37]. The basic working principle of the zeta potential system is shown in Fig.
3.12.

Applications
e DLS system is used in many industries and research labs to measure the size
of nanoparticles.
e Droplet size and zeta potential are critical indicators of emulsion stability.
e To measure protein size and aggregation and measure the isoelectric point.
e The particle size of pigment used in ink and paints is an essential physical
characteristic affecting appearance and functionality.
The colloidal stability was assessed by determining the zeta potential using
Malvern Instruments.
3.3.7 UV-Vis Spectroscopy

A spectrophotometer allows for the analysis of liquids, gases, and solids by
utilizing radiant energy across the electromagnetic spectrum's far and near ultraviolet,
visible, and near-infrared regions. The specific wavelengths of electromagnetic
radiation are defined as follows: ultraviolet (UV) from 300 to 400 nm, visible (Vis)
from 400 to 765 nm, and near-infrared (NIR) from 765 to 3200 nm.

The instrument operates by passing a beam of light through a sample and
measuring the wavelength of light that reaches the detector. The wavelength provides
insights into the chemical structure, while the intensity is proportional to the number
of molecules, indicating the quantity or concentration. Analytical information can be
revealed regarding transmittance, absorbance or reflectance of energy in the
wavelength range between 160 and 3500 mill microns [38]. The operation of a UV-

Vis spectrophotometer begins when the integrated lamp emits either UV or visible
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light, depending on the wavelength required. Different lamps are used for each type

of light; for example, a deuterium lamp produces ultraviolet light, while a tungsten

lamp emits visible light. The monochromator then plays a key role in the process.

Light Source UV

Diffraction | N,
Grating i 1[| Mirror 1
Slit 1 !
Skt 2 wje
Light Source Vis
Filter =
Reference
Mirror 4 Cuvette Detector 2
? Reference ooy
Beam U ‘ ¢
" Lens 1
Half Mirror | STl
/ & Mirror 2 Sample
/ Cuvette Detector 1
P Sample 7 BT
Mirror 3 Beam Lens 2

Figure 3.13 Schematic diagram of UV—Vis—NIR Spectrophotometer [39]

A monochromator utilizes two slits separated by a prism or diffraction grating

to create a light beam with a very narrow bandwidth, essentially isolating the light of

a single color. The initial beam passes through the first slit and, upon hitting the

prism, disperses into a spectrum of colors. Each wavelength is directed to a specific

location, but only one wavelength passes through the second slit. The component in

the UV-Vis spectrometer is the beam splitter, which separates the light into two

parallel beams of equal intensity. These beams are directed toward two cuvettes—one

containing the sample and the other holding the reference. After passing through the

cuvettes, the beams reach the detector. The detector converts the impact of photons

into electrical current via computational programs [39]. The schematic diagram of the

UV—Vis—NIR spectrophotometer is shown in Fig. 3.13

Applications

e The determination of the physical and chemical properties of the specimen

e Material science, pharmaceutical research, Life Science
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3.3.8 Fluorescence Microscopy

A fluorescence microscope operates similarly to a standard light microscope
but includes additional features to enhance its functionality. While a traditional
microscope uses visible light (400-700 nm) to illuminate and magnify a sample, the
fluorescence microscope is designed for more advanced imaging. A fluorescence
microscope uses high-intensity light to excite fluorescent molecules, which emit
lower-energy light to create a magnified image, allowing visualization of specific
features in small specimens by filtering out background light and targeting specific
areas with fluorescent tags. The schematic diagram of a wide-field fluorescence
microscope is shown in Fig. 3.14.

A light source, like a Xenon or Mercury Arc Lamp, emits light across a wide
wavelength range from ultraviolet to infrared. This light is directed through an
excitation filter that selects the appropriate wavelength. A dichroic mirror, which
reflects only the excitation wavelength, directs the light toward the sample. The light
then passes through the objective lens, focusing it onto the fluorescent specimen. The
emitted light from the specimen travels back through the objective for magnification
and then through the dichroic mirror. The light is filtered by a barrier filter that selects
for the emission wavelength, eliminating any unwanted light from the arc lamp or
other sources reflected off the microscope components. The resulting filtered

fluorescent emission is then directed to a detector for digitization.

Detector

Ocular J Emission Filter

Dichroic Mirror S
=

: \ Light Source

Objectiv ej Excitation filter

o

Specimen

Figure 3.14 A schematic diagram of a wide-field fluorescence microscope [40]
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The specimen under observation is stained or labeled with a fluorescent dye
and illuminated with high-intensity ultraviolet light from a mercury arc lamp. This
light passes through an exciter filter, allowing only blue light. The blue light then
reaches a dichroic mirror, which reflects it downward onto the specimen. The
specimen, labeled with the fluorescent dye, absorbs the blue light (shorter
wavelength) and emits green light. This emitted green light travels upward, passing
through the dichroic mirror, which reflects the blue light and allows only the green
light to pass through the objective lens. Finally, the green light is filtered through the
barrier filter before reaching the detector for digitization [42].

Applications
e Itisused in biomedical research and clinical pathology.
e It enables multicolor staining, labeling cellular structures, and the assessment
of a cell's physiological state.
e The fluorescence microscope aids in examining the texture and structure of
coal.

e Fluorescent dyes are used to investigate porosity in ceramics.

3.3.9 Confocal microscopy

Confocal microscopes generate clear images of objects that appear blurred
under conventional microscopes. They capture light solely from the microscope’s
focal plane, effectively filtering most surrounding light. This technique reduces haze,
improves contrast, and enables detailed 3D reconstructions by compiling thin slices of
the object along the vertical axis. The schematic diagram of confocal microscopy is
shown in Fig. 3.15.

A conventional microscope uses broad light to illuminate a large specimen
area, often producing unclear, crowded images due to lacking a focal point. To
overcome these issues, a Confocal Microscope is utilized. The entire specimen is
illuminated in wide-field or fluorescent microscopes, leading to total excitation and
light emission, which is then detected by a photodetector on the microscope. In
contrast, the confocal microscope operates on the principle of point illumination. A
specimen stained with fluorochrome is analyzed, and when a focused beam of light is
directed at a specific point on the fluorochrome specimen, it generates illumination
that is concentrated by the objective lens onto a plane above the objectives. The

objective features an aperture on the focal plane above it, primarily designed to block
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stray light from reaching the specimen. The illumination points measure
approximately 0.25 to 0.8 um in diameter, influenced by the objective's numerical

aperture, and is about 0.5 to 1.5 um deep with the highest intensity.

___ Specimen

7 S
\A

8 " Objective
Detector Dichroic _
. Pinhole . Scanning
& mirror :
e mirrors i
Light K
source

Figure 3.15 A schematic diagram of confocal microscopy

The specimen is typically positioned between the camera lens and the optimal
focus point, referred to as the plane of focus. Using the laser from the microscope, the
laser scans a plane on the specimen through beam scanning or by moving the stage
(stage scanning). A detector then measures the illumination, creating an optical
section image. Multiple optical sections are scanned and compiled into a
computerized system, generating a 3D image that can be measured and quantified.
The aperture above the objective blocks stray light and enhances the final result.
Confocal microscope images have excellent contrast and resolution, regardless of the
specimen's thickness. The images are saved as high-resolution 3D images of cellular
structures and complexes. A key feature of the confocal microscope is its ability to
detect only what is in focus, rendering out-of-focus areas black [43].

The specimen's image is generated as the microscope scanner directs the
focused beam across a designated area, controlled by two high-speed oscillating
mirrors powered by galvanometer motors. One mirror shifts the beam horizontally
along the X-axis, while the other moves it vertically along the Y-axis. After
completing a scan on the X-axis, the beam swiftly returns to the starting point to

begin a new scan, a process referred to as flyback. No information is collected during
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the flyback process. Therefore, the laser scanner illuminated the end of focus, which
is the area of interest [44].
Applications
e In biomedical sciences, it is applied to analyze corneal infections by
quantitatively and qualitatively assessing corneal endothelial cells.
e |t also detects fungal elements in the corneal stroma during keratomycotic
infections, enabling rapid diagnosis and timely therapeutic intervention.
3.3.10 Flow cytometry
The fundamental principle of flow cytometry involves cells passing
individually in front of a laser for detection, counting, and sorting. The cell
components are tagged with fluorescent labels, which the laser excites to emit light at
different wavelengths. The schematic diagram of flow cytometry is shown in Fig.
3.16.

cell suspesion

<¢— Sheath fluid

Flow chamber
)

\
\»
\

Cell pass through_y, |

in single file

Laser (light Source) = ~

Cell sorting

Figure 3.16 A schematic diagram of Flow cytometry [45]

The emitted fluorescence quantifies and identifies cells in a sample as
thousands flow through a liquid stream, with a focused laser and strategically placed
detectors measuring Forward Scatter (FSC) and Side Scatter (SSC). Fluorescent
detectors are also present to identify different cell types or components using

fluorescent labels. Particles or cells, ranging from 0.2 to 150 um in size, move
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through a light beam, causing the light to scatter. Fluorescently labeled cell
components are excited by the laser, emitting light at longer wavelengths. The
detectors capture both the scattered and fluorescent light and the data is processed by
a computer equipped with specialized software for analysis. The intensity of each
detector, corresponding to each fluorescent emission peak, is calibrated for optimal
detection. Various details about the cells' physical and chemical properties can be
obtained based on these light measurements. Generally, FSC can detect the cell
volume, whereas the SSC reflects the inner complexity of the particle, such as its

cytoplasmic granule content or nuclear structure [45].

A flow cytometer consists of three core components: the fluidics system, the optics

system, and the electronics system.

a) Fluidics: The fluidics system delivers particles in a fluid stream to the laser beam.
This is done by injecting the sample into a stream of sheath fluid, typically a
buffered saline solution, within the flow chamber. The chamber's design focuses
on the sample core in the middle of the sheath fluid, where the laser beam
interacts with the particles. The focusing occurs as the sample suspension is
injected into the sheath fluid, guiding the particles to the center of the sample
core.

b) Optics System: The optical system of the cytometer is made up of excitation
optics and collection optics. The excitation optics include the laser and lenses that
shape and focus the laser beam onto the sample flow. The collection optics feature
a lens that captures the light emitted after the particle interacts with the laser,
along with a set of optical mirrors that redirect specific wavelengths of the
collected light to designated detectors. Once a cell or particle passes through the
laser light, the emitted rays and fluorescence signals are directed to
photomultiplier tubes (PMTs) while a photodiode gathers the signals. A filter is
placed in front of the tubes to ensure a detector is specific to a particular
fluorescent dye, allowing only a narrow wavelength range to reach the detector.

c) Electronics system: The electronic system transforms the signals from the
detectors into digital signals that a computer can process. When light signals hit
one side of the PMT or photodiode, they are converted into a relative number of
electrons, which are multiplied to produce a more robust electrical current. This

electrical current is sent to the amplifier, which converts it into a voltage pulse.
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The peak of this pulse occurs when the particle passes through the center of the

beam, resulting in the highest levels of scatter or fluorescence. The Analog-to-

Digital Converter (ADC) then converts the pulse to a digital number [46-47].

Applications

e It is utilized in clinical laboratories to detect malignancies in bodily fluids,
such as in cases of leukemia.

e Cytometers, such as cell sorters, can physically isolate and collect specific
cells of interest into separate tubes.

e |t can be utilized to measure DNA content through fluorescent markers.

e Flow cytometers allow the analysis of replication cells using fluorescent dye

for four stages of the cell cycle.

3.3.11. Biocompatibility study: Cytotoxicity assays

Cell culture assays use isolated cells cultured in vitro to evaluate a material's
or extract's biocompatibility. These methods help determine a material or chemical's
potential for toxicity or irritation. Before doing in vivo studies, they offer excellent
screening materials. Before receiving FDA approval, medical devices intended for
human implantation must undergo preclinical testing consisting of both in vitro and in
vivo evaluations.

a) Qualitative Cytotoxicity Tests

Qualitative cytotoxicity tests for medical devices often involve three standard
methods. The Direct Contact method is particularly suitable for low-density materials
like contact lens polymers. In this process, a sample of the test material is placed
directly onto cells grown in a culture medium. The cells are then incubated, allowing
any chemicals leaching from the test material to diffuse into the medium and interact
with the cell layer. The presence of cell malformation, degeneration, and lysis around
the test material serves as an indicator of the sample's reactivity.

The Agar Diffusion assay, on the other hand, is ideal for assessing dense
materials such as elastomeric closures. This method spreads a nutrient-rich agar layer
over the cultured cells. The test material, or its extract dried on filter paper, is then
placed on the agar surface, and the cells are incubated. The appearance of a zone
containing malformed, degenerative, or lysed cells beneath and around the test

material is a clear indicator of cytotoxicity.
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The MEM Elution assay involves using various extracting media and
extraction conditions to assess devices under realistic usage conditions or conditions
that magnify potential risks. Extracts derived from the medical device can be titrated
to evaluate cytotoxicity semi-quantitative. These extracts are subsequently applied to
a layer of cells and then incubated. Following incubation, the cells are carefully
examined under a microscope to detect any indications of malformation,
degeneration, or cell lysis. It is generally advisable to perform at least one
cytotoxicity test on each constituent component of a specific medical device.

b) Quantitative Cytotoxicity - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) Assay

Recent regulatory changes on the biocompatibility of medical devices
highlight that although qualitative cytotoxicity tests, such as direct contact, MEM
elution, and agar diffusion, are effective for initial screening, quantitative assessments
are preferred for more accurate evaluation. One such quantitative method is the MTT
cytotoxicity assay, which can accurately quantify cell viability with as few as 950
cells. This assay relies on a colorimetric approach that measures the reduction of a
yellow compound called MTT by mitochondrial succinate dehydrogenase. Since this
reduction reaction only occurs in living cells, it enables the quantification of the
percentage of viable cells in a solution.

The MTT assay evaluates the cytotoxicity of various substances, including
medical device materials and potential anti-cancer drugs, offering quantitative results,
flexibility in testing methods, and reduced subjectivity in interpretation. Moreover,
the MTT assay can be conducted using 96-well microplates in a standard reader, like
the Bio-Tek ELx808, enabling rapid screening of multiple samples (Fig. 3.17). The
toxic effects of nanoparticles depend on cell type and organ, as cell physiology and
membrane traits influence outcomes, with MNPs introduced through biomedical
applications like intravenous or intramuscular pathways. Depending on the affected
organ, different cell types may be selected for cytotoxicity studies, ranging from those
affecting the liver, nervous system, and blood to the kidneys. It's essential to optimize
the conditions and cell numbers when choosing the appropriate cell type for
cytotoxicity assessment. In this study, L929 mouse fibroblast cell lines and MCF7
(adenocarcinoma cell line of human breast) cell lines were chosen to evaluate

nanoparticle cytotoxicity [48-50].
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L1929 and MCF7

YAk

Figure 3.17 Biocompatibility study on L929 mouse fibroblast cell lines

The MTT assay, while recommended, doesn't distinguish between cell death
mechanisms and may underestimate early damage, highlighting the need for
standardized dose metrics in MNP cytotoxicity studies. In vitro, the dosage of MNPs
should be defined at various levels, considering their mode and site of action. These
dose metrics are advantageous for accounting for differences in cellular uptake that
can be particle-dependent. Additionally, the dispersion state of nanoparticles plays a
crucial role in nanotoxicological studies. Therefore, selecting the appropriate dose of
nanoparticles is essential for conducting cytotoxicity assays and gaining a better
understanding of the toxic effects of MNPs [51-54].

3.3.12. Magnetic Induction Heating System for Hyperthermia

Induction heating operates through a process where a high-frequency
alternating current is first applied to the coil, which serves as the primary winding. As
a result, an AMF is generated, following the principles of electromagnetism.
Subsequently, the workpiece, which effectively acts as a single, short-circuited

secondary winding, is positioned within the coil.

MHT entails introducing a colloidal magnetic nanofluid into an AC magnetic
field with adequate strength and frequency. This process results in the heating of the
particles due to mechanisms such as magnetic hysteresis losses or Neel relaxation.
Fig. 3.18 depicts a high-frequency induction machine alongside its schematic
representation. Magnetic hyperthermia therapy can be carried out using four primary

methods: arterial embolization hyperthermia (AEH), direct injection hyperthermia
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(DIH), and intracellular hyperthermia (IH). Magnetic mediators for cancer
hyperthermia therapy are promising due to their superior temperature control and

magnetic properties.

A 4

sl

«— Workpiece

«— Workcoil

High
frequency@

AC signal

Set-up for Induction Heating

Figure 3.18 Schematic representation of induction heating system [55]

Furthermore, the distribution of magnetic nanoparticles in tissues can be
visualized through MRI before the heating process [56]. VVarious magnetic mediators
have been developed due to their effective heat dissipation characteristics in AMF.
Magnetic mediators primarily target heat release through magnetic losses,
representing the conversion of magnetic field energy into heat during magnetization
reversal processes in particle systems. These processes include hysteresis, Neel, or

Brownian relaxation and losses resulting from friction in viscous suspensions.

Work piece [

|
|
L

ork coil

Induction Heating System for
Magnetic Hyperthermia Therapy
Applications

Figure 3.19 Induction heating system instrument

To study the material's potential for hyperthermia applications, induction

heating was performed in a 1.5 mL plastic microcentrifuge tube using an induction
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heating device (Easy Heat 8310, Ambrell; UK) with a 6 cm diameter and four turns
heating coil (Fig. 3.19). The MNPs were dispersed in 1 mL of distilled water and
positioned at the center of the coil. A frequency of 265 kHz was then applied. The
heat generated by the magnetic fluid in response to the applied magnetic field is
quantified using a SAR, measured in watts per gram (W/g), and calculated according
to equation 2.11 (Section 2.2.3).
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Synthesis of Manganese Iron Oxide
Nanoparticles
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ABSTRACT: Optimization of manganese-substituted iron oxide nanoferrites having

the composition Mn_Fe, Fe,O, (x = 0—1) has been achieved by the chemical co

precipitation method. The crystallite size and phase purity were analyzed from ) y

diffraction. With increases in Mn*' concentration, the crystallite size varies from 5.78

to 9.94 nm. Transmission electron microscopy (TEM) analysis depicted particle sizes

ranging from 10 % 02 to 13 + 0.2 nm with increasing Mn®* substitution. The

magnetization (M,) value varies significantly with increasing Mn** substitution. The

variation in the magnetic properties may be attributed to the substitution of Fe* ions

by Mn?** ions inducing a change in the superexchange interaction between the A and B

sublattices. The self-heating characteristics of Mn_Fe,__Fe,O, (x = 0—1) nanoparticles

(NPs) in an AC magnetic field are evaluated by specific absorption rate (SAR) and

intrinsic loss power, both of which are presented with varying NP composition, NP

concentration, and field amplitudes. Mng;sFeq,5sFe;O,4 exhibited superior induction

heating properties in terms of a SAR of .76 W/g. This superior value of SAR with an optimized Mn®* content is presented in
correlation with the cation distribution of Mn®>* in the A or B position in the Fe O, structure and enhancement in magnetic
saturation. These optimized Mn,,,Feg,;Fe,O, NPs can be used as a promising candidate for hyperthermia applications.
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4.1 Introduction

MNPs have received much attention in recent decades because of their
potential biological uses. These applications include targeted drug delivery, biological
separation, magnetoresistive biosensing, MRI, and their use as heat dissipation agents
in activities such as gene transcription, neural stimulation, and cancer treatment [1].
IONPs are the most frequently employed materials in magnetic hyperthermia due to
their low toxicity. Additionally, exploration into other ferrite nanoparticles, such as
manganese ferrite, has been undertaken due to their elevated magnetization within the
ferrite family and their stability against oxidation [2, 3]. Maghemite (y-Fe;O3) and
magnetite (FesO4) NPs are particularly well-suited for diverse biomedical applications
thanks to their distinctive physical characteristics, established biocompatibility, ease
of production, and high tunability at the nanoscale [4, 5]. Magnetization in Fe3sO4 can
be adjusted by replacing iron ions with transition metal cations, particularly
manganese ions, which have higher magnetic moments [6]. Many applications are
being investigated, including catalysts, humidity sensors, biomedicine, MRI,
microwave technologies, drug delivery, and MHT.

The unique properties of manganese ferrites, including high electrical
resistance, a high Curie temperature (bulk MnFe2O4 with T¢ of 577 K), low coercivity
value, and minimal eddy current loss, make them versatile for various applications [7,
8]. The study has focused on integrating secondary cations, such as Mn?*, in Fe3O4
and the reproducibility of synthesis [9]. In the last decade, the general term MFe,O4
(where M = Co, Mg, Ni, etc.) for spinel ferrites has been widely utilized in various
technological and biomedical applications [10, 11]. The synthesis process, chemical
content, annealing temperature, and cation distribution significantly influence these
compounds magnetic and electrical properties. Investigating the cation distribution
among the two interstitial sites in the structure of spinel ferrites remains challenging
due to its impact on the properties of these materials [12]. Shahane et al. reported the
MnFe204 MNPs showing the antiparallel spin moments between Fe®**, Mn?* and Fe?*
ions at A-sites and inverse spinel structures [13]. The sol-gel auto-combustion process
with the Co substitution produces the polycrystalline spinel ferrite CoxNii-xFe2O4 (X =
0.0, 0.25, 0.50, 0.75, and 1.0). Because of the increased magnetocrystalline anisotropy
and smaller particle size in Co?* substituted nickel ferrite, the density is higher than in
Ni2* ions. The saturation magnetization (Ms) was increased to x = 0.8, at which point

Ms for CoFe204 decreased somewhat [14]. Numerous proposals have been made for
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substituted magnetite nanoparticles for diverse bio-applications, denoted as MxFe3-«O4
(where M = Ni, Zn, Mn, Co, and 0 <x < 1). These substituted magnetite nanoparticles
offer tunable magnetic properties by facilely replacing divalent or trivalent metal ions.
This substitution can be achieved without altering the crystal structure through
complete or partial replacement of these ions.

Manganese-doped IONPs, specifically MnyxFeszxOs4, exhibit superior
magnetization (Ms), low coercivity (Hc), and reduced inherent toxicity compared to
other doped ferrite materials. They demonstrate higher magnetization in certain
instances than the well-studied IONPs currently available. These manganese ferrites
possess good chemical stability and biocompatibility. Moreover, their properties can
be modified, enabling the tuning of hyperthermic therapeutic temperatures making
them suitable for self-controlled hyperthermia treatment [15]. The precise formula for
a metal ferrite material is expressed as (MxFeix) [MxFe>—] Os, where the 'A’
tetrahedral site and 'B' octahedral site are denoted by parentheses and square brackets,
respectively. The parameter X' represents the inversion parameter, quantifying the
distribution of M?*, Fe?*, and Fe3* cations among these sites. In the synthesis process,
manganese substitution was carried out by varying the molar concentration of Mn?*,
resulting in the formation of MnxFeixFe,Os with different molar ratios of Mn?* to
Fe?*, where 'x' ranges from 0 to 0.75. Manganese ferrites, specifically MnFe;O4, are
regarded as highly promising materials due to their remarkable magnetization
capacity [16]. Muhammad et al. synthesized yttrium-substituted manganese ferrites
using a reverse micelle micro-emulsion method and found that the lattice constant
increased with an increase in the Yttrium content [17]. Various metal ions in spinel
ferrite lead to structural distortions, which affect the material’s physical and structural
characteristics and parameters [18]. The distribution of ions between the tetrahedral
and octahedral sites and their interaction ultimately decides the magnetic
characteristics of NPs [19].

There are different methods for the synthesis of ferrite NPs, such as chemical
co-precipitation [6], a sol-gel auto-combustion method [20], combustion synthesis
[21], ultrasonically assisted co-precipitation method [22], and thermal decomposition
method [23]. Thermal decomposition and co-precipitation methods are commonly
used for the synthesis of NPs. The former approach may easily produce ferrite NPs of
regulated size in an organic substrate. Chemical co-precipitation is the most basic
method for synthesizing MNPs in an aqueous solution. The size of the NPs can be
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changed by optimizing synthesis parameters such as concentration, pH, and
temperature [13]. Despite significant progress in material chemistry, developing
MNPs with better magnetic characteristics and monodisperse nature remains a
problem for the scientific community in this sector.

MHT utilizes MNPs in cancer treatment, offering a non-invasive approach
where nanoparticles at the tumor site elevate the temperature to 42-46°C. The SAR
quantifies the heating effectiveness of MNPs, a parameter influenced by factors such
as the size and shape of NPs, magnetization, strength of the AMF, frequency, and
other relevant parameters. Additionally, the cation distribution in ferrites plays a
significant role in affecting the magnetic properties of the NPs [24, 25]. The
temperature response exhibited by MNPs under an AC magnetic field is influenced by
various factors, including interparticle interaction, particle concentration in the carrier
liquid, viscosity, heat capacity, and surface modification [26]. In this chapter, a
comprehensive assessment of the substitution of Mn?* into MnyFe;—xFe204 (with x
values of 0.0, 0.25, 0.50, 0.75, and 1.0) has been conducted, establishing a correlation
between induction heating studies of MNPs and their cation distribution.

4.2. Synthesis and Characterizations of MnyxFei1-xFe204 (x = 0.0, 0.25, 0.50, 0.75,
and 1.0) MNPs by Co-precipitation Method

In the typical synthesis of MnoasFeo7sFe204, (0.25 mmol) manganese (I1)
chloride, (2 mmol) iron (I11) chloride hexahydrate, and (0.75 mmol) iron (11) chloride
tetrahydrate were separately dissolved in double distilled water with constant stirring.
Then, until co-precipitation occurs at pH 12, (8 mmol) sodium hydroxide (NaOH)
was added directly to the above solution as a precipitating agent and kept at 70 — 80
°C for 2h. The precipitate was collected by magnetic decantation and washed with
double distilled water. The washed precipitate was dried at room temperature
overnight. MnyFe;—xFe2O4 (x = 0.0, 0.50, 0.75, and 1.0) were prepared using the same
procedure.
Characterizations
XRD patterns of powder samples with various concentrations were recorded using
Cu-K, radiation at the wavelength (A) =1.546 A. The crystallite size of the samples

was calculated using Scherrer equation 3.6 (Section 3.3.1),

The formula has been used to derive the lattice constant ‘a’ using the calculated

corresponding d values,
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a = dhkl\/hz +k2 +l2 (41)
X-ray density (dx) of the material,
8M
x = Ny (4.2)

where ‘M’ is the atomic weight, and ‘N’ is Avogadro's number (6.022x 10?2 mol™).
FTIR study of samples with different concentrations was obtained using alpha (1)
Bruker unit, in the 400 cm™ to 4000 cm™* range. Transmission Electron Microscopy
(2100F JEOL TEM) was employed to observe the size and shape of NPs.
Magnetization field (M—H) measurements were conducted at room temperature in
fields up to 15 kOe using a VSM. Easy Heat 8310 (Ambrell, UK) was used to study
induction heating of as-prepared MNPs in a physiological medium at an applied fixed
frequency of =~ 277 kHz. The field amplitude was adjusted from 13.3 kA/m to 26.7
kA/m.

4.3. Results and Discussion

4.3.1. Structural Analysis

Crystallographic structure and crystallite size were determined using XRD
patterns of MnyFe;—xFe2O4 NPs with (x = 0.0, 0.25, 0.50, 0.75, and 1.0) shown in Fig.
4.1a.

(8 . 2 (b)

(220)
(440)

(400)
(511)
- — £ - (311)

Intensity (a.u)
Intensity (a.u)

| x=0.0 |

. - [Vttt A ”\;‘Mrv«w“m
P B e Naanas
Mm/vww%

20 30 40 50 60 70 80 30 32 34 36 38
20 (degree) 26 (degree)

Figure 4.1 (a) XRD patterns for MnxFe;—«Fe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
NPs; (b) Shift view of the region around (311) peak at different Mn?*

The XRD patterns reveal broad peaks and crystallite sizes, confirming the

crystalline nature of the samples. The profiles are matched with JCPDS cards No. 00-
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019-0629 for FesOs and 00-010-0319 for MnFe;Os. The XRD results affirm the
formation of cubic ferrite with space group Fd3m. An enlarged view of the high-
intensity characteristic peak (311) indicates a shift to lower angles with increasing
Mn?* substitution (Fig. 4.1b), attributed to the expansion of the unit cell as Mn?* ions
are incorporated into the magnetite structure [6]. The observed increase in lattice
constant (a) with the rise in Mn?* concentration is elucidated by considering ionic
radii. The radius of Mn?* (0.80 A) is more significant than that of Fe?* (0.77 A) and
Fe®* (0.64 A). This difference in ionic radii leads to lattice expansion, increasing the
lattice parameter from 0.8350 nm to 0.8409 nm, reflecting the growth of the unit cell
dimensions [27].

The inverse spinel manganese iron oxide will eventually expand when small-
sized Fe®*" and Fe?" ions are replaced with large-sized Mn?* ions. This substitution
introduces strain in the lattice, leading to linear elastic deformation. The effect is
manifested in the changes in lattice plane spacing, causing the peaks to shift to lower
20 positions in the X-ray diffraction [28]. The calculated lattice parameter ‘@’ with
different compositions is shown in Table 4.1.

Table 4.1 Lattice constant (a), Average crystallite size by XRD (Dxd) and TEM
(D1em), X-ray density (dx), specific surface area (S) of MnyFei—xFe2O4 NPs (x = 0.0,
0.25, 0.50, 0.75, and 1.0)

sample (x) a Dxrd Drem (dx) S

(nm) (nm) (nm) g/cm?® m2/g
0.0 0.8354 5.784 7.6864 5.2735 236.75
0.25 0.8350 5.459 8.2154 5.2762 138.44
0.50 0.8424 10.93 9.4810 5.1324 136.84
0.75 0.8436 12.92 13.603 5.1055 113.78
1.00 0.8409 9.945 10.213 5.1590 114.83

The synthesized manganese iron oxide nanocrystals' calculated crystallite size
(Dxrd) exhibits variation ranging from 5.7 nm to 12.92 nm, correlating with different
Mn?* concentrations. Concurrently, the calculated unit cell volume shows an increase

from 0.583 nm? to 0.613 nm3, while the corresponding values of X-ray density (dx)
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decrease from 5.27 g/cm® to 4.99 g/cm® with the progressive increase in Mn?*
concentration (Fig. 4.2) [29-30].
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Figure 4.2 The variation of MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs
with Mn?* content x in terms of their lattice parameter a (nm), crystallite size Dxrd

(nm), and x-ray density dx (g/cm?®)

4.3.2 Morphological Analysis

Fig. 4.3 (a, e, i) presents TEM images of manganese iron oxide nanoparticles
(MIONPs), accompanied by corresponding histograms illustrating particle size
distribution for three different compositions. The TEM analysis for samples
MnyFe1—xFe204 (x = 0, 0.25, and 0.75) reveals particle size and distribution consistent
with those determined by XRD. The product comprises agglomerated NPs with
spherical and cubic forms, as observed in Fig. 4.3. Additionally, (c, g, k) shows the
corresponding selected area electron diffraction (SAED) patterns of NPs, presenting
spotty ring patterns that align with XRD results, confirming a good crystal structure.
Fig. 4.3 (b, f, j) depicts lattice fringes confirming the singular nature of the core, with

lattice spacing approximately ranging from 0.20 nm to 0.27 nm, corresponding to the
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(311) lattice plane [31]. Fig. 4.3 (d, h, I) provides a histogram and confirms the

formation of NPs with sizes around 7+0.17 nm to 13£0.2 nm.

6 7 8
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p-10:0.25 [h]
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Figure 4.3 Images of (a-b, c, d), (e-f, g, h) and (I, j, k, I) represent TEM Images,
SAED patterns and histograms of samples MnxFe;—xFe2O4 at x = 0, 0.25 and 0.75

respectively

The chemical composition of the obtained MnyFe;-xFe204 (x= 0.0, 0.25, 0.50,
0.75, and 1.0) NPs was investigated using energy dispersive X-ray analysis (EDX), as
illustrated in Fig. 4.4. The analyzed results in the respective figure and Table 4.2
confirm the percentage of Mn, Fe, and O elements. The phase purity of the samples
affirms that they adhere to the expected composition ratio, indicating proper
stoichiometry maintenance during preparation. The EDX spectra for the different
samples and the corresponding analyzed results are shown in the following Fig 4.4.,
confirming the percentage of Mn, Fe, and O elements.
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Figure 4.4. EDX spectra of the MnyFe1—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)

MIONPs along with their respective analyzed results as given in the inset

Fig. 4.5 depicts the FTIR absorption spectra of the MnyFe;—xFe204 (x = 0.0,
0.25, 0.50, 0.75, and 1.0) NPs within the 4000-400 cm™ range. The FTIR analysis
confirms the formation of the spinel ferrite phase, revealing distinct intensity bands
corresponding to covalent linkages between nanoparticles. Specifically, the Mt -O-Mo
stretching band at ~600-500 cm™, where Mt and Mo represent tetrahedral and
octahedral sites, is evident in the spectra. The band positions of the synthesized Mn?*
substituted nanoferrites are shown in Table 4.3. As seen, the characteristic band of
M?*- O has decreased from a value of 557.37cm™* to 553.47 cm™* at tetrahedral sites
and 43952 cm! to 42527 cm® at octahedral sites with increasing Mn?
concentration. The bands around 1617cm™ and 3412 cm™ are attributed to the

bending vibrational modes of the adsorbed water molecules [32].
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Table 4.2 Stoichiometric % concentration of the constituent elements of the
MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs by EDX

Sample Mn Fe O

MnyFe1—xFe204 (X)

0.0 0.0 27.30 73.70

0.25 291 25.50 71.60

0.50 6.21 35.75 58.04

0.75 9.02 25.07 65.90

1.00 10.75 21.79 67.46
100

Transmittance (%)

20

Q
=
1 1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (Cm™)
Figure 4.5 FTIR spectra of MnxFe1-xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs

The Fe3*— O? stretching vibrations change when Mn?* ions substitute Fe?*
ions at both sites in the ferrite lattice with a larger ionic radius and atomic weight. The
infrared (IR) spectrum provides insights into the alterations in the molecular structure
of ferrite resulting from introducing Mn?* ions to the Fe3*— O [21]. The shift of
bands »1 and v to lower frequencies reveals the force constants frand fo for the A and
B sites, as the vibration frequency (v) is proportionally related to the force constant f
as,

f =4n?C*v®m (4.4)
Where 'm' is the reduced mass for the Fe** ions and the O% ions (2.065 1023 g/mol),

and C is the speed of light. Far-infrared absorption is a valuable tool for studying

D.Y. Patil Education Society (Deemed to be University), Kolhapur 111



Chapter 4

cation distribution as both A and B sites in the system are sensitive to changes. This
method enables the examination of local symmetry, surface defects, oxidation
phenomena associated with the spinel structure, and the presence or absence of Fe?*
ions in crystalline solids [26].

Table 4.3. Tetrahedral band (v1), the octahedral band (v2), force constants (fr and fo)
of MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs

MnyxFe1—xFe204 01 02 frx10° fox10°
(X) (cm™) (cm™) (dyne/cm?) (dyne/cm?)

0.00 557.32 439.52 2.2614 1.4075

0.25 556.36 433.90 2.2536 1.3707

0.50 554.43 427.15 2.2380 1.3284

0.75 555.39 426.19 2.2458 1.3224

1.00 553.47 425.27 2.2303 1.3167

4.3.3. Thermogravimetric Analysis
The thermal stability of the particles, surfactant decomposition temperature,
and quantification of the surfactant ligands were determined using thermogravimetric

analysis and differential thermal analysis.
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Figure 4.6 Thermogravimetric spectra of Mng 7sFeo 2sFe204 MIONPS
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TGA curves and DTA of MIONPs are shown in Fig. 4.6. The amount of
oxidation of MIONPs decreased significantly as TG-DTA was carried out in an N>
environment. The TGA experiments were designed to study the thermal stability of
MIONPs over the range of 50-800 °C. Depending on the reaction type, each
thermogram had a different stage corresponding to a different weight loss procedure.
In the MIONPs samples, weight loss of 4% was noted below 110 °C due to
evaporation of physically adsorbs H2O molecules. The weight loss in the last phase of
the TGA plot belongs to the phase formation of MIONPs. MIONPs achieve weight

loss stability at temperatures above 600 °C.

4.3.4. Magnetic Properties

A magnetic field of 15 kOe was applied to the as-prepared samples, leading to
magnetic hysteresis loops at room temperature, as illustrated in Fig. 4.7. The
magnetic properties of the MnxFe1-xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs are
summarized in Table 4.4. The net magnetization (Ms) values were determined as
37.63, 53.42, 49.45, 41.06, and 44.65 emu/g for MnyFe1-xFe204 (x = 0.0, 0.25, 0.50,
0.75, 1.0), respectively. Compared to smaller iron oxide particles that exhibited higher
saturation magnetization, the observed results appear slightly distorted from the
magnetization experiments for MnyFe1—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0).
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Figure 4.7 Magnetization (M) versus field (H) curves of the MnyFe1-xFe204 (x = 0.0,
0.25, 0.50, 0.75, and 1.0) NPs
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This distortion could be attributed to the formation of smaller nanoparticles
during synthesis and their anisotropic structural composition [25]. The variation in
magnetic properties can also be understood as the distribution of cations among a
tetrahedral and octahedral site of spinel ferrite.

Table 4.4 Magnetization (Ms), remanence (M;) and remanence ratio (M//Ms),
magnetic moment (ng) of the MnxFe1—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs

Sample Ms My Hc Mi/Ms Mg Experimental. Mp Calculated
X (emu/g) (emu/g) (Oe)

0.0 37.63 0.09 4.32 0.0023  1.5599 4.1

0.25 53.42 0.44 8.92 0.0082 22121 4.25

0.50 49.45 0.15 3.12 0.003 2.0450 4.50

0.75 41.06 0.39 8.37 0.0094 1.6968 4.75

1.0 44.65 0.65 12.11 0.0145  1.8465 5.0

For the sequence MnyFe1—xFe>Os, the difference in the magnetic moment(ng)
with different x is determined. The magnetic moment per unit was derived using the

following formula and displayed in Table (4.4)

_ M XM

ng = 585 (45)

Here, M represents the molecular weight. The magnetic moment values indicate that
all the samples exhibit ferrimagnetic behavior. The magnetic moment of individual
ions is computed considering the cation distribution. Magnetization is influenced by
the distribution of cations among A-sites and B-sites. The net magnetic moment at
zero Kelvin, arising from the anti-ferromagnetic coupling between the two sublattices,
is simply the difference in the sublattice magnetizations. The calculation follows
Neel's two-sublattice model of ferrimagnetism, expressing the magnetic moment as
the magnetic moment per formula unit in B,
np(X) = Ma(x) — Ma(x) (4.6)

Mg and Ma are the magnetic moments of the B and A sites, respectively.
MnyFe1-xFe204 exhibits a cation distribution with a higher concentration of Mn?* ions
in the A-site than in the B-site, indicating a mixed spinel structure. Incorporating
magnetic Mn?* into the B sublattices, rather than magnetic Fe?" in the spinel,
contributes to magnetization enhancement. In the B-site, the magnetic moment is

greater than that of the A-sites when Mn?* is introduced. Moreover, the Mn?* ion
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occupying the A-site facilitates the transfer of Fe** ions from the A-site to the B-site,
thereby increasing the overall magnetic moment. The results indicate that as the Mn?*
concentration (x) increases, both the observed and computed values of the magneton
number increase. With an increase in Mn?* content to counteract the growth of Ms, Hc
increases. This aligns with the relationships Hcoc K (MoMs)™, where po is the
permeability of free space, and K is the anisotropy constant [33]. However, IONPs are
frequently reported to have lower magnetization than the bulk phase due to the
canting of the spins at the surface or in the core, which is brought on by decreased
coordination and broken super-exchange bonds [34]. The Mn?* substituted iron oxide
crystals have a slight variation in the saturation magnetization of nanocrystals.
However, it was shown that the saturation magnetization had significantly improved
with further Mn?* substitution. We also observe that the variation in Mn?*
concentration affects the hysteresis curve's form. Compared to the somewhat bigger
iron oxide particles leading to less saturation magnetization, the observed results of
the magnetization studies for the varied x values were slightly altered. This may be
caused by the particles reduced size and structural anisotropy [35]. High manganese
doping levels may cause lattice distortion in manganese ferrite NPs, resulting in poor
saturation magnetization, according to the analysis of XRD patterns and lattice
distances [36].

4.4.5 Cation Distribution

Nanomaterials present novel properties compared to their bulk counterparts,
and strains on the surface or interface are the most important basic quantities in
various domains [37,12]. Nanoscale materials can modify their lattice parameters
during compression or tension, thereby changing their intrinsic bond distances and
electron energy levels. The grain size and micro-strain were calculated throughout the
process using the line width FWHM (in radians) of the powder XRD lines. As a result

of equation g, the width of the integral line is given by,

=B - B ——* 4 4ctand (4.7)

Diyrq COSO
Wheref” and S’ are the contributions of grain size and strain, respectively, 0 is the
Bragg angle, ¢ is the strain and ‘D,..;’ is the crystallite size. When the strain term "’
= 4etand is negligible, € can be evaluated in terms of . For various XRD lines
corresponding to different planes, the integral line width is measured, and Eq. (4.8)

can be simplified as,
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pcos® = A/Dyrq + €(4sinb ) (4.8)
The values of fcosb and 4sinf have a linear relationship. The strain (&) evaluated from

the intercept= ’1/ Dyry On the y-axis, when plotting fcosb (y-axis) versus 4sin (x-
XTr

axis).
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Figure 4.8 Strain graph of MnyFe;—Fe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs

The strain measurements for each sample are shown in Fig. 4.8. It is seen that
the linear difference of 4sinf with Bcos0 is for all samples. Strain measurement from
the slope is more sensitive to increased Mn?* content X, indicating that a more
significant amount of Mn?* can be accommodated in the matrix of MnyFe; xFe20a.
Differences in ionic size between the two cations account for the difference in cation
distribution on tetrahedral and octahedral sites [38].

Cation distribution in crystal lattices affects spinel ferrites with structural and
magnetic properties. An inverse phase cubic spinel structure has been observed for
manganese iron oxide nanocrystals, with Fe?* ions occupying B sites and Mn?*, Fe3*
ions equally distributed in A and B sites. Studies of cation dispersion in spinel ferrite
give useful information for improving materials with desirable characteristics [39]. In
MnyFe@-xFe204, XRD analysis was used to determine the distribution of cations
Mn?*, Fe?*, and Fe3* among octahedral and tetrahedral sites. The cation distribution in

spinel ferrite was determined by comparing experimentally measured diffraction
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intensities to those calculated for many hypothetical crystal forms. Various
distribution parameters are used to calculate intensity using the Burger formula for the

planes [40],

Ihkl = |F|2hklPLp (49)
F is the structural component, P is multiplicity, and Lp is the Lorentz polarization

factor in this equation.

_ 1+cos?28
P~ Sin20.cos20

The best information on cation distribution is obtained by comparing

(4.10)

experimental and estimated intensity ratios for reflections whose intensities (i) are
relatively independent of the oxygen parameter, (ii) change with the cation
distribution in different ways, and (iii) do not differ significantly. Fe** ions have no
preference for the lattice site and can occupy any of the two; Mn?* ions can likewise
occupy both sites. Mn?* and Fe®*" ions have a strong A-site preference in MnyFei-
xFe204, while Fe?* and Fe*" ions occupy the B sites [40]. The following cation
distribution can be proposed since MnyFe1xFe;O4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
for inverse spinel:
(Mn** (1 _x—yyFe** q_r pFe®* (1 )a[Fe? Mn** Fe¥* o, ] (0%7),  (411)
where y and z are the Mn?* and Fe?" ion concentrations at their respective sites and (0
< x< 1). The following equation and an acceptable cation distribution are used to
determine the mean ionic radii of tetrahedral (A) and octahedral (B) sites (r4and r3):
14 = [1—x — z]JrFe?* + (x — y)rMn?* + (y + z)rFe3* (4.12)
rg = zrFe?* + yrMn?* + (2 — y — z)rFe3* (4.13)
Using the value of a, the radius of oxygen ion R, = 1.32 A, andr,, the oxygen

positional parameter (u) can be obtained as follows:
u=|(+Ro) 7 +5] (4.14)

With increasing Mn?'content x, it is apparent thatry decreases and 1,
increases. The relative value of Mn?*, Fe?*, and Fe®*" occupancy with their different
ionic radii in the tetrahedral site helps to explain the difference in calculated
tetrahedral or octahedral radius. The oxygen positional parameter 'u’ rises to 0.401
from 0.382. If 'u’ = 3/8 = 0.375 in an ideal fcc structure, although the 'u’ values of
most ferrites are greater than this ideal value, indicating that the oxygen ions are

transferred in such a way in the A-B interaction that the distance between A and O
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ions increases while the distance between B and O ions decreases. As a result, the A—

A interaction decreases while the B-B interaction increases [12, 21].

Table 4.5 Distribution of cations among A- and B-sites

Com A-Site B- Site T4 rg ‘W ath strain
p A A A

X Mn?*  Fe?* Fe** Mn* Fe** Fe¥

0.0 0.0 0.05 0.95 0.0 0.95 105 059 1.58 0.382 0.8352 0.7229
025 012 00 088 013 075 112 0.66 151 0.385 0.8405 0.7249
050 0219 00 081 031 050 119 0.74 145 0.391 0.8423 0.7258
075 025 00 075 050 025 125 082 1.39 0.396 0.8435 0.7309
100 029 00 071 071 00 129 091 134 0.401 0.8497 0.7333

Using the estimated values of r,andrg, the theoretical lattice parameter (awm) is

determined as,

A = 3% [(rA + r(oz_)) + \/§(r3 + r(oz_))] (4.16)

Table (4.2) shows theoretical lattice constant values for MnyFe;—xFe204 (x =
0.0, 0.25, 0.50, 0.75, and 1.0) nanocrystals. As the concentration of Mn?* increases,
the X-ray density rises linearly because the iron atom is lighter than the manganese
atom. The distance between magnetic ions is calculated in tetrahedral La and
octahedral site Lg.

Ly = 0.25aV3 (4.17)

Lg = 0.25av2 (4.18)

Table (4.6) shows the calculated values for La and Lg. It is observed that with
an increase in the Mn?* content, hopping length also increases. According to
equations (4.19) and (4.20), one can calculate the shortest distance between A-site

cations and oxygen ions and between B-site cations and oxygen ions, respectively.
dy = a /3 (u - %) (4.19)
11 43,1
dg, = a[3u® — Pu + I (4.20)

Equations (4.21), (4.22), and (4.23) were used to determine the A-site edge 'daxe,” the

shared B-site edge 'dexe," and the unshared B-site edge 'dsxeu.’
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daws = a_|2 (2u - %) (4.21)
dgg = a/2(1 — 2u) (4.22)

dpsgu = a[4u? —3u + (]2 (4.23)

As shown in Table (4.6), substitution with Mn?* indicates an increase in the
octahedral bond distance dgx and the tetrahedral bond distance dax. In manganese iron
oxide nanocrystals, due to the extension of octahedral B-sites, differences between
daxe and dexe increase because of the larger radius of Mn?* ions compared to Fe?* and
Fe3* ions. As a result, the oxygen anions are displaced relative to each other, causing
the tetrahedral A-sites to decrease. Due to shrinkage, the force constant between the
cations and anions increases because there is more covalent bonding at the A-sites
than at the B-sites. There is an increase in the value of tetrahedral edge ‘daxg, " shared
octahedral edge ‘dexe,” and unshared octahedral edge ‘dexeu’ due to Mn2*substitution
is shown in Table (4.6). These modifications are due to Mn?*greater ionic radius,
which causes the octahedral site to expand while the tetrahedral site shrinks [41-43].
Table 4.6 Hopping length (La) and (Ls), tetrahedral bond length (dax), octahedral
bond length (dsx), tetrahedral edge (daxe), shared (dexe) and unshared (dsxeu)
octahedral edges as a function of x for MnyFe;—xFe>O4 (x = 0.0, 0.25, 0.50, 0.75, and
1.0) NPs

Sample La Le dax dex daxe dexe dexeu @ p

MnyFeixFe (nm) (nm) (hm) (nm) (nm) (nm)  (nm)

204 (X)

0.0 0.3617 0.2953 0.1894 0.2037 0.3095 0.2811 0.2954 0.4108 0.3871
0.25 0.3641 0.2973 0.1906 0.2051 0.3115 0.2830 0.2973 0.4155 0.2931
0.50 0.3647 0.2978 0.1910 0.2054 0.3121 0.2834 0.2979 0.4051 0.3908
0.75 0.3652 0.2982 0.1913 0.2057 0.3125 0.2838 0.2983 0.4117 0.1846
1.00 0.3679 0.3004 0.1925 0.2072 0.3148 0.2859 0.3005 0.4074 0.3426

In terms of 4,15, am, aexp, and r(o?"), the following relationships can be used to

describe the degree of ionic packing («) and the vacancy parameter (5).

a =22 (13, 4+ 273, + 4r(027)?3) (4.24)

3dexp
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3
B = (F==322) x100% (4.25)
th

The vacancy parameter reveals the presence of vacancies at both tetrahedral
and octahedral sites. It offers the normalized volume of missing ions, a total measure
of vacancy concentration in the spinel structure [44]. Magnetic properties of spinel
ferrites nanocrystals are attributed to octahedral and tetrahedral sites, as well as their
relative strengths, which are affected by magnetic ion accumulation on the surfaces of
these crystals inter-lattice and inter-sublattice interactions. Variations in the number
of magnetic ions in both sites alter the magnetic properties. Ferrite nanocrystals
substituted with Mn?* expand the tetrahedral site, increasing the bond distance at the
A site. The structural features of ferrites are influenced mainly by the variation in
bond distance between a cation and cation, as well as a cation and anion, at various
magnetic parameters [45].

As the unit cell volume increases, all values of inter-ionic distances increase.
This is because the smaller ionic radii Fe?* is replaced by a more radially large Mn?*,
which has a smaller interionic distance between ions (b,c,d,e,f) for MnxFe—xFe204 (x
= 0.0, 0.25, 0.50, 0.75, and 1.0) nanocrystals. From Tables (4.7) and (4.8), it is
observed that an increase in cation-anion length and cation-cation length with
Mn?*substituted resulted in a decreased super-exchange strength compared to iron
oxides [46]. The inter-ionic lengths and angles between the cation-anion and cation—
cation significantly and effectively influence magnetic interactions. Different
configurations of the ion’s pairs with favourable angles for the individual magnetic
interactions and inter-ionic distances give the cation-anion distances p, g, r, and s, as
well as the cation-cation distances (b, c, d, e, and f) and the respective bond angles 01,
02, 03, 04 and 0s. The inter-ionic distances are determined by the crystalline structure
and magnetic characteristics [44].

The following equations are used to calculate these values, shown in Table (4.5),
taking into account the experimental value of the lattice constant and oxygen

parameters.
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p=aC-u \
g=aV3@-3)

r=a\/ﬁ(u—%)

s=a\/§(§u+%)

b=v2 (%) > (4.26)
¢ =TI ()

d=v3 ()

3a

e=13 )

; J
f=V6

As a result of considering the following equations with the inter-ionic lengths

measured, we can obtain the bond angles for manganese iron oxide, which are given
in Table 4.8.

61 = Cos‘l[—p2212q_cz] ™

0, = Cos"ﬁ%

6, = 005-1[2’”221)‘2"2] - @.27)
0, = Cos‘l[%

05 = Cos‘l[#] .

Table 4.7. Calculation of distances between cations and anions and between cations
and cations for MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) nanocrystals

MnxFei—xFe20s4 p q r S b c d e f

(x) (m)  (m) (m) (m) (m) (m) (m) (m) (nm)
0.0 0.20  0.1808 0.3462 0.5512 0.2953 0.3462 0.3617 0.5426 0.5115
0.25 0.2102 0.1820 0.3486 0.5549 0.2973 0.3486 0.3641 0.5462 0.5149
0.50 0.2106 0.1823 0.3492 0.5559 0.2978 0.3492 0.3647 0.5471 0.5158
0.75 0.2109 0.1826 0.3496 0.5566 0.2982 0.3496 0.3652 0.5479 0.5165
1.00 0.2124 0.1839 0.3522 0.5607 0.3004 0.3522 0.3679 0.5519 0.5203
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Table 4.8 Calculated values of hopping lengths and inter-ionic bond angles for

MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) nanocrystals

Sample La Ls 04 0, 03 0, 05
MnyFei~xFe204 (nm) (nm)

(x)

0.0 0.3617  0.2953 12524 15493  90.00 68.11 79.99
0.25 0.3641 0.2973 125.30 154.82 90.01 68.10 79.98
0.50 0.3647 0.2978 125.28 154.74 89.98 68.10 79.97
0.75 0.3652 0.2982 123.20 154.86 89.97 68.11 79.99
1.00 0.3679  0.3004 123.27 154.85  90.00 68.11 79.99

Because these angles are related to A-B and A-A interactions, a rise in these angles
verifies the strength of these bonds as bond length and angle increase with the

substitution of Mn?*,

4.3.6. Induction Heating Study

The effect of Mn?* substitution in MnxFe1—«Fe;,O4 (x = 0.0, 0.25, 0.50, 0.75,
and 1.0) for hyperthermia applications is investigated by establishing a connection
between their magneto-structural properties and induction heating. The induction
heating studies of manganese-substituted iron oxide nanoparticles have not been
previously reported in correlation with the distribution of cations, which significantly
influences their magnetic properties. The heating power of the MNPs is assessed
through the SAR, a crucial parameter in MHT that quantifies the fluid's ability to
convert magnetic energy into heat [47, 48]. Fig. 4.9 displays the temperature
diferance at various field amplitudes. MNP dissipates heat in AC magnetic fields
through SAR (W/g) and ILP, calculated using equations 2.11 and 2.12 (Section 2.2).
The SAR value should be as high as possible to reduce the amount of magnetic
material needed to treat hyperthermia because it inversely relates to Mm. In total
power loss by MNPs in an AC magnetic field, three components are involved:
hysteresis loss, eddy current loss, and residual loss.

In an AC magnetic field, the hysteresis loss can be represented as Equation
2.4 (Section 2.4.2), and thus, the SAR is represented as Equation 2.5 (Section 2.4.2).
As a result, one must consider how frequency and amplitude affect SAR. It has also
been shown that a human-tolerated frequency and amplitude range is believed to be

with their product f*H = C not exceeding ~5 x 10° A/m.s [49]. The calculated values
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of C are 3.5 x 10°% 5.34 x 10° and 7.12 x 10° A/m.s for 13.3, 20 and 26.7 kA/m,
respectively. The critical requirement for magnetic field amplitude and frequency is
fulfilled in this scenario. Since magnetic field strength and frequency are closely
interrelated, SAR values cannot be directly compared to those of other systems.
Consequently, discussing heat dissipation regarding ILP is more suitable [50]. Giri et
al. synthesized Fe1xMnxFe2O4 NPs by the co-precipitation method with a mean size
of 10.0, 0.25, 0.50, 0.75, and 1.02 nm, and calorimetric measurements were used to
determine the heating efficiency in a field with f= 300 kHz and H = 10-45 KA/m. The
Ms and SAR of the material had the maximum values for x = 0.4 as 85 emu/g and 30
W/g, respectively [51]. Lorenzo et al. synthesized Manganese-doped iron oxide NPs
with Ms values of 66 emu/g and SAR values of 73 W/g of Fe + Mn at f =183 kHz and
H =17 kA/m [52].

50 50
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Figure 4.9 The growth in temperature versus time for MnyFe;—xFe204 (x = 0.0, 0.25,
0.50, 0.75, and 1.0) NPs at different concentrations (0.5, 1, 2, 5 and 10 mg/ml) and
applied fields 13.3 kA/m to 26.7 kA/m, with constant frequency (= 277 kHz)

When exposed to an external magnetic field, manganese iron oxide
demonstrates low conductivity (approximately 10 S/cm), ensuring minimal losses
from eddy currents and hysteresis [53]. The predominant heat loss mechanism in

manganese iron oxide is likely attributed to Neel rotation and Brownian losses [54].
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The size distribution of magnetic nanoparticles significantly influences heat
dissipation in an AC magnetic field, with temperature elevation correlating with
increasing field amplitude and nanoparticle concentration. Typically, temperatures
ranging from 42 to 44 °C are adequate for hyperthermia therapy. At concentrations of
5 mg/ml and 10 mg/ml in water, these nanoparticles exhibited self-heating, reaching
temperatures of 50.25 °C and 73.32 °C at different magnetic field amplitudes. The
actual temperature increase within 10 minutes for all samples was measured at a fixed
frequency (= 277 kHz) and various nanoparticle concentrations (0.5, 1, 2, 5, and 10
mg/ml) under changing magnetic fields of 13.3 kA/m, 20.0 kA/m, and 26.7 kA/m
(See Fig. 4.9).
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Figure 4.10 SAR value of the MnxFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs
at different concentrations (0.5, 1, 2, 5 and 10 mg/ml) and applied fields 13.3 kA/m to
26.7 kA/m, with constant frequency (= 277 kHz)

Dipole-dipole interactions are affected by broad particle size distributions,
affecting the induction heating properties of the material. Consequently, there is an
increased hysteresis loss and greater AC magnetically induced heating characteristic.
Xabier et al. studied size-dependent magnetic hyperthermia of manganese-doped
ferrite NPs. It is observed that SAR 50-90 W/g and ILP values within 1-2 nHm?%kg
[29]. Otero-Lorenzo et al. synthesized MnosFe2704 NPS with a solvothermal
technique and found a SAR of 37 W/g, while the calculated ILP for the 5 nm particles
is 4 nHmM?/kg [52]. SAR and ILP values of MnyFe; «xFe,04 (x = 0.0, 0.25, 0.50, 0.75,
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and 1.0) NPs are calculated from Equation (2.11 and 2.12) shown in Table 4.9 with
an increase in filed amplitude from 13.3 kA/m to 26.7 kA/m for 0.5, 1, 2, 5 and 10
mg/ml respectively.

SAR values of MnyFei;—xFe;O4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs are
calculated from equation (4.30) and initial slope in Fig. 4.10 SAR for Fe3Os rises
from 4.9 to 17.47 W/g (ILP = 0.09 - 0.15 nHm?kg) with an increase in field
amplitude from 13.3 kA/m to 26.7 KA/m for 2 mg/ml respectively. For sample x =
0.25, the value of SAR increases from 5.63 to 29.44 W/g (ILP = 0.41 - 0.59 nHm?/kg)
with an increase in the field from 13.3 to 26.7 kA/m. The sample x = 0.50, the value
of SAR increases from 17.61 to 76.89 W/g (ILP = 0.26 - 1.68 nHm?kg) with an
increase in the field from 13.3 to 26.7 kA/m. SAR increases from 19.73 to 87.12 W/g
(ILP = 0.67 — 3.65 nHm?kg) for sample x = 0.75 with a field increase from 13.3 to
26.7 kA/m. SAR increases from 7.75 to 41.94 W/g (ILP = 0.29 — 1.40 nHm?/kg) for
sample MnFe2Q4, with a field increase from 13.3 to 26.7kA/m. The MnyFe1-xFe204 (X
= 0.0, 0.25, 0.50, 0.75, and 1.0) NPs exhibited the highest SAR of about 153.76 W/g
for the sample x = 0.75 at a physiological safe range of frequency and amplitude.

The magnetic field frequency and magnitude determine the ILP parameter. It
is the most suitable model for 2 to 4 nHm?/kg since it can be easily compared across
experiments [55]. When manganese was introduced into the network, local heating
increased significantly, from 0.15 nHm?/kg (FesOa) to 1.40 nHm?/kg (MnFe;Q4). The
addition of Mn?*, on the other hand, increases the material's heat, resulting in
improved magnetic properties due to the distribution of cations among A and B sites.
The details of SAR and ILP values of MnyFe;—«Fe204 (x = 0.0, 0.25, 0.50, 0.75, and
1.0) NPs with an increase in amplitudes from 13.3 KA/m to 26.7 kA/m for 0.5, 1, 2, 5
and 10 mg/ml are gives in Table 4.9. In the context of a biological application,
hyperthermia could damage cancerous cells and protect healthy cells simultaneously
while keeping the temperature under control as the AMF exposure period increases.
In the end, the results clearly show that high values of SAR are not a result of
increasing particle concentration. Comparing these values to those reported in the

literature, we used low concentration and low field to reach hyperthermia [31].
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Table 4.9 SAR and ILP values of MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
NPs with an increase in amplitudes from 13.3 kA/m to 26.7 kA/m for 0.5, 1, 2, 5 and
10 mg/ml respectively

Applied field specific absorption rate (SAR) W/g intrinsic loss power (ILP) nHm?/kg
(kA/m) for

MnxFe1—xFe204
0.5mg/ml Img/ml 2mg/ml 5mg/ml 10mg/ml 0.5mg/ml 1mg/ml 2mg/ml 5mg/ml 10mg/mi

x=0.0 133 20.95 13.96 - - 4.9 1.12 1.68 - - 0.39
20.0 111.6 34.91 6.9 7.01 4.93 2.27 7.12 0.14 0.56 0.10
26.7 139.6 76.81 17.47 12.6 10.57 1.25 0.69 0.15 0.11 0.09
X= 13.3 83.76 34.91 6.99 8.41 5.63 6.7 2.80 0.56 0.67 0.45
o 20.0 125.64 62.85 20.97 11.21 13.38 2.56 1.28 0.42 0.22 0.27
26.7 107.52 125.7 24.46 29.44 16.20 1.51 1.13 0.22 0.26 0.14
X= 13.3 41.88 34.91 20.97 32.25 17.61 3.36 2.80 1.68 2.59 1.41
oo 20.0 83.76 48.88 52.42 39.26 26.77 1.70 0.99 1.06 0.80 0.54
26.7 125.64 97.77 76.89 47.67 29.59 1.13 0.88 0.69 0.43 0.26
X= 13.3 55.84 41.90 45.43 28.04 19.73 4.49 3.36 3.65 2.25 1.58
o 20.0 111.68 48.88 59.41 42.07 28.18 2.27 0.99 121 0.85 0.57
26.7 153.76 76.81 87.12 43.47 33.11 1.38 0.69 0.78 0.88 0.67
x=10 133 41.88 20.95 17.47 11.21 7.75 3.36 1.68 1.40 0.90 0.62
20.0 69.80 34.91 20.97 16.82 16.20 1.42 0.71 0.42 0.34 0.33
26.7 125.64 76.81 41.94 43.47 32.41 1.13 0.69 0.37 0.39 0.29
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4.4. Synthesis and Characterizations of Manganese Iron Oxide MNPs by
Thermal Decomposition Method

Anisotropy is a crucial characteristic in many materials, offering direction-
dependent properties like ferroelectricity and ferromagnetism, which are essential for
various applications. It stems from atomic stacking arrangements and material
morphologies, including shape and surface characteristics. While structural anisotropy
is typically viewed as an intrinsic material property, shape and surface anisotropy are
considered extrinsic and can be more precisely adjusted through controlled synthesis
techniques focusing on shape and surface manipulation [56]. The performance of
MNPs is strongly influenced by their structure, average size, and magnetic anisotropy.
Additionally, particle ensembles provide a distinctive method for tuning their
magnetic behavior by adjusting the strength of dipolar interactions between the
particles [57]. The ongoing positive influence of MHT in medicine suggests
significant advancements in biomedical science are on the horizon. However, a major
challenge lies in the limited heating power of the currently utilized MNPs, which
necessitates the local injection of substantial quantities. Therefore, optimizing the
heating efficiency of MNPs remains a critical objective. The heat produced by MNPs
is closely linked to their structural and magnetic characteristics. Initial studies focused
on spherical MNPs, but recent advancements in synthesis have enabled the production
of nanoparticles with varied and controlled sizes and shapes.

An alternative approach to enhancing the heating power of MNPs involves
manipulating their shape and nanostructure, which can influence their
magnetocrystalline anisotropy or facilitate cooperative magnetism. For example,
recent studies have demonstrated that cubic-shaped iron oxide MNPs [57] and
flower-shaped MNPs [58] exhibit significantly better MHT properties compared to
optimized 20 nm spherical iron oxide MNPs [59]. Cubic-shaped spinel oxide
nanocrystals have demonstrated exceptional properties compared to spherical
counterparts, particularly in fields such as biomedicine. Iron oxide MNPs are the most
usually used materials in MHT because of their low toxicity [57, 60]. Other ferrite
MNPs, such as manganese ferrite and zinc ferrite, have been studied for their high
magnetization within the ferrite family and their oxidation resistance, leading to
relatively high SAR. While a high saturation magnetization (Ms) is advantageous for
enhancing SAR, materials with high Ms are often metallic and face challenges related
to stability and toxicity in physiological environments. A different strategy for
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optimizing SAR involves adjusting the effective anisotropy of the MNPs. For
instance, shape anisotropy can enhance the SAR of iron oxide nanocubes. Significant
SAR values have been achieved by modifying the anisotropy of MNPs using a hard—
soft exchange-coupled core/shell approach. However, these results were obtained
under high field amplitudes and frequencies unsuitable for clinical applications [61].
This section synthesizes optimal Mn?* into MnxFesxOs using the thermal
decomposition method, establishing a correlation between induction heating studies
of MNPs and their morphologies.

In a typical synthesis, a combination of iron (Ill) acetylacetonate (2 mmol)
and manganese (III) acetylacetonate (Mn(acac)s, 1 mmol) was introduced into a
mixture of oleic acid (1.13 g) and benzyl ether (10.4 g). The solution was degassed at
room temperature for one hour and then heated to 290 °C at 20 °C per minute while
stirring vigorously with a magnetic stirrer. This temperature was maintained for one
hour. After cooling back to room temperature, a mixture of toluene and hexane was
added to the solution. The resulting mixture was then centrifuged to separate the

MnFe204 nanocubes, which were subsequently washed with chloroform [62].

4.5. Results and Discussions
4.5.1. Structural analysis

The crystallographic structure and crystallite size of MnyFezxOs (x = 0.0,
0.25, 0.50, 0.75, and 1.0) (MIONCs) were determined from the XRD patterns, shown
in Fig. 4.11 (a). The characteristic broad diffraction peaks confirmed crystallinity of
NPs and their reflection planes (220), (311), (400), (422), (511), (440), (622) indicates
presence of all the diffraction peaks obtained are well-matched with JCPDS cards. 00-
019-0629 and 00-10-0319 for MIONCs and spinel cubic structure is confirmed (space
group Fd3m). The crystallite size of synthesized nanoparticles was determined using
the Williamson-Hall plot method. The average crystallite size (Dxrd) exhibits variation
ranging from 13.48 nm to 24.27 nm, correlating with different Mn?* concentrations.
Concurrently, the calculated lattice parameter ‘@’ shows an increase from 0.8341 nm
to 0.8492 nm, while the corresponding values of X-ray density (dx) decrease from
5.2031 g/cm?® to 5.1908 g/cm? with the progressive increase in Mn?* concentration
(Fig. 4.12).
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Figure 4.11 (a) XRD patterns, (b) FTIR spectra of MnyFes xO4 (x = 0.0, 0.25, 0.50,
0.75, and 1.0) MIONCs
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The observed increase in lattice constant (a) with the rise in Mn?'
concentration is elucidated by considering ionic radii. The radius of Mn?* (0.80 A) is
more significant than that of Fe?* (0.77 A) and Fe®* (0.64 A). This difference in ionic
radii leads to lattice expansion, increasing the lattice parameter and reflecting the
growth of the unit cell dimensions [27]. The inverse spinel manganese iron oxide will
eventually expand when small-sized Fe** and Fe?* ions are replaced with large-sized
Mn?* ions. This substitution introduces strain in the lattice, leading to linear elastic
deformation. The calculated lattice parameter ‘a’, crystallite size Dy (nm), and x-ray

density dx (g/cmq) with different Mn compositions are shown in Fig 4.12.

Fig. 4.11 b shows the FTIR spectra of the as-synthesized MIONCs. The
strong absorption bands at 451 and 576 cm™! are associated with the vibration of
Fe—O bonds. The absorption band at 781 cm ™' arises from the C—H stretching
vibration. The bands at 1386 cm™ and 1632 cm™ occurred from the C-H and C=0
bond vibrations in surfactant molecules. Absorption bands at 2920 cm™ and 3416
cm ! are attributed to the C—H and O-H band vibration [63].

Table 4.10. Tetrahedral band (v1), the octahedral band (v2), force constants (fr and fo)
of MnyFezxO4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) MIONCs

MnxFe3—«O4 01 02 frx10° fox10°
(X) (cm™) (cm™) (dyne/cm?) (dyne/cm?)
0.00 570 470 2.3813 1.6291
0.25 567.95 470.45 2.3642 1.6222
0.50 566.81 471.36 2.3548 1.6284
0.75 566.36 472.43 2.351 1.6358
1.00 565.45 472.73 2.3435 1.6379

The FTIR analysis confirms the formation of the spinel ferrite phase, showing
distinct intensity bands related to covalent bonds between nanoparticles. Specifically,
the Mt and Mo stretching band around 600-500 cm™, where Mt and Mo represent
tetrahedral and octahedral sites, is visible. The band positions of Mn?"-substituted
nanoferrites are listed in Table 4.10. The Fe**—O* stretching vibrations shift as Mn?*
ions, with larger ionic radii and atomic weights, replace Fe** ions at both sites in the
ferrite lattice. The IR spectrum highlights changes in the molecular structure caused

by incorporating Mn?* ions into the Fe**—0?* framework [21].
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4.5.2 Morphological analysis

The synthesized MIONCs show uniform size distribution as measured by
TEM, and morphologies of the as-synthesized magnetic nanoparticles are shown in
Fig. 4.13-a and b. The MIONCs exhibit a cubic shape and display a narrow size
distribution that closely aligns with a log-normal distribution function, featuring a
mean diameter of 20.85 = 6.60 nm. The particle size distribution of the nanoparticles
was determined by creating a histogram of the diameters obtained from the TEM

images using ImageJ software (Fig. 4.13 d).
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Figure 4.13 (a, b) TEM, (c), HRTEM image, (d), histogram of MnyFe;-xO4 (x = 1.0)
MIONCs

TEM images also reveal variations in the aggregation state of the samples.
The crystalline structure and facets of the MIONCs nanocubes were further analyzed
using high-resolution TEM (HRTEM) images, as depicted in Fig. 4.13 c. These
images indicate that the nanocubes are high-quality single crystals with lattice fringe
distances of 0.23 nm, corresponding to the {311} lattice planes of MIONCs [64].
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4.5.3 Thermogravimetric Analysis

The thermogravimetric analysis of MIONCs samples is shown in Fig. 4.14.
The initial weight loss observed around 100 °C is attributed to the loss of physisorbed
water. The primary decomposition occurs within the temperature range of 200-800
°C. The second weight loss step begins at approximately 250 °C and is associated
with removing organic groups attached to the surface of the particles. Minimal weight
loss is noted at temperatures exceeding 800 °C. Therefore, DTA was employed to

gain a deeper understanding of how heat affects the molecular structure of the
copolymer [65].
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Figure 4.14 Thermogravimetric spectra of MnyFezxOs (x = 1.0) MIONCs

4.5.4 Magnetic Properties

To provide better insight into the relationship between the structural and
magnetic properties of MIONCs, particularly in hyperthermia applications, further
precise magnetic measurements were shown using VSM magnetometers. The
magnetism of MnyFezxO4 (x = 0.0, 0.50, and 1.0) MIONCs was characterized by
VSM at room temperature, and the results are shown in Fig. 4.15. The hysteresis loop
profiles of all MIONCs exhibit significant coercivity (Hc) and remnant magnetization
(My).

The magnetic properties of the MnyFe1-xFe20O4 (x = 0.0, 0.50, and 1.0) NPs are
summarized in Table 4.11. The observed Ms value of MIONCs is low compared to

the theoretical value of bulk MIONCs (Ms = 92 emu/g). Electron exchange between
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the coating and surface atoms may also suppress the magnetic moment. Introducing
Mn?* into the B-site sublattices, rather than Fe?" in the spinel, enhances magnetization
due to the higher magnetic moment of Mn?* at B-sites. This substitution facilitates the
transfer of Fe** ions to B-sites, increasing the overall magnetic moment. As Mn?**
concentration increases, magneton numbers also rise. However, high Mn?*" content
can cause lattice distortions, reducing saturation magnetization. This decrease in
magnetization is attributed to particle size, structural anisotropy, and spin canting
effects at the surface due to reduced coordination and broken super-exchange bonds
[66].

=
o
o

[e0]
o
XXX
T
—oo
ouo
o

A O
o O

4Moment (emu/qQ)
N
o

10 20 30
Applied Field (kOe)

N
o
o

-30 -20
-20

1 2 3 4 5
Applied Field (kOe)

Figure 4.15 Magnetization (M) versus field (H) curves of the MnyFez—xO4 (x =
0.0, 0.50, and 1.0) MIONCs with an inset image showing the coercivity values

Mn?* substitution in iron oxide nanocrystals slightly alters saturation
magnetization, but further substitution significantly improves it. The variation in
Mn?* concentration also affects the hysteresis curve. Compared to larger iron oxide
particles with lower magnetization, the changes in magnetization for different x

values are likely due to reduced particle size and structural anisotropy.
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Table 4.11. Summary of Saturation Magnetization (Ms), Remanence magnetization
(My), Coercivity (Hc), Reduced Remanence (M:/Ms), and Magnetic Moment (ng) of
the MnxFe3—xO4 (x = 0.0, 0.50, and 1.0) MIONCs

Ms

M
MnxFe3-«xOa4 (X) ' Hc (kOe) Mr/Ms Magnetic Moment (ns)
(emu/g) (emu/qg)

0.0 85.85 3.27 0.2239  0.0380 3.5588
0.50 79.03 17.29 0.2029  0.2187 3.2727
1.0 78.72 24.47 0.0769  0.3108 3.2554

4.5.5 Induction Heating Study

Calorimetric measurements are highly useful for evaluating the heating
efficiency of MIONCs. By measuring the heating rate of MIONCs in a solution, the
specific absorption rate (SAR) can be easily determined. The impact of Mn?"
substitution in MnyFes—xOs4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) MIONCs for
hyperthermia applications is analyzed by correlating their magnetic and structural
properties with induction heating performance. For each sample, the temperature was
recorded over time while an AC field was applied, using a fiber optic temperature
sensor inserted into the vial containing the sample, which was placed at the center of
the AC coil. Fig. 4.16 displays the temperature rise versus time for samples at various

field amplitudes.

MIONC:s dissipate heat in AC magnetic fields through SAR (W/g), and ILP is
calculated using equations 2.11 and 2.12 (Section 2.2). The heating curves vary
distinctly between samples, highlighting that the heating efficiency of these MIONCs
is highly dependent on factors such as shape, size, and the strength of the applied AC
field. Notably, starting from a baseline human body temperature of 37 °C, both the
therapeutic window (AT = 3—7 °C) and the thermal ablation region (AT > 13 °C) for
cancer treatment can be achieved in under 5 minutes by adjusting the size of the
MIONC:s and the applied field intensity.
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Figure 4.16 The growth in temperature versus time for samples MnyFez—xO4 (x = 0.0,
0.25, 0.50, 0.75, and 1.0) MIONC:s at different field amplitudes (= 277 kHz)
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Figure 4.17 SAR value of the MnxFes—xOs (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
MIONC:s at different concentrations (1, 2, and 5 mg/ml) and applied fields 13.3 kA/m
to 26.7 kA/m, with constant frequency (= 277 kHz)

From these curves, the heating efficiency or SAR of the MIONCs was
determined using the initial slope method. The low SAR values observed in the

smallest nanospheres may be attributed to their broader size distribution. The intrinsic
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loss power (ILP) is the most suitable model, depending on the magnetic field's
frequency and magnitude, allowing for easy comparison across multiple tests.
Guardia et al. [57] observed a similar sharp increase in SAR in their iron oxide
nanocubes, although in their case, the maximum SAR was achieved at smaller sizes,
around 19 nm. They attributed this behavior to the 19 nm sample exhibiting the most

precise control over shape and size distribution [67].
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Figure 4.18 ILP value of the (x = 0.0, 0.0, 0.25, 0.50, 0.75, and 1.0) MIONCs at
different concentrations (1, 2, and 5 mg/ml) and applied fields 13.3 kA/m to 26.7
kA/m, with constant frequency (= 277 kHz)

The magnetic heating properties of the samples were tested at room
temperature by exposing 1 mL of MIONCs solution in water to an alternating
magnetic field of different amplitudes (Hmax = 13.3, 20, and 26.7 kA/m) and
frequencies (fac = ~ 277 kHz) for at least 600 s. SAR and ILP values of
MnyFe;—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) MIONCs are shown in Table 4.12
with an increase in filed amplitude from 13.3 kA/m to 26.7 kA/m for 1, 2, and 5

mg/ml respectively. Introducing manganese into the structure significantly increased
local heating from 1.12 nHm?kg (FesO4) to 3.36 nHm?/kg (MnFe204), attributed to
enhanced magnetic properties from cation distribution between A and B sites.
Analysis of these curves revealed varying temperature increases across different

samples, as illustrated in the Fig.4.16.
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Table 4.12 -SAR and ILP values of MnyFe3xO4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
MIONCs with an increase in amplitudes from 13.3 KA/m to 26.7 kA/m for 1, 2, and 5
mg/ml respectively

MnxFei1—xFe2Os Applied  specific absorption rate intrinsic loss power (ILP)

field (SAR) W/g nHmM?/kg
(KA/m)
for Img/ml 2 5 1 2 5
mg/ml mg/ml  mg/ml  mg/ml  mg/ml
x=0.0 13.3 13.96 4194  32.95 1.12 3.37 2.64

20.0 118.72 122.33 110.78 2.42 2.49 2.26
26.7 237.44  202.71 133.22 2.01 1.82 1.2
x=0.25 13.3 27.93 17.47 9.81 2.24 1.4 0.78
20.0 69.83  115.34 79.93 1.42 2.35 1.63
26.7 118.72 164.27 126.41 1.07 1.48 1.14
x=0.50 13.3 20.95 3495 32.25 1.68 2.81 2.59
20.0 104.75 160.77  64.5 2.13 3.28 131
26.7 19554  139.8 89.74 1.76 1.26 0.8
x=0.75 13.3 41.9 2793 11.21 3.36 2.24 0.91
20.0 132.68  94.36 61.7 2.7 1.92 1.25
26.7 188.55 171.26 107.97 1.7 1.54 0.97
x=1.0 13.3 20.95 2097 11.21 1.68 1.68 0.91
20.0 104.75 108.35 70.11 2.13 2.21 1.43

26.7 223.47 188.73 154.25 241 1.7 1.39

Generally, the temperature rises with time and frequency. Furthermore, the
initial slope method can determine the corresponding SAR values from these curves.
Normalizing the SAR enables a proper comparison between samples, focusing solely
on their composition and concentrations [68]. Fig. 4.17 shows the SAR and ILP (Fig.
4.18) values of MIONCs calculated in physiological media. For the particles, the SAR

D.Y. Patil Education Society (Deemed to be University), Kolhapur 137



Chapter 4

value increases from 13.96 to 237.44 Wg* with an increase in the Mn concentrations
and field from 13.3 - 26.7 kA/m. The MnxFe3-xO4 (x = 0.0, 0.25, 0.50, 0.75, and 1.0)
NPs exhibited the highest SAR of about 237.44 W/g for x = 0.0 and 223.47 for the

sample x = 1.0 at a physiological safe range of frequency and amplitude.

4.6. Conclusions

The chemical co-precipitation approach is used to make a series of single-
phased MnyFe1-xFe;04 (X = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs with high crystallinity
with diameters ranging from 5.78 to 9.94 nm. With Mn?*substitution, the structural
analysis revealed cubic spinel NPs, a higher lattice constant and increased particle
sizes. The influence of Mn?*substitution on the structural and magnetic characteristics
of MnyFe1—xFe204 (x = 0.0, 0.25, 0.50, 0.75, and 1.0) NPs has been investigated. It
has been found that Mn?*, Fe®" prefers at the tetrahedral sites and Fe?*, Fe*
octahedral sites. Manganese incorporation significantly alters the coercivity of iron
and manganese oxides by affecting A- and B-site ion interactions. At a
physiologically safe frequency and amplitude range, the sample Mno.75Feo.25Fe204
exhibit a maximum SAR of 153.76 W/g.

Precise control over the size and morphology of MnyFes—xOs nanoparticles
have achieved by effectively tuning their properties through Mn?* substitution in a
thermal decomposition synthesis method. It has been illustrated in this work, where
MnyFes-xO4 NPs with cubic-like shape with average sizes between 13.48 nm to 24.27
nm has been obtained. Structural and morphological analysis have been studied by
XRD and TEM, it shows cubic in morphology. They have observed that their
magnetic response changes as a function of their size and shape, and it has related this
to the effects of the magnetic anisotropy, arrangement, and dipolar interactions. The
heating efficiency of these MNPs has been analyzed by using a combination of
calorimetric methods. At a physiologically safe frequency and amplitude range, the
sample MnFe204 had a maximum SAR of 237.44 Wg™. These SAR values have been
achieved for these cube-shaped MIONC:s at a frequency and magnetic field conditions
that are suitable candidates for hyperthermia treatment.

The magnetic anisotropy of MNPs influences hysteresis loop shape and
heating efficiency. Nanocubes heat more efficiently than nanospheres, but as size
increases, nanocube anisotropy rises more rapidly due to stronger dipolar interactions.

In this respect, the nanocubes are more demanding and require higher fields than the
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nanospheres in order to increase the SAR, although they can exhibit better heating
values than the nanospheres. Therefore, based on these results, Mno 7sFeo.25Fe204

nanospheres and MnFe.O4 nanocubes has emerged as optimized sample for further
studies for that particular shapes.
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Localized heat generation from manganese iron oxide nanoparticles (MIONPs) conjugated with che-
motherapeutics under the exposure of an alternating magnetic field (magneto-chemotherapy) can revo-
lutionize targeted breast cancer therapy. On the other hand, the lack of precise control of local tempera-
ture and adequate MIONP distribution in laboratory settings using the conventional two-dimensional (2D)
cellular models has limited its further translation in tumor sites. Our current study explored advanced 3D
in vitro tumor models as a promising alternative to replicate the complete range of tumor characteristics
Specifically, we have focused on investigating the effectiveness of MIONP-based magneto-chemotherapy
(MCT) as an anticancer treatment in a 3D breast cancer maodel. To achieve this, chitosan-coated MIONPs
(CS-MIONPs) are synthesized and functionalized with an anticancer drug (doxorubicin) and a tumor-tar-
geting aptamer (AS1411). CS-MIONPs with a crystallite size of 16.88 nm and a specific absorption rate
(SAR) of 181.48 W g " are reported. In vitro assessment of MCF-7 breast cancer cell lines in 2D and 3D cell
cultures demonstrated anticancer activity. In the 2D and 3D cancer models, the MIONP-mediated MCT
reduced cancer cell viability to about 71.48% and 92.2%, respectively. On the other hand, MIONP-
mediated MCT under an AC magnetic field diminished spheroids’ viability to 83.76 + 2%, being the most
promising therapeutic modality against breast cancer.




Chapter 5

5.1. Introduction

The MNPs use of applications such as heat-mediated drug delivery, catalysis,
self-healing materials, MHT [1], MRI-Guided drug delivery [2], and heat-triggered
remote biological process control may depend on the enhancement of the heating
effectiveness of MNPs under AMF [3, 4]. Ferrite's magnetic and electrical
characteristics are greatly influenced by the distribution of cations between tetrahedral
and octahedral sites, which the selected synthesis method and sintering conditions can
control. The practical use of these ferrimagnetic and superparamagnetic nanoparticles
relies on their physical and chemical properties, which are particularly sensitive to
their shape and size. Magnetic hyperthermia, which utilizes MNPs, shows great
promise as an adjunct therapy for cancer treatment due to the MNPs inherent ability
to dissipate heat when exposed to an AMF. To ensure the safety of MHT, we
optimized the parameters of the AMF by selecting a low frequency (f) and an
appropriate strength of the AMF. This optimization aimed to minimize exposure
times while maintaining bio-safety. MHT utilizes MNPs to generate heat after
exposure to AMF. This heat is then used to selectively treat specific tumor tissues
while minimizing damage to surrounding normal tissues, as it avoids significant
overall temperature elevation. The FDA has already permitted using several
magnetite-based MNP products in humans [5-7]. Many synthetic functional
nanomaterials have been created and are currently used in the biomedical field, most
notably for cancer treatment. The newly developed nanotechnology-based approach,
magneto-chemotherapy (combining magnetic hyperthermia and chemotherapy), is
anticipated to enhance cancer tumor treatment in the oncological field. Meanwhile, a
new aspect of magneto-chemotherapy has emerged with the development of MNPs-
based MHT therapy [8, 9].

Among MNPs, significant research has focused on iron oxide and ferrite
nanoparticles due to their exceptional SPM behavior and chemical stability. Spinel
manganese iron oxide (MnyFes3xOs) systems stand out for their high magnetic
moments (approximately 5 pg per unit cell), strong chemical stability, and surfaces
suitable for ligand functionalization. As soft magnets, MnxFes;-xOs can be saturated
with low magnetic fields, offering tunable anisotropy promising for diagnostic and
therapeutic uses [10]. MnFe2O4 has been a focal point of research due to its highest

magnetization, which makes it a promising candidate for use as an MRI contrast agent
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and magnetic probe that an external magnetic field can control [11, 12]. Manganese-
doped iron oxide nanoparticles (MnyFe3—xOs4) are promising candidates due to their
higher magnetization than magnetite nanoparticles and other metal-doped iron oxides
like cobalt ferrite and nickel ferrite. Manganese ferrite has been explored due to their
high magnetization among the ferrite family and stability against oxidation. These
NPs have achieved relatively high SLP values. However, further increasing the SAR
by increasing the Ms would be futile. Although a high M:s is beneficial for increasing
AR, high Ms materials are typically metallic and face stability and toxicity issues in
physiological environments [13].

To facilitate biomedical use of iron oxide nanoparticles, their surfaces must be
modified with nontoxic, biocompatible stabilizers, such as natural and synthetic
polymers, to ensure stability in physiological environments. Various natural
polymers, including pullulan, dextran, starch, BSA, chitosan, alginate, polyethylene
glycol (PEG), polyvinyl alcohol (PVA), polydopamine (PDA), polysaccharides,
polyethyleneimine, polyvinylpyrrolidone (PVP), polyacid polyetherimide, and
polyamidoamine (PAMAM), have been utilized as protective coatings due to their
biocompatibility, high solubility, and hydrophilic properties. [14, 15]. CS offers the
advantage of having aminated groups, which present a variety of active sites for
additional biofunctionalization. This characteristic of CS provides further benefits.
When MIONPs are exposed to an AMF, it generates localized heating, specifically
within the tumor tissues. This chapter offers a practical approach for creating well-

defined, high magnetic moments of MNPs and surfaces modified with chitosan.

5.2 Need for Functionalization

Surface modification is crucial for MNPs in biomedical applications, as their
properties, such as hydrophobicity or hydrophilicity, vary by synthesis method;
interactions depend on the surrounding media and surface molecules, with MNPs
forming clusters due to Van der Waals forces and magnetic attraction, while smaller
sizes increase reactivity and aggregation, leading to oxidation and loss of magnetic
properties. Functionalization is essential for MNPs, even when initially stabilized, as
it enhances their stability and targeting capabilities. The strategies for
functionalization depend on the intended application and the initial surface chemistry
of the MNPs. The primary goal is to create stable hydrophilic MNPs across various

ionic strengths and pH levels. In biomedical applications, a significant challenge is to
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keep the particle size below 150 nm after functionalization to preserve magnetic
properties. Effective functionalization can prevent aggregation and facilitate specific
interactions. At the same time, the steric hindrance from the coating influences
cellular uptake and circulation time, which can help avoid the release of core
materials that may lead to toxicity in the biological environment. The main objectives
of surface modification of MNPs are to prevent agglomeration, enhance surface
catalytic activity, improve physicochemical and mechanical properties, and boost
solubility and biocompatibility [16-18].

The surface modification of MNPs influences characteristics such as size,
surface chemistry, hydrophilicity, hydrophobicity, and charge, which can
subsequently affect solubility, biocompatibility, biodistribution, and clearance of the
resulting nanoprobes. When MNPs are coated with small molecules or polymers like
dextran, starch, citrate, or polyethylene glycol (PEG), the resulting nanoprobes
demonstrate improved biodistribution, longer circulation times, and more efficient
uptake. Hydrophilic polymers, particularly PEG, can be conjugated to MNPs for
steric stabilization, thereby preventing protein absorption and extending blood
circulation for in vivo applications. The modified surface chemistry of MNPs can
significantly influence their pharmacokinetic behavior in vivo, with PEG conjugation
known to enhance hydrophilicity stability and reduce cytotoxicity levels [19-20].
Coating nanoparticles with small molecules effectively modifies their surface charge
and stability to enhance cellular interactions. At the same time, biomolecules guide
nanoparticles to specific cells for safer cancer therapies, with polymers often used as
biocompatible coatings to improve bioavailability and facilitate sustained drug release
[21].

5.3 Strategies and Choice of Polymer

For numerous biomedical applications, polymer coatings on MNPs are
favored over simple functionalization with small organic compounds and surfactants.
This preference arises because polymer coatings enhance repulsive forces,
counteracting the magnetic interactions and Van der Waals attractive forces among
MNPs. Polymer-engineered iron oxide nanoparticles also demonstrate enhanced
blood circulation time, stability, and biocompatibility. Various studies have indicated

that magnetic iron oxide/polymer composite MNPs with tailored properties can be
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achieved by thoughtfully selecting the passivating and activating polymers and
associated reaction parameters [22].

Surfactants influence the performance of MNPs in applications like MRI and
hyperthermia, with thinner coatings causing agglomeration and thicker ones reducing
magnetization. Polymers, such as chitosan from shellfish, are used to modify MNP
surfaces due to their biocompatibility and unique mucoadhesive properties, enhancing
nanoparticle bioavailability through various delivery routes. Chitosan's positive
charge allows it to interact with negatively charged mucosal components, improving
adsorption and retention [23].

5.4. Surface Functionalization of Manganese Iron Oxide Nanoparticles with
Chitosan

Synthesis parameters such as concentration, pH, temperature, and particle size
can be adjusted. The size distribution, shape, and formulation of MNPs influence their
SAR; when exposed to an AMF, these factors may lead to inadequate heat
production, reducing the effectiveness of eliminating targeted tumor cells [7]. A
variety of surfactants, including both polymeric and non-polymeric materials like
lipids and proteins, are used to coat manganese iron oxide nanoparticles (MIONPS) to
maintain their colloidal stability and biocompatibility while preventing aggregation
from magnetic dipole-dipole interactions. Polymers such as chitosan, oleic acid,
starch, pullulan, and dextran are commonly applied to make MIONPs suitable for in
vivo applications. Chitosan, in particular, stands out for its biocompatibility,
biodegradability, film-forming ability, and bio-adhesive properties, offering aminated
groups that provide multiple active sites for further biofunctionalization. This
characteristic of CS offers additional benefits. The application of MNPs is constrained
by their sustainability with biological radicals/ tissue. This can be overcome with the

choice of suitable polymeric materials.

5.5 Experimental Details
Method

The synthesis of MIONPs has already been discussed in the previous chapter
(Chapter 4 Section 4.2). This section provides a practical approach for creating well-
defined, high magnetic moments of optimized MIONPs and surfaces modified with

chitosan.
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5.5.1 Surface Modification of MIONPs with Chitosan (CS- MIONPS):

Uncoated MIONPs were utilized for the coating process. A solution of 1%
(w/v) chitosan (CS) in 2% (v/v) acetic acid was employed to dissolve 1% of the bare
MIONPs. After 30 minutes, the mixture underwent ultrasonication. The CS-MIONPs
were ultrasonically cleaned and then allowed to settle before being washed three
times with distilled water to eliminate any extra CS. Following their separation, these
CS-MIONPs were dried in the air at 50 °C [24]. The schematic shows the procedure
for synthesizing MIONPs and their surface modification using CS in Fig. 5.1.

MNPs

/.,_, Chitason

v
Co-precipitation
method

Ultrasonication

Figure 5.1: Schematic shows the procedure for the synthesis of MIONPs and their

surface modification using CS

5.5.2 Structural and Magnetic Characterization
XRD analysed the crystal phase of the MIONPs. Morphology and size

distribution of the MIONPs were determined using TEM, employing a JEOL JEM-
2100 transmission electron microscope. The presence of a coating bounded to the
surface of the MIONPs was investigated by FTIR spectroscopy. TGA was carried out
for powder samples with a heating rate of 10° C/min, using SDT Q600 V20.9 Build
20 thermogravimetric analyzer up to 800 °C. DLS investigated the colloidal stability
and hydrodynamic size of the MIONPs. The static hysteresis loops of dry samples
were measured at room temperature by VSM, employing a Lake Shore 7410
magnetometer.
5.5.3 Magnetic hyperthermia experiment

To investigate the induction heating of the prepared nanoparticles in a
physiological medium, an Easy Heat 8310 system (Ambrell, UK) was employed. A 6
cm diameter coil consisting of 3 turns was utilized for this purpose. The samples

suspended in carrier liquid were positioned at the center of the coil. The suspension of
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nanoparticles was loaded in the plastic microcentrifuge tube with a capacity of 2 mL.
The suspensions were treated for 600 seconds with the necessary applied current
(200-400 A). For the conducted experiments, the magnetic field was calculated from

the relationship:

1.257ni

H= n Oe (5.1)

Where n, i and L denote the number of turns, the applied current and the diameter of
the turn in centimeters, respectively. Calculated values of the magnetic field (H) at
200, 300, 400, 500 and 600 A were 167.6, 251.4, 335.2, 419 and 502.8 Oe (equivalent
to 13.3, 20.0, 26.7, 33.3 and 40.0 kA m™1), respectively. Temperature was measured
using an optical fiber probe with an accuracy of 0.1 °C. The efficiency of the
nanoparticles for magnetic hyperthermia was assessed using a thermal method,
employing a fixed frequency of = 277 kHz and variable magnetic field amplitude
ranging from 13.3 KA/m to 26.7 KA/m.
5.6. Results and Discussions
5.6.1. Structural Analysis

The powder XRD patterns were used to identify the structural investigations
of the MIONPs. FTIR confirms the cubic spinel phase and examines the surfactant

ligands.
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Figure 5.2 (a) XRD patterns of bare MIONPs, CS and CS- MIONPs, (b)
FTIR spectra of bare MIONPs, CS and CS- MIONPs

The XRD patterns of the MIONPs and chitosan-coated MIONPs (CS-
MIONPs) are shown in Fig. 5.2a. The characteristic broad diffraction peaks

confirmed the crystalline nature of MIONPs and reflection planes (220, 311, 400,
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422, 511, 440, and 622), indicating the presence of cubic spinel structure, matched
with JCPDS card no. 00-10-0319. The crystallite size of synthesized MIONPs was
determined using the Debye-Scherrer relation, which was determined to be 16.88 nm
for uncoated and 13.91 nm for CS-MIONPs nanocomposite, respectively. The
intensity decreased after capping the MIONPs with CS, and the peaks broadened,
proving that the coating procedure reduced particle size. The presence of an
amorphous CS polymer coating on MIONPs could lead to the micro-strain, leading to
peak broadening in the coated sample [25].

The structural properties and bonding nature of synthesized MIONPs and CS-
MIONPs nanocomposites were studied by infrared spectroscopy, and the FTIR
spectra of bare MIONPs and CS-MIONPs along with CS are shown in Fig. 5.2b,
respectively. The band detected at 455 cm™ belongs to the Feocta—O Vibrational bond
at octahedral sites, while the band detected at 565 cm™ belongs to the intrinsic Fetetra—
O vibrational bond at the tetrahedral sites. Compared to the spectra of pure chitosan,
the amide absorptions become stronger and move to lower wavenumbers, such as
1630 cm™, which is indicative of hydrogen-bonded amides. The CH: group
deformation is due to the sharp peak at 1400 cm™ [26]. The peaks at 1620 and 3376
cm are attributable to stretching (v) vibrations of the -OH group and water adsorbed
on the surfaces of MIONPs, respectively. The primary amino group (-NH2) in CH
forms strong hydrogen bonds with the oxygen in MIONPSs, as evidenced by the rise in

absorption intensity at 1631 cm™ [27].

5.6.2. Morphological Analysis

The morphological characterizations were studied using TEM with a JEOL
JEM-2100 microscope operating at 200 kV, and an EDXS detector was used for
composition studies. Fig. 5.3-a, e shows the TEM images for both MIONPs and CS-
MIONPs and corresponding histograms illustrating particle size distribution (d, h).
The TEM analysis of the MIONPs samples provides insights into the particle size and
distribution, which align well with the results obtained from XRD analysis. The
images reveal the presence of aggregated MIONPs with both spherical and irregular
forms, with sizes of approximately D=20+0.15 nm and D=13+0.20 nm, as shown in
Fig. 5.3- d, h. The observed scattered ring patterns in the TEM images agree with the
XRD analysis, showing a well-defined crystallite formation of the MIONPs. High-
resolution TEM (HRTEM) images Fig. 5.3-b, f exhibit lattice fringes at a spacing of
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approximately 0.270 nm, corresponding to the (311) plane, revealing the monophase

formation.
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Figure 5.3 TEM, HRTEM image, SAED patterns and Histogram of bare MIONPs (a,
b, ¢, d) and CS- MIONPs (e, f, g, h)

Figure 5.4 TEM-EDX chemical mapping of the samples MIONPs and CS- MIONPs

Fig. 5.3 - a, e demonstrates that the CS-coated MIONPs exhibit a nearly
spherical shape and good dispersibility, with minimal agglomeration compared to the
uncoated nanoparticles. Furthermore, the functionalization with CS molecules

increases the average particle diameter. The non-magnetic nature of CS plays a
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significant role in reducing interparticle interactions, leading to improved
dispersibility after coating. The crystalline formation of MIONPs is further supported
by the corresponding SAED patterns in Fig. 5.3 (c, g), which exhibit bright ring
patterns. The planes visible in the XRD patterns correspond to the ring motifs [25].
For a better understanding of both sample studies of the structure architecture, TEM-
EDX chemical mapping was performed as shown in Fig. 5.4. TEM-EDX
spectroscopy was used to examine further the chemical composition at the single-
particle and few-particle cluster levels. Fe: Mn ratios were found for both the samples
and a small cluster of particles, suggesting that the MIONPs have uniform chemical
compositions. Table 5.1 summarizes the typical chemical compositions of the
MIONPs used in this study. It demonstrates that, with just slight deviations,
manganese (Il) and iron (I11) compositions are essentially stoichiometric. The
stoichiometry of the manganese and iron contents was evaluated by analyzing EDX
spectra in various macroscopic sections of the samples [26].

Table 5.1 Stoichiometric percentage of the constituent elements of the
Mno.7sFeo.25Fe204 by EDX

Element Mno.7sFeo.25Fe204
Atomic % Weight %
Mn 9.02 16.80
Fe 25.07 47.46
0] 65.90 35.74

EDX was utilized to study the chemical composition of the synthesized
MIONPs. The EDX spectra, presented in Fig. 5.5, verify the occurrence of all the
desired elements in the MIONPs, and the corresponding analyzed results are depicted
in the figure. The pure-phase nature of the MIONPs affirms that they align with the
desired compositional ratios, indicating that the stoichiometric preparation has been

accurately sustained throughout the synthesis process.
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Figure 5.5 Stoichiometric % concentrations of the constituent elements of the
Mno.7sF€0.25Fe204 by EDX

5.6.3. Thermogravimetric Analysis

The thermal stability of the particles, surfactant decomposition temperature,
and quantification of the surfactant ligands were determined using thermogravimetric
analysis and differential scanning calorimetry. Thermogravimetric TGA curves and
DTA of MIONPs and CS-MIONPs are shown in Fig. 5.6-a, b. Quantitative data
further support the composition of the coating on the nanoparticle's surface. The
amount of oxidation of MIONPs decreased significantly as TG-DTA was carried out
in an N2 environment. The TGA experiments were designed to study the thermal
stability of MIONPs and CS-MIONPs over 50-800 °C. Depending on the reaction
type, each thermogram had a different stage corresponding to a different weight loss
procedure. For all MIONPs and CS-MIONPs samples, weight loss of 4% was noted
below 110 °C due to evaporation of physically adsorbs H.O molecules. The weight
loss in the last phase of the TGA plot belongs to the phase formation of MIONPs
[28]. As a result, the simultaneous oxidation and the decomposition of CS molecules
cause an exothermic peak to accumulate at 200-500 °C. The decomposition of
chitosan molecules causes the other peak to appear at around 160 °C. By analyzing
the changes in the overall weight loss of CS-MIONPs samples, we can calculate the
percentage of chitosan molecules bound to the surface of the nanoparticles. Based on
this analysis, it is estimated that approximately 2% of the polymeric chitosan
molecules are adsorbed onto the surface of the nanoparticles. Both samples achieve
weight loss stability at temperatures above 600 °C. Magnetic particles comprised most
of the remaining material after the CS completely broke down. The TGA curve
showed how much CS was present in the CS-MIONPs [29].
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Figure 5.6 Thermogravimetric spectra of (a) uncoated MIONPs and (b) CS- MIONPs

5.6.4. Magnetic properties

Magnetic studies were performed at 300K with an applied field of +15 kOe
using a Lake Shore 7400 Series VSM. Magnetization study is used to analyze how
coating affects the magnetic characteristics of MIONPs and CS-MIONPs. The
observed Ms value of bare MIONPs was 51.06 emu/g, which was low compared to the
theoretical value of bulk MIONPs (Ms = 84 emu/g). Due to the finite size effect, Ms
has been shown to diminish as MIONP particle sizes fall below 30 or 20 nm [30, 31].
Fig. 5.7 shows the magnetization (M) versus field curves of the bare MIONPs and
CS-MIONPs. In MIONPs and CS-MIONPs, coercivity and remanence are almost
negligible based on VSM measurements (shown in the insect figure). As seen in the
figure, under an applied field of 15 kOe, the magnetization of the sample CS-
MIONPs is lower (41.60 emu/g) than that of the sample MIONPs (51.06 emu/g). The
magnetization of a magnetic material is directly influenced by its weight.
Consequently, the magnetization decreases as chitosan is applied as a coating. The
addition of organic coating layers, such as chitosan, to magnetic materials results in
an increase in the proportion of non-magnetic material, leading to a decrease in the

overall magnetism of the material [25, 32].
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Figure 5.7 Magnetization (M) versus field curves of the bare MIO
MIONPs

5.6.5. Stability Study

NPs and CS-

The colloidal stability was assessed by determining the Zeta potential using

Malvern Instruments. As a result of DLS measurements, the hydrodynamic diameter

(HDD) and zeta potential (§) have been determined. MIONP samples have an HDD of
362.1 nm, while CS-MIONPs have an HDD of 645.7 nm. In previous studies, MIONP

content increased the hydrodynamic diameter of chitosan loaded with MIONPs. The

dipole interface occurred from residual magnetic moments, and Van der Waals forces

may be responsible for this. Together, they may increase particle si
nanoparticles [33].
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The stability of CS-MIONPs was assessed by conducting zeta potential
measurements at various conditions in the water. When the zeta potential of the
nanoparticles is measured, it can be used to determine the electrostatic interaction of
the nanoparticles. During nanoparticle application in biomedicine, the zeta potential
measurement is a crucial factor. The zeta potentials of CS-MIONP is -7.0 mV, at pH
7.4 and the observed rise in positive zeta potential as the pH decreases is believed to
be a result of the protonation of the free amino groups. This protonation process
imparts a sufficient charge to ensure the stability of the coated nanoparticles. When
the MIONPs are uniformly dispersed, the surface area of MIONPs is enhanced, which
leads to improved heat transfer to the surrounding fluid. The HDD of MIONP
nanoparticles is smaller than that of CS-MIONP nanoparticles at normal pH. CS-
MIONPs show improved dispersion compared to undispersed MIONPs, enhancing
their stability and uniformity. Despite this, CS-MIONPs maintain comparable energy
transfer, making them a promising option for applications requiring both stability and

performance.

5.6.6. Induction Heating Study

The inductive heat generation capability of MIONPs in the presence of an AC
field was evaluated through SAR, which quantifies the power of heat generated by the
MIONPs per gram. The calculation of SAR was performed using the formula in
equations 2.11 and 2.12 (Section 2.2)

The ILP parameter, which is the most suitable model, relies on the frequency
and magnitude of the magnetic field, allowing for easy comparison across multiple
tests. In Fig. 5.9 - ¢, d, typically, ILP value ranges from 0.2 to 9.9 nHm?g%, while
MIONPs with lower ILP values may still be sufficient to heat in magnetic
hyperthermia [34]. A higher SAR value is desirable as it corresponds inversely to M.
From the perspective of SAR measurement, a positive control denotes a reference
sample possessing established and thoroughly defined electromagnetic absorption
characteristics. Conversely, a negative control in SAR measurement signifies a
reference sample or condition exhibiting minimal to negligible electromagnetic
absorption. In this study, MIONPs are the positive control, while water is the negative
control for SAR measurement. The total power loss (P) comprises three mechanisms,
i.e., hysteresis losses, Neel relaxation losses, and Brownian relaxation losses [35, 36].

Under AC magnetic fields, the capability of the CS-MIONPs sample to produce heat
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was evaluated. In this study, the magnetic heating experiments used a magnetic field
for 10 minutes at a frequency of = 277 kHz and an amplitude of Hmax= 13.3 - 26.7
kKAm™. The permissible limit for MHT is in the range of these parameters (Hmax x f <
5 x 10° Am%s™ 1) [37]. CS-MIONPs serve as heating mediators that translate the
AMF into thermal energy, leading to an increase in temperature. The environmental
viscosity and the characteristics of MNPs, including their hydrodynamic size,
saturation magnetization, and anisotropy, determine how much heat is dissipated
during relaxation loss [38]. Fig. 5.9 - (a-e) and 5.10-(a-e) illustrate the temporal
temperature growth and SAR with their respective peak temperatures in an aqueous
solution containing MIONPs and CS-MIONPs at dosages of 0.5, 1.0, 2.0, 5.0, and
10.0 mg/ml, under different AMF amplitudes ranging from 13.30 to 26.70 KAm™. It
can be noted that the temperature difference increases with the AMF amplitude, as
demonstrated in Fig. 5.9 and 5.10 for varying heating times. A linear correlation was
observed between AMF amplitude and the maximum temperature and SAR. With a

calculated SAR, the highest temperature rise within 10 minutes was the corresponding
value.
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Figure 5.9 Temperature versus time curves for (a) 0.5 mg/mL, (b) 1 mg/mL, (c) 2
mg/mL, (d) 5 mg/mL and (e) 10 mg/mL of MIONPs at the applied field, 13.3 kA/m-
26.7 KA/m
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According to the thermal response curves, the maximum temperature rise and
SAR values increased as the strength of AMF intensified [27]. When the MIONPs
dosage rises from 0.5 to 10.0 mg/mL, the estimated SAR value for the CS-MIONPs
initially increases from 69.76 to 181.5 W/g. As the dosage increased, the SAR value
fell but remained higher than the values reported for MnFe>Os MNPs made using
other techniques [37]. The magnetic hyperthermia studies conducted on CS-MIONPs
demonstrated the reliance of SAR on the intensity of the AMF. Fig. 5.11-a and b
illustrate the increase in SAR performance for CS-MIONPs from 69.76 to 181.48 W/g

and for bare nanoparticles from 33.11 to 153.56 W/g, as the field strength varied from
13.30 to 26.7 kA/m.
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Figure 5.10 Temperature versus time curves for (a) 0.5 mg/mL, (b) 1 mg/mL, (c) 2
mg/mL, (d) 5 mg/mL and (e) 10 mg/mL of CS-MIONPs at the applied field, 13.3
KA/m - 26.7 KA/m

The correlation between SAR and the strength and intensity of the applied AC
magnetic field was consistent with the findings of other suspensions following a
similar procedure. It was observed that intrinsic factors like higher magnetization
contributed to the increase in SAR but were not solely responsible for it. Additionally,
the magneto-crystalline anisotropy energy (Ke) of CS-MIONPs played a role in

achieving high SAR, with particle magnetic moments influencing the Kes function.
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Consequently, the high magnetic moment in the current state amplified particle-
particle interactions, increased exchange coupling energy, and enhanced the

effectiveness of magnetic hyperthermia.
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Figure 5.11 The SAR values of bare MIONPs (a) and CS-MIONPs (b), the ILP
values of bare MIONPs, (c) and CS-MIONPs (d)

5.7. Conclusions

In this chapter, the successfully prepared CS-MIONPs nanofluid through co-
precipitation and coating using ultrasonication has been achieved. The impact of
coating on structural and morphological properties has been studied. XRD and FTIR
analyses revealed the formation of a pure phase with and without CS-MIONPs.
Thermogravimetric and FTIR analyses confirm the successful attachment of
functional groups such as C-H on nanoparticle surface. However, chitosan-coated
nanoparticles exhibit stable suspension dispersion. The stability is achieved through
steric repulsion rather than electrostatic repulsion. The MIONPs and CS-coated
MIONPs display soft ferrimagnetic properties with low coercivity and remanence,

making them promising for biomedical use, especially in MHT. The induction heating
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capability of these surface-modified nanoparticles demonstrated a notable SAR and
temperature increase when subjected to an externally applied alternating magnetic
field and at a magnetic field strength of 20 kA/m, the CS-coated nanoparticles
achieved a maximum SAR of 181.48 W/g, compared to 153.46 W/g for the bare
nanoparticles. Therefore, the MNPs synthesized using the alkaline precipitation
method are suitable for MHT applications due to their smaller size, higher

magnetization, and enhanced SAR values.
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Chapter 6

6.1. Introduction

Many synthetic functional MNPs have been synthesized and are currently
used in the biomedical field, most notably for cancer treatment. The recently emerged
method based on nanotechnology is projected in oncological fields to treat cancer
tumors: magneto-thermotherapy better effectively [1]. Meanwhile, a new aspect of
magneto-thermotherapy has emerged with the development of MNPs-based MHT [2].
Ferrite nanoparticles, especially manganese iron oxide, exhibit characteristics such as
high magnetic moments, excellent chemical stability, high saturation magnetization,
minimal coercivity, exceptional biocompatibility, and a surface suitable for ligand
functionalization and bioconjugation. MnxFes—xO4 and other ferrite MNPs have been
synthesized using different methods of co-precipitation, solvothermal, and thermal
decomposition. The co-precipitation method has limitations such as low crystallinity,
resulting in poor heating efficiency of the MNPs, and the need for additional size-
sorting steps to achieve better control over size distribution and shape [3, 4].

Anisotropy is a vital material trait offering direction-dependent properties like
ferroelectricity and ferromagnetism, influenced by atomic structure, shape, and
surface, with shape and surface anisotropy adjustable via controlled synthesis [5].
MNPs performance strongly depends on their structure, average size, and magnetic
anisotropy. Additionally, ensembles provide a distinct method for tuning the magnetic
response by altering the strength of dipolar interactions between particles [6]. Two
fundamental approaches can be used to adjust particle anisotropy and enhance heating
efficiency: (1) modifying crystalline anisotropy by incorporating a small amount of
Mn?* ions into the inverse spinel structure and (2) altering the shape of MNPs to
introduce an additional source of anisotropy. Adding Mn ions results in manganese-
doped ferrite nanoparticles with higher magnetization, increasing SAR values [7].

A key challenge in MHT is the low heating power of current MNPs, requiring
large doses. Improving heating efficiency depends on their structure and magnetism,
with shape and size adjustments boosting performance. Cubic- and flower-shaped
iron oxide MNPs have shown superior results to spherical ones [6-9]. Cubic-shaped
spinel oxide nanocrystals have demonstrated exceptional properties compared to
spherical counterparts, particularly in fields such as biomedicine [10]. Manganese and
zinc ferrite MNPs have been explored due to their strong magnetization and resistance

to oxidation, resulting in high SAR. Although materials with high Ms can enhance
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SAR, they often encounter stability and toxicity concerns. Adjusting anisotropy, like
shape anisotropy in nanocubes or employing core/shell structures, can improve SAR,
but these approaches typically require field conditions unsuitable for clinical
applications [11]. Iron oxide nanoparticles require surface modification with
nontoxic, biocompatible stabilizers for practical biomedical use to ensure stability in
physiological environments. Synthetic polymers offer an alternative to natural
polymers, providing advantages such as controllable chemical structure, molecular
weight, functional groups, and tailored surfaces, making them effective stabilizers for
iron oxide nanoparticles [12-14].

Thermal decomposition of metalorganic precursors typically occurs in a
heated organic solvent mixed with surfactants (such as alkylamines and carboxylic
acids) that regulate particle growth, prevent aggregation and act as a reducing agent.
While this method may not be as straightforward as other wet chemical approaches, it
is highly effective for producing monodisperse magnetic nanoparticles with precise
control over their size and shape [15]. A significant drawback of the thermal
decomposition method is that, although it yields nanoparticles with precise shape and
size, they are hydrophobic and not directly applicable for biomedical uses such as
hyperthermia. Surface functionalization is necessary to render them hydrophilic. It
may negatively impact their morphological and magnetic properties, often leading to
reduced saturation magnetization, changes in surface characteristics, or alterations in
structural properties.

Several methods have been developed to transfer MNPs from hydrophobic to
hydrophilic environments. One approach involves the bilayer technique, where
various surfactants, polymers, or dendrimers form a bilayer through strong Van der
Waals interactions. Another method utilizes ligand exchange reactions, introducing
functional organic ligands into the organic layer during MNP synthesis and modifying
them in subsequent reactions, facilitating the transfer and stabilization of MNPs in
water. Ligands such as chitosan, alginate, polyethylene glycol (PEG), polyvinyl
alcohol (PVA), polydopamine (PDA), polysaccharides, polyethyleneimine,
polyvinylpyrrolidone (PVP), polyacid polyetherimide, and polyamidoamine
(PAMAM) are commonly used as protective layers on iron oxide nanoparticles to
enhance biocompatibility, solubility, and hydrophilicity [16]. Amphiphilic block
copolymers are among the most effective biodegradable polymers for improving
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cancer cells' uptake of superparamagnetic iron oxide nanoparticles. One hydrophilic
block, methoxy-polyethylene glycol (m-PEG), is widely utilized in pharmaceutical
and biomedical applications due to its excellent physicochemical and biological
characteristics, including hydrophilicity, solubility, non-toxicity, ease of chemical
modification, and lack of antigenicity and immunogenicity [17]. This chapter provides
a practical method for synthesizing well-defined, high magnetic moments of MNPs
and modifying the surface with m-PEG.

6.2 Need for Functionalization

Surface modification of MNPs is essential for their use in biomedical
applications, as their surface properties, like hydrophobicity and hydrophilicity, vary
with the synthesis method. The interactions of MNPs are influenced by their
environment and surface molecules, leading to clustering due to Van der Waals forces
and magnetic attraction. MNPs are also reactive in acidic conditions, resulting in
leaching, while their small size increases surface energy, promoting aggregation.
Uncoated MNPs can oxidize quickly, which diminishes their magnetic properties.
Even when stabilizing agents are present, functionalization is vital to improve
stability and targeting, aiming for hydrophilic MNPs that are less than 150 nm in size
for practical application. Appropriate functionalization helps prevent agglomeration
and enhances interactions, while coatings can affect cellular uptake and circulation
time, reducing the risk of toxicity [18]. The main objectives of modifying the
surfaces of MNPs are to prevent aggregation, enhance surface catalytic activity,
improve physicochemical and mechanical properties, and boost solubility and
biocompatibility [19].

Typically, the initial stage of surface modification involves utilizing homo- or
hetero-bifunctional crosslinkers to introduce organic functional groups (such as R-
NH2 or R-COOH) that facilitate the binding of biological molecules [20]. The surface
modification of nanoparticles influences various characteristics, including size,
surface chemistry, hydrophilicity, hydrophobicity, and charge, which can
consequently impact the solubility, biocompatibility, biodistribution, and clearance of
the resulting nanoprobes. When MNPs are coated with small molecules or polymers
like dextran, starch, citrate, or polyethylene glycol (PEG), the resulting nanoprobes
demonstrate improved biodistribution, extended circulation time, and enhanced

uptake. Hydrophilic polymers such as PEG can be conjugated to MNPs to stabilize
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steric, preventing protein absorption and ensuring prolonged blood circulation for in
vivo applications. The modified surface chemistry of MNPs can significantly
influence their pharmacokinetic behavior in vivo, with PEG linking enhancing
hydrophilicity, stability, and reducing cytotoxicity [21]. Coating nanoparticles with
small molecules effectively modifies their surface charge, hydrophobicity, and
stability, optimizing cellular interactions and uptake. Both small and large
biomolecules can target nanoparticles to specific cells or tissues, aiding the
development of safer cancer therapies and imaging agents. Polymers are also
commonly used as biocompatible coatings to improve bioavailability and facilitate
sustained drug release [22].

6.3 Strategies and Choice of Polymer

In many biomedical applications, polymer coatings on MNPs are favored over
simple functionalization with small organic compounds and surfactants because they
enhance repulsive forces, counteracting the magnetic and Van der Waals attractive
forces among MNPs. Additionally, polymer-engineered iron oxide nanoparticles
demonstrate improved blood circulation time, stability, and biocompatibility.
Numerous studies have indicated that by selecting appropriate passivating and
activating polymers and adjusting the related reaction parameters, magnetic iron
oxide/polymer composite MNPs with specific desired properties can be successfully
produced [23].

PEG is a synthetic polymer widely used in biomedical applications because of
its biocompatibility and hydrophilic properties. Numerous commercially available
PEGs come in different molecular weights and functional groups (e.g., COOH, SH),
allowing for customization of nanoparticle surfaces to enhance their characteristics.
Coating nanoparticles with PEG is commonly employed to improve their
pharmacokinetics and bioavailability [24]. PEGs are generally recognized as safe
(GRAS) and have been approved by the FDA for use in the food industry and medical
and biological uses [25]. Laha et al. [26] used monodispersed PEG surfactant to
substitute oleic acid to produce iron oxide nanoparticles in thermal decomposition.
The optimal thickness of m-PEG resulted in enhanced performance in hyperthermia
applications.
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6.4. Surface Functionalization of Manganese Iron Oxide NPs with m-PEG
Thermal decomposition is one of the most straightforward processes for
synthesizing MNPs in organic solutions. Various synthesis factors can be changed,
including concentration, pH, temperature, and particle size. The particle size
distribution, shapes, and formulations of MNPs affect their SAR; when subjected to
an AMF, this may result in insufficient heat generation to effectively eliminate the
targeted tumor cells [27]. A range of surfactants is used for a coating to maintain the
colloidal properties and biocompatibility of MIONPs and prevent aggregation caused
by magnetic dipole-dipole interactions. These surfactants encompass both polymeric
and non-polymeric substances, including lipids and proteins. MIONPs are coated with
different polymers, such as chitosan, oleic acid, starch, pullulan, dextran, and others,
to render them suitable for in vivo applications. m-PEG is widely used in
pharmaceutical and biomedical fields because of its biocompatibility and low toxicity.
Surfaces modified with m-PEG are shown to be nonimmunogenic, non-antigenic, and
resistant to protein adsorption. Studies have demonstrated that attaching m-PEG to
nanoparticles enhances their uptake in cancer cells compared to unmodified

nanoparticles [28].

6.5 Experimental details
6.5.1 Method
Synthesis by Thermal Decomposition Method

The synthesis of MIONCs has already been discussed in the previous chapter
(Chapter 4 Section 4.4). This section provides a practical approach for creating well-
defined, high magnetic moments of MIONCs and surfaces modified with m-PEG.

6.5.2 Surface Modification of MNPs with m-PEG:
To conjugate m-PEG, nanoparticles were combined with m-PEG (32 pg/mL,
1:1 by weight) and stirred at 25 °C for 24 hours. Finally, the NPs were magnetically

separated and thoroughly washed with deionized (DI) water before further use [29].

6.5.3 Structural, Magnetic and Magnetic Hyperthermia Characterization
The details of material characterization and magnetic hyperthermia experiments are
per Chapter 5 (Section 5.5.3).
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6.6. Results and Discussion
6.6.1. Structural Analysis

The powder XRD patterns were used to identify the structural investigations
of the MIONPs, FTIR confirmed the cubic spinel phase, and the surface ligands were

examined.

(@)

(311)

JCPDS card no. 00-010-0319 (b) /Wv“_’vm

MnFe,O,

MnFe,O,

| / A A mPEG MnFe,0,

Intensity (a.u)
Transmittance (%)

20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20 (degree) Wavenumber (cm'l)

Figure 6.1 (a) XRD patterns of MIONCs NCs, (b) FTIR spectra of MIONCs and
m-PEG MIONCs

Fig. 6.1 a shows the XRD patterns of MIONCs. The characteristic broad
diffraction peaks confirmed crystallinity of NPs and their reflection planes (220),
(311), (400), (422), (511), (440), (622) indicates presence of all the diffraction peaks
obtained are well-matched with JCPDS card no. 00-010-0319 for MIONCs and spinel
cubic structure is confirmed (space group Fd3m). The crystallite size of synthesized
nanoparticles was determined using Scherrer’s formula, and the average crystallite
size of MIONCs was found to be 18.8 nm. Fig. 6.1 b shows the FTIR spectra of the
as-synthesized MIONCs. The strong absorption bands at 451 and 576 cm™ are
associated with the vibration of Fe—O bonds. The absorption band at 781 cm* arises
from the C—H stretching vibration. The bands at 1386 cm™* and 1632 cm™ occurred
from the C-H and C=0 bond vibrations in surfactant molecules. Absorption bands at
2920 cm ™t and 3416 cm ™ are attributed to the C—H and O-H band vibration [30].

The m-PEG layer on the MNP surface was characterized after coating m-
PEG, as shown in Fig. 6.1 b. The absorption band at about 458 cm™ and 571 cm™ is
due to Fe-O stretching vibration for the MIONCs. The intensity of this peak is
reduced compared to synthesized MIONCs due to m-PEG coating on the MIONCs,
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confirming the polymer m-PEG grafted on the surface of MIONCs [31]. In Fig. 6.1 b,
the peaks at wavenumbers 775 cm™ and 1107 cm™, associated with C-H and C-O
groups, indicate the formation of carboxylic acid groups on the MIONCs. The peak at
1019 cm™ likely arises from the C-O stretching vibration of ether groups, while the
peaks at 947 cm™! are attributed to C-H rocking in the m-PEG chain. Additionally, the
emergence of two new bands around 2925 cm™ and 2856 cm™, corresponding to C-H
stretching vibrations, suggests the presence of the m-PEG chain in the structure of the
modified MIONCs. The strong absorption bands at 1637.40 cm™ are associated with
the vibration of C—H stretching vibration and this confirms the polymer m-PEG
grafted on the surface of MIONCs [32].

6.6.2. Morphological Analysis

The synthesized MIONCs show uniform size distribution as measured by
TEM, and morphologies of the as-synthesized magnetic nanoparticles are shown in
Fig. 6.2 -aand b.

(d)

D=20.85 £ 6.60 nm

Nanocube Edge Length (nm)

Figure 6.2 (a, b) TEM, (c) HRTEM image, (d) Histogram (¢) TEM-EDX chemical
mapping of the MIONCs

The MIONCs have a cubic shape and display a narrow size distribution that
fits well with a log-normal distribution function, yielding a mean value of 20.85 +
6.60 nm. The particle size distribution was determined by generating a histogram of
diameters from the TEM images using ImageJ software (See Fig. 6.2 d). TEM images

also reveal variations in the aggregation state of the samples. The crystalline structure
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and facets of the MIONC nanocubes were further analyzed using high-resolution
TEM (HRTEM) images, as shown in (See Fig. 6.2 ¢). These images indicate that the
nanocubes are of high quality and single-crystalline, with lattice fringes measuring
0.23 nm, corresponding to the (311) lattice planes of MIONCs [33]. For a better
understand of both sample studies of the structure architecture, TEM-EDX chemical

mapping was performed, as shown in (Fig. 6.2 e).

6.6.3. Thermogravimetric Analysis

Moreover, TGA confirmed the presence of the m-PEG layer on the MIONCs
surface. The thermogravimetric analysis of MIONCs and m-PEG MIONCs samples
are shown in Fig. 6.3 a, b. The initial weight loss observed around 100 °C is
attributed to the removal of physically adsorbed water. The significant decomposition
occurs between 200 and 800 °C. The second weight-loss phase begins at
approximately 250 °C and is linked to the release of organic groups bonded to the
particle surface. For m-PEG-MIONCs, a mass loss of about 13.43% was noted,
corresponding to the degradation of m-PEG. Less weight loss occurred at
temperatures above 800 °C (Fig. 6.3 (a, b)). The observed weight loss indicates that
more coating agents are absorbed on the surface of the MIONCs treated with m-PEG.

(a) (b)
MnFes0 02 100 210 °C (2.13%)
100 270 °C (9.79%) 274 g m-PEG MnFe,0,
£ L0.077
? 013 98
Qo [ o 0
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901 . b 515 °C {11.6 00 & .
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Figure 6.3 Thermogravimetric spectra of (a) MIONCs and (b) m-PEG MIONCs

The application of m-PEG in the biomedical field is influenced by its thermal
properties, which are determined by its molecular structure. Therefore, DTA was
employed to investigate further how heat affects the molecular structure of the
copolymer. Degradation occurs due to depolymerization, exchange esterification, or

oxidative processes [34].
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6.6.4. Magnetic Properties

The room temperature hysteresis magnetization of dried samples was
measured using SQUID with an applied magnetic field of +30 KOe. Both samples
displayed SPM behavior, indicating that thermal energy surpasses the anisotropy
energy barrier of individual particles, and the magnetization of the nanoparticle
assembly is zero when there is no external magnetic field. According to theory of

magnetism for exhibiting superparamagnetic behavior, the required minimum

. . 25kgT
nanoparticle volume is V ===£

, Where, K is the anisotropic constant, T is the

room temperature and kg is the Boltzmann constant. The magnetic behavior of
nanoparticles with respect to temperature is analyzed to confirm SPM and examine
the impact of temperature on magnetic properties. A widely used method for
investigating superparamagnetic relaxation is FC and ZFC magnetization, which
measures magnetization in a weak applied field as the temperature increases, after
cooling the sample either with or without a weak magnetic field. Fig. 6.4 b, d
presents the temperature-dependent ZFC and FC curves for the as-prepared samples.
The Temperature dependence of the magnetization at 10 K and 300 K was
obtained in both samples and presented in Fig. 6.4 a and c. The properties such as
hysteresis loops, saturation magnetization (Ms), coercive field (Hc), reduced remanent
magnetization (M(/Ms), magnetic moment (ng), effective magnetic anisotropy

constant (Kes) at 300 and 10 K are summarized in Table 6.1. The effective magnetic

ﬂOCS

anisotropy constant K., ~ = was obtained by using the low-temperature Hc and

Ms Values [35]. To better understand the structural aspects and the magnetic
properties of MIONCs, magnetic characterizations performed additional accurate
measurements. The varying temperature has carried out magnetization (M-T)
measurements after ZFC and FC, as shown in Fig. 6.4 b, d. The hysteresis loop
profiles of all MIONCSs exhibit negligible coercivity (Hc) and remnant magnetization
(Mr). However, the Ms values of as-synthesized MIONCs (82.58 emu/g) and m-PEG
MIONCs (79.93 emu/g) which was low compared to the theoretical value of bulk
MIONCs. From M:s results, its lower value, compared to that of bulk magnetite, can
be ascribed to the effects of canting or disorder of the magnetic spins at the surface of
the MIONCSs; the electron exchange between coating and surface atoms could also

quench the magnetic moment [40].
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Figure 6.4 Magnetization vs applied magnetic field curves of (a) MIONCs and (c) m-
PEG MIONCs samples at 300 K and 10 K (b, d) Temperature dependence of the

magnetization (ZFC and FC) over the temperature range 0—400 K for (b) MIONCs
and (d) m-PEG MIONC:s.

The FC and ZFC curves in Fig. 6.4 b, d reveal irreversibility, indicative of the
blocking process in superparamagnetic MIONCs. Above the blocking temperature
(t8), magnetization decreases as temperature rises. It was also observed that all
samples show a lower 18, Which increases with particle size. The divergence of the
ZFC and FC magnetization curves near tg, as estimated from the ZFC curve, suggests
a narrow size and shape distribution. The increase in tg with particle size is due to
insufficient spacing between particles to reduce dipolar interactions. According to the
Neel Model, the transition from the blocked to superparamagnetic state occurs at
different temperatures based on particle size. In this study, the ZFC and FC curves

converge around 1B, indicating minimal magnetic aggregation, consistent with the
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individual particle coating and pseudoself-assembly. The ZFC curve aligns with the
FC curve above 150 K, which is characteristic of superparamagnetism [36, 37].

Table 6.1. Summary of Saturation Magnetization (Ms), Coercivity (Hc), Reduced
Remanence (M{/Ms), Magnetic Moment (ng), effective magnetic anisotropy constant
(Ketr) obtained from the Hysteresis Loops at 300 and 10 K

Hc at Hc at .

M; at Msat | 300K | qgk | Mr/Ms | Magnetic | Kerat300 K | Kerrat 10K

Sample 300K 10K (emu/ at Moment
(emu/g) | (emu/g) | (emu/ ) 91 (emuig) (118) (kI/im?) (kd/m?)
9)

MnFe04 | 78.72 82.58 0.05 0.22 0.0396 3.26 9.4 9.6
m-PEG

72.08 79.93 0.02 0.92 0.0529 2.98 5.1 2.4
MnFe204

Consequently, a temperature scan of the magnetization at a constant field
shows a sharp increase around 102 K, as the magnetic anisotropy becomes
significantly larger at lower temperatures. This step-like behavior serves as a distinct
fingerprint of magnetite, which disappears when the stoichiometry deviates from that
of pure magnetite. As seen in Fig. 6.4 a, ¢, under an applied field, the magnetization
of the sample m-PEG MIONCs is lower than that of the sample MIONCs. The
reduction in magnetization after m-PEG fictionalization may be attributed to the
presence of a non-magnetic polymer layer on the surface of nanoparticles, which
reduces the particles-particle interaction and lowers the exchange coupling energy,
reducing the magnetization [38]. The magnetization of a magnetic material is directly
influenced by its weight.

Consequently, the magnetization decreases as m-PEG is applied as a coating.
Introducing organic coating layers, such as m-PEG, onto magnetic materials leads to a
higher proportion of non-magnetic components, decreasing the material's overall
magnetic properties. Table 6.1 presents the magnetic properties of the MIONCs and
m-PEG MIONCs.

6.6.5. Stability Study

Finally, the stability of MIONCs in solution was analyzed, which is crucial for
their prospective biomedical applications. The hydrodynamic size distributions,
characterized by DLS, are illustrated in the figure, and the mean hydrodynamic size,
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along with the  potential values for each sample. DLS and { potential measurements
were conducted on uncoated and coated MIONCs to examine potential alterations in
sample dispersion due to the surface coating process. DLS enables the
characterization of the hydrodynamic behavior of MIONCS, specifically the size of
the aggregates they form; however, this technique does not differentiate between the
inorganic and organic components of the coating. The observed average
hydrodynamic diameter of the MIONCs and m-PEG MIONCSs is 314+19 nm and 553
+10nm, respectively. DLS cannot differentiate between inorganic and organic
materials, measuring only the overall particle size. Consequently, this hydrodynamic
size may vary considerably from the actual physical size determined by methods like
XRD or TEM.

Even without an external magnetic field, magnetic dipole-dipole interactions
between particles can lead to their aggregation [39]. As a result, the hydrodynamic
size distributions are larger than those measured by TEM. The zeta potential for
MIONC:s in water at physiological pH was recorded at -14.16 mV, higher than the -
9.4 mV observed for m-PEG-coated MIONCs. The lower zeta potential of uncoated
MIONCs may be attributed to their hydrophobicity and the aggregation of uncoated
particles, which negatively impacts stability in the dispersion medium. Coating the
MIONCs with m-PEG enhances electrostatic repulsion between the particles, leading

to steric stabilization [40].

6.6.6. Induction Heating Study

The heating power of MNPs is quantified in terms of SAR, a crucial
parameter in magnetic fluid hyperthermia that measures the fluid's ability to convert
magnetic energy into heat [41-43]. MNPs dissipate heat in AC magnetic fields
through SAR (W/g) and ILP, which are calculated using the formula in equations 2.11
and 2.12 (Section 2.2). The ILP parameter, which is the most suitable model, relies
on the frequency and magnitude of the magnetic field, allowing for easy comparison
across multiple tests. In Fig. 6.6 -c, d, typically, ILP value ranges from 0.7 to 3.5
nHmM2g, while MIONPs with lower ILP values may still be sufficient to heat in
magnetic hyperthermia [44]. The heating curves exhibit significant variations between
samples, demonstrating that the heating efficiency of these MIONCs is highly
influenced by their shape, size, and the strength of the applied AC field. Notably, with
an initial body temperature of 37 °C, either the therapeutic window (AT = 3—7 °C) or
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the thermal ablation zone (AT > 13 °C) for cancer treatment can be achieved in under
5 minutes by adjusting the size of the MNPs and the applied field strength. The
magnetic heating properties of the samples were tested at room temperature by
exposing MIONCs solution in water to an alternating magnetic field of different
amplitudes (Hmax = 13.3, 20, and 26.7 kA/m) and frequencies (fac = 277 kHz) for at
least 600 s. The solution concentrations were maintained at 1, 2, and 5 mg/mL.
Measurements carried out in water aimed solely to evaluate how the magnetic and
structural characteristics of the synthesized samples affected their heating
performance. Fig. 6.5 (a) displays the temperature Kkinetic curves recorded after
applying an alternating magnetic field to both samples dispersed in water at
concentrations of 1, 2, and 5 mg/mL.
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Figure 6.5 Temperature versus time curve of MIONCs ((a) 1 mg/mL, (b) 2 mg/mL,
(c) 5 mg/mL) and m-PEG MIONCs ((d) 1 mg/mL, (e) 2 mg/mL), (f) 5 mg/mL) at
field amplitudes 13.3 to 26.7 kA/m and frequency =~ 277 kHz.

The temperature kinetic curves indicate that the temperature increase
depends on the applied magnetic field and the concentration of MNPs. As illustrated
in Fig.6.5 (a—c), the coated and uncoated samples reached hyperthermia temperatures
(42 to 44 °C) during the induction heating experiment at various AC magnetic fields
while maintaining a constant frequency of ~ 277 kHz. At an applied field of 26.7
kA/m, MIONCs and m-PEG MIONCs achieve temperatures of 43 and 47 °C,
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respectively. From 47 to 75 °C, the maximum temperature rise was observed for
MIONCs at 26.7 KA/m. In our experiment, the coated sample reached a maximum
temperature of 80 °C at 26.7 KA/m with a 5 mg/mL concentration. The comparison of
the heating characteristics of coated and uncoated samples shows that the time
required to reach the hyperthermia temperature for coated particles is less compared
to uncoated particles. We obtained the heating efficiency of the MIONCs or SAR
from these heating curves using the initial slope method. Fig. 6.6 (a, b) represents the
SAR values of MIONCs and m-PEG- MIONCs in water. SAR values also increase
with increasing field strength. The very low SAR values displayed by the smallest
nanospheres could be related to their broader size distribution [45].

The resulting heating curves can be found in Fig. 6.5. By analyzing these
curves, different increases in temperature were found between samples. As a general
trend, the net temperature increases as a function of time and frequency. Additionally,
from these curves, the corresponding SAR values can be calculated through the initial
slope method, as described in Equation (6.1). The normalization of the SAR in this
manner allows a proper comparison among the samples based only on their
composition and concentrations [44]. Fig. 6.6 a, b shows the SAR values calculated
in physiological media. For the uncoated particles, the SAR value increases from
44.84 to 237.44 Wg with an increase in the field from 13.3 - 26.6 kA/m and for m-
PEG MIONCs, it increases from 45.45 to 221.17 Wg™.
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Figure 6.6 SAR vs applied magnetic field for (a) MIONCs and (b) m-PEG MIONCs,
the ILP values of bare MIONCs (c) and m-PEG -MIONCs (d)

6.7 Conclusions

In this chapter, MIONCs through thermal decomposition have been
successfully prepared and coated with m-PEG. The impact of coating on structural
and morphological properties has been studied. XRD and FTIR analyses revealed the
formation of a pure phase with and without m-PEG. Thermogravimetric and FTIR
analyses confirm the successful attachment of m-PEG on the nanoparticle’s surface.
However, m-PEG-coated nanoparticles exhibit a stable suspension and dispersion
stability. The magnetic properties, characterized by low coercivity and remanence,
indicate soft ferrimagnetic SPM behavior. superparamagnetic iron oxide nanocubes
have gained significant attention due to their unique magnetic properties, stability,
and biocompatibility. The cubic shape of these nanoparticles enhances their magnetic
response under alternating magnetic fields, enabling efficient heat generation through

Néel and Brownian relaxation mechanisms.
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The SAR values calculated in physiological media, for the uncoated particles
increases from 13.96 to 237.44 Wg with an increase in the field from 13.3 - 26.6
kA/m. For m-PEG MIONCs, it increases from 45.45 to 221.17 Wg™. These values of
SAR obtained in the case of m-PEG MIONCs can be attributed to the superior
magnetic anisotropy of nanocubes compared to spherical counterparts. This
demonstrates that the synthesized m-PEG MIONCs shows induction heating

characteristics and hold promise for applications in MHT for cancer.
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Chapter 7

7.1. Introduction

Multifunctional MNPs present promising opportunities for safe and effective
cancer treatments. Their unique structural and behavioral characteristics have
garnered significant interest, as they possess distinctive magnetic properties, tunable
sizes, high chemical stability, an increased surface area, the ability to be
functionalized with various molecules, and compatibility with different cell types [1].
Their importance is evident in multiple applications, such as drug delivery systems,
MHT, MRI contrast agents, tissue engineering, gene delivery, cell separation and
selection, magneto-relaxometry, and antibacterial agents [2,3]. Chemically
functionalized and colloidally stable MNPs can effectively transform electromagnetic
energy into heat through several mechanisms, such as hysteresis, SPM, and eddy
current losses. When electromagnetic fields are applied to surface-functionalized
MNPs, the subsequent conversion of this energy into thermal energy can efficiently
eliminate cancer cells, a process known as hyperthermia [4-7].

Significant efforts are underway to induce tumor destruction, both in vitro and
in vivo, by utilizing low-frequency electromagnetic fields. MNPs can produce heat
when subjected to an AMF and lose their magnetization once the field is removed.
Upon removing the external field, they become highly dispersed in the fluid, making
them suitable for clinical cancer treatments. A range of surfactants is used for a
coating to maintain the colloidal properties and biocompatibility of MIONPs and
prevent aggregation caused by magnetic dipole-dipole interactions. Among these is
chitosan, a substance with unique characteristics like bio-compatibility, bio-
degradability, film formation potential, and bio-adhesion, which has received much
attention regarding biodegradability and toxicity. Methoxy-polyethylene glycol (m-
PEG) is a promising coating for enhancing the biocompatibility, colloidal stability,
and specific absorption rate of MNPs due to its highly hydrophilic nature. It acts as a
barrier against protein adsorption, thereby decreasing macrophage uptake.
Additionally, m-PEG is a biocompatible, non-antigenic, and protein-resistant polymer
that contains neutral hydrophilic segments, promoting a homogeneous distribution in
aqueous media. Therefore, selecting the appropriate molecular weight of m-PEG for
stabilizing MNPs is crucial [8, 9].

To ensure the safety of new nanomaterials, it is essential to conduct
biocompatibility studies. They assessed the cytotoxicity of the synthesized chitosan

and m-PEG-capped MNPs using various cell lines. This employed different cell-
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based assays to determine the precise cytotoxicity and biocompatibility of the MNPs,
examining several cell lines with varying incubation times and dose-dependent MNP
concentrations. Comparative cytotoxicity assays were conducted on MCF7 cell lines
using Trypan blue dye exclusion (TBDE) and the MTT colorimetric assay, both at
different MNP concentrations. Since Trypan blue only stains cytoplasmic and nuclear
components when the cell membrane is compromised, it indicates cell death by

coloring only the intracellular components of dead cells [10].

7.2. The Principles of Nanotoxicology

Nanotoxicology is a branch of toxicology focused on the potentially harmful
effects of nanoscale structures or particles with a diameter of less than 100
nanometers [11]. Nanomaterials, such as metals, metal oxides, ceramics, polymers, or
composites, exhibit unique properties compared to traditional materials due to their
nanoscale characteristics. These materials offer exciting new possibilities in oncology
for cancer treatment through nanomaterial-based drug delivery systems, where anti-
cancer drugs are loaded onto nanomaterials and directed to specific tumor tissues for
targeted therapy. As drug carriers, nanomaterials are designed to target cancer cells
actively, leading to significantly enhanced drug delivery efficiency compared to the
passive diffusion of drug molecules to tumors. Nanomaterial-based drug delivery
systems provide notable advantages over traditional chemotherapy, but concerns
about their potential cytotoxicity persist. Nanoparticles have unique toxicity profiles
due to increased surface area and molecular interactions at the bio-nano interface.
Understanding these interactions is essential for recognizing nanotoxicity. Selectively
targeting cancer cells can effectively destroy tumors, but unwanted toxicity from
nanomaterials or their combinations may cause side effects. Since nanoparticles and
therapeutic drugs share similar biological behaviors, understanding their interplay can
enhance cancer treatment strategies [12].

The toxicity of nanomaterials is influenced by their size, which affects their
ability to penetrate biological systems and alter structural functions, thereby
disrupting essential biological processes. The behavior of MNPs in various
environmental contexts is intricate and involves multiple mechanisms. MNPs possess
unique properties that set them apart from conventional materials. Factors such as (1)
particle size, (2) surface area and charge, (3) shape and structure, (4) solubility, and

(5) surface coatings can significantly impact MNP toxicity. Variations in shapes and
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structures such as planes, spheres, fibers, tubes, and polyhedral often lead to
differences in toxicity. Additionally, the surface charge is critical to MNP toxicity as
it governs interactions with biological systems, influencing (i) selective nanoparticle
adsorption, (ii) colloidal stability, (iii) binding to plasma proteins, (iv) the integrity of
the blood-brain barrier, and (v) transmembrane permeability. From a toxicological
perspective, colloids and their degradation products must be eliminated from the body
as quickly as possible following drug release [13, 14].

Figure 7.1 Physicochemical characteristics of engineered nanomaterials that
contribute to nanotoxicity

7.3. Cytotoxicity

While toxicity refers to the overall harm a substance can inflict on an
organism, cytotoxicity pertains explicitly to its harmful effects on cells. A cytotoxic
agent can damage or kill cells through necrosis or apoptosis. Cytotoxicity assessments
are particularly important in cancer research and developing chemotherapy drugs.
Understanding the cytotoxic effects of a drug on cancer cells and its unintended
impact on healthy cells is crucial. Nanotechnology is an innovative and rapidly
evolving field. Although the variety of nanoparticles and nanomaterials and their

applications have surged in recent decades, there is still limited research on their long-
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term effects on the human body, particularly regarding potential cytotoxicity.
Nanoparticles are increasingly common in diagnostic and therapeutic applications
[15, 16].

Cytotoxicity refers to the general ability of a substance to be toxic to cells,
which can arise from chemical stimuli, interactions with other cells, or
physical/environmental factors such as radiation, extreme temperatures, or pressure.
A material is deemed cytocompatibility if it does not alter the structure and functions
of the tissue it contacts. The preservation of these functions is directly linked to the
quality of the material's surface. Conducting cytotoxicity studies is an essential initial
step in assessing the potential toxicity of various test substances, including plant
extracts or biologically active compounds derived from plants. Ensuring minimal to
no toxicity is crucial for the successful development of pharmaceuticals, making

cellular toxicity studies vital [17].
7.4 Experimental Details for Biocompatibility Analysis

7.4.1. Hemolysis Assay

The hemolysis assay evaluated the hemolytic activity of MIONPs and CS-
MIONPs using human erythrocytes. Blood from a healthy volunteer was collected
using a centrifuge tube containing ethylenediaminetetraacetic acid (EDTA), and RBC
pellets were washed with PBS (pH 7.4). Various concentrations of MIONPs and CS-
MIONPs (20, 40, 60, 80, and 100 pg/ml) in PBS were mixed with a 5% RBC
solution. Positive and negative controls used distilled water and 0.9% NaCl (Normal
Saline). Samples were incubated at 37 °C for 2 h, then centrifuged, and the
supernatant's absorbance at 540 nm was measured. The hemolysis percentage was

calculated using a standard formula: [18]

. sample absorbance—negative control absorbance
% hemolysis = ( , , ) x 100
(positive control absorbance— negative control absorbance)

(7.1)
A similar procedure was used for the hemolysis assay of MIONCs and m-PEG
MIONC:s.

7.4.2. Reactive Oxygen Species (ROS) Assay

The production of reactive oxygen species (ROS), primarily contributing to
the toxicity of MIONPs and CS-MIONPs, was assessed wusing 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA). This peroxynitrite indicator detects
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nitric oxide and hydrogen peroxide inside and outside cells. Bacterial cells were
treated with 200 uM DCFH-DA, and fluorescence emission was measured at 523 nm,
with excitation at 503 nm. MIONPs and CS-MIONPs (30 mg) were added at the log
phase of bacterial growth, and ROS variation was determined by comparing
fluorescence intensities against the positive control. For accuracy, all experiments

were performed in triplicates [19].

A similar procedure was used for the ROS assay of MIONCs and m-PEG
MIONCs.

7.4.3. Angiogenesis Activity/ In Ovo Cytotoxicity Assay:

The angiogenic activity of MIONPs and CS-MIONPs was evaluated using the
Chick Chorioallantoic Membrane (CAM) assay. Fertilized chicken eggs (day 0) were
obtained from a local hatchery in Kolhapur, Maharashtra, India. The eggs were
surface sterilized with 70% ethanol and incubated at 37 °C with 70-80% humidity.
After 5 days, a small hole was drilled at the distal end of the eggs to create a 2 cm?
window, and 2 mL of albumin was extracted. The opposite side of the shell was
removed to check embryo development. Whatman filter discs were soaked with
phosphate-buffered saline (PBS) as a control, and 2 pg/mL of MIONPs and CS-
MIONPs were placed on the CAM. The open window was sealed with parafilm, and
the eggs were incubated under the same conditions. The CAM's angiogenic capillaries

were photographed at regular intervals.

A similar procedure was used for the angiogenesis activity/ in the Ovo
cytotoxicity assay of MIONCs and m-PEG MIONC:s.

744, MTT assay

Comparative in vitro cytotoxicity studies for both samples were conducted on
MCEF-7 (human adenocarcinoma cells) cell lines sourced from the National Centre for
Cell Sciences in Pune, India, with detailed toxicity evaluations performed at the
National Toxicology Centre, Pune, India (1ISO 10993/USP 32 NF 27) using the MTT
assay. The MCF-7 cells were cultured in DMEM (Dulbecco’s Modified Eagle
Medium) supplemented with 10% v/v fetal bovine serum, kanamycin (0.1 mg/mL),
penicillin G (100 U/mL), and sodium bicarbonate (1.5 mg/mL) at 37 °C in a 5% CO>
environment. Meanwhile, the HeLa cells were maintained in MEM with 10% fetal

bovine serum and antibiotics under the same conditions.
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7.5 Cell Culture
7.5.1. Cell Viability by MTT Assay

The cells were seeded at a concentration of 2 x 10° cells/mL in their respective
media and incubated for 24 hours in a 96-well microtiter plate. Following this, the
media was refreshed, and various concentrations of sterile CS-MIONPs (0.2, 0.4, 0.6,
0.8, and 1 mg/mL) were added to the cultured media. The plates were then incubated
at 37 °C in a 5% CO: environment for another 24 hours. After incubation, the plates
were checked under an inverted microscope for contamination and other factors.
Finally, 10 pL of MTT solution, including the controls, was added to each well. The
plates were incubated for 3 hours at 37 °C in a 5% CO: environment to allow the
metabolization of MTT with the nanoparticles and cell media. After incubation, the
media was removed by flicking the plates, leaving the adhered cells in the wells. The
cells were washed with PBS, and the formed formazan was dissolved in 200 pL of
acidic isopropanol. Absorbance was measured at 570 nm to calculate cell viability.
The experiments were conducted in triplicate, and the average data were presented
graphically. Relative cell viability (%) was calculated using the following equation:

= {[Aabsorbance tested / [Aabsorbance]control} X 100. (7.2)

A similar procedure was used for the MTT Assay of m-PEG MIONCs.

7.5.2. Trypan Blue Dye Exclusion (TBDE)

The cells were incubated at a concentration of 1x10° cells/mL for 24 hours.
After treatment with MNPs, the cells were incubated at 37 °C. Following incubation,
the cells were harvested through trypsinization and stained with Trypan Blue dye. A
hemocytometer was used to count the cells. The cell viability (%) was determined

using the following equation:

= {[Acount]tested / [Acount]control} x 100 (7-3)

7.5.3. In Vitro Anti-Cancer Activity

MCF7 cells were seeded in a 96-well plate at a density of 1x10° cells per
well. After 24 and 48 hours of incubation, the cell culture media was replaced with a
fresh mixture containing MIONPs and CS-MIONPs. The cells were then incubated
for 24 and 48 h before the MTT experiment. In brief, the cell culture media was
aspirated, and MTT in FBS-free DMEM (10 mM) was added. After an additional 3

hours of incubation, the MTT solution was removed, and 100 pL of DMSO was
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added to dissolve the formed formazan crystals. The cell viability was subsequently
determined by measuring the absorbance at 570 nm. The experiments were repeated
three times, and the data's mean and standard deviation (SD) were presented
graphically. The relative cell viability (%) compared to the control well-containing
cells without nanoparticles was calculated using the following equation:

= [Aabsorbance] tested/ [Aabsorbance] control X 100 (7.4)

A similar procedure was used for the in vitro anti-cancer activity of MIONCs
and m-PEG MIONC:s.

7.5.4 In Vitro Magnetic Hyperthermia Study

To evaluate the effectiveness of in vitro magneto-thermotherapy, MCF7
cells were cultured with MIONCs alone and m-PEG MIONCs at a 1 mg/mL
concentration. The AC magnetic fields were activated until the upper limit of
hyperthermia temperature reached around 43-44 °C. The frequency applied for all in
vitro experiments was =~ 277 kHz, and the AC magnetic field was maintained at 20
kA/m. In the center of the coil, a media containing MIONPs and CS-MIONPs was
suspended with 1 mL of cancer cells (2x10° cells per mL). The systems temperature
was maintained at a constant 43-44 °C throughout the experiment, with a heating
duration of 60 minutes provided by the samples containing nanoparticles and cells.
The cells were immediately transferred to 96-well plates and cultured for 24 hours.
Simultaneously, the cell samples were cultured in slide Petri dishes with 2 mL of
DMEM for subsequent confocal microscopy imaging after labeling with propidium

iodide (PI) and DAPI. The cell viability was assessed using the MTT assay.

7.6 Results and Discussion
7.6.1 Hemolysis Activity:

a) Hemolysis Activity of MIONPs and CS-MIONPs:

The hemolytic activity of MIONPs and CS-MIONPs was assessed across various
concentrations, revealing a clear concentration-dependent increase in hemolysis for
both types of nanoparticles. The concentration Vs. Absorbance and Percentage of
hemolysis Vs concentration of MIONPs and CS-MIONPs are shown in Fig. 7.2. At
20 pg/mL, MIONPs exhibited a hemolytic activity of 0.3%, slightly higher than the
0.2% observed for CS-MIONPs. This trend continued with increasing concentrations,
with MIONPs showing a maximum hemolytic activity of 3.6% at 100 pg/mL,
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compared to 2.4% for CS-MIONPs. The results suggest that while both nanoparticles
induce hemolysis, MIONPs are more potent than their coated counterparts, potentially
due to their uncoated surface allowing for more significant interaction with red blood
cells. The mechanism underlying this hemolytic effect likely involves direct
interaction between the nanoparticles and the cell membrane, leading to membrane
destabilization and lysis. The observed hemolysis may also contribute to particle size,
surface charge, and reactive oxygen species generation. The enhanced hemolytic
activities of MIONPs emphasize the importance of nanoparticle design in ensuring
biocompatibility, highlighting the need for further investigation into the mechanisms
involved to inform safe biomedical applications. The hemolytic efficiency of
MIONPs and CS-MIONPs is shown in Table 7.1.
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Figure 7.2 The concentration Vs. the absorbance of (a) MIONPs (c) CS-MIONPs,
Percentage of hemolysis Vs concentration of (b) MIONPs (d) CS-MIONPs

b) Hemolysis Activity of MIONCs and m-PEG MIONC:s:

The hemolytic activity of MIONCs and m-PEG MIONCs was assessed across
various concentrations, revealing an apparent concentration-dependent increase in
hemolysis for both types of nanoparticles. The concentration Vs. Absorbance and
Percentage of hemolysis Vs concentration of MIONCs and m-PEG MIONCs are
shown in Fig. 7.3. The hemolytic activity of MIONCs and m-PEG MIONCs

increased with concentration, showing 0.6% hemolysis for MIONCs at 20 pg/mL
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compared to 0.3% for m-PEG MIONCs. At 100 pg/mL, MIONCs reached a
maximum hemolytic activity of 3.6%, while m-PEG MIONCs showed 3.3%.
MIONCs are more effective in inducing hemolysis, likely due to more significant
interaction with red blood cells from their uncoated surfaces. This effect may involve
direct interactions with cell membranes, leading to destabilization. The results
highlight the importance of nanoparticle design for biocompatibility and suggest
further research into the mechanisms involved. Hemolytic efficiency data is shown in
Table 7.1.
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Figure 7.3 The concentration Vs. the absorbance of (a) m-PEG MIONCs, (c)
MIONC s, and the percentage of hemolysis Vs concentration of (b) m-PEG MIONCs,
(d) MIONCs
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Table 7.1 Hemolytic efficiency of MIONPs, CS-MIONPs, MIONCs and m-PEG

MIONCs
Hemolytic activity (%) (OD 540 nm)
Concentrations
(Hg/mL) MIONPs | CS-MIONPs | MIONCs m-PES
MIONCs

20 0.3 0.2 0.6 0.3

40 0.8 0.6 0.8 0.4

60 1.2 1.0 1.8 1.6

80 1.9 1.8 2.2 2.0

100 3.6 24 3.6 3.3

7.6.2 ROS Detection:

a) ROS Detection of MIONPs and CS-MIONPs:
The kinetics of DCFH-DA oxidation in bacterial cells treated with MIONPs and

CS-MIONPs during the log phase of bacterial growth are shown in Fig. 7.4. ROS is

naturally produced in the culture media even without MNP treatment, as bacteria

generate ROS under non-stress conditions, which are typically neutralized by ROS-

scavenging enzymes like superoxide dismutase in E. coli.
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Figure 7.4 Shows the ROS determination of MIONPs and CS-MIONPs samples at a

concentration of 30 mg in gram-positive and gram-negative bacteria in a) E. coli and

b) S. aureus.
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However, the addition of MIONPs and CS-MIONPs at a concentration of 30
mg (Fig. 7.4 a) led to a notable increase in fluorescence intensity, indicating a higher
production of ROS in both S. aureus (Fig. 7.4 b) and E. coli (Fig. 7.4 a) cells. The
combined findings from ROS observation and growth kinetics suggest that ROS
production contributes to the antimicrobial activity of MIONPs and CS-MIONPs.
Furthermore, the amount of ROS generated, as indicated by fluorescence intensity,
was higher for MIONPs and CS-MIONPs at the 30 mg concentration, reflecting the
changes in fluorescence intensity associated with DCFH-DA oxidation in the presence
of nanoparticles for both S. aureus and E. coli. Each curve represents the average of

three independent measurements and the corresponding standard error of the mean.

b) ROS Detection of MIONCs and m-PEG MIONC:s:

The kinetics of DCFH-DA oxidation in bacterial cells treated with MIONCs and
m-PEG MIONCs during the log phase of bacterial growth are shown in Fig. 7.5. ROS
was naturally produced in the culture media even without nanoparticle treatment,
indicating that bacteria generate ROS under non-stress conditions. In such cases, ROS

is neutralized by scavenging enzymes like superoxide dismutase in E. coli.
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Figure 7.5 Shows the ROS determination of MIONCs and m-PEG MIONPs samples
at a concentration of 30 mg in gram-positive and gram-negative bacteria in a) E. coli

and b) S. aureus.

However, when MIONCs and m-PEG MIONCs were introduced at a 30 mg
concentration (Fig. 7.5 a), there was a significant increase in fluorescence intensity,
which is directly related to elevated ROS production in both S. aureus (Fig. 7.5 b) and
E. coli (Fig. 7.4 a) cells. The ROS generation and the growth kinetics study suggest
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that the antimicrobial activity of MIONCs and m-PEG MIONCs is due to ROS
production. Furthermore, as indicated by increased fluorescence intensity, the amount
of ROS produced was higher in MIONCs and m-PEG MIONCs at 30 mg, showing a
noticeable change in fluorescence with DCFH-DA oxidation in the presence of
nanoparticles for both bacterial species. Each curve represents the average of three

independent measurements with corresponding standard errors.

7.6.3. Angiogenesis Activity/ In Ovo Cytotoxicity Assay:

The chick embryo CAM is an extraembryonic membrane widely used as an in
vivo model. MNPs are a promising option for targeted anti-tumor therapy. This study
aimed to validate CAM as a suitable model for testing biological properties like
biocompatibility. The CAM assay is favored for studying angiogenesis due to its
extensive vascular network and ease of observation. Angiogenesis refers to the
formation of new blood vessels from existing ones.

a) Angiogenesis Activity MIONPs and CS-MIONPs:

The CAM assay results reveal that MIONPs and CS-MIONPs exhibit strong
biocompatibility, showing no negative impact on blood vessel formation or tissue
integrity at tested concentrations. Both nanoparticle types maintained a healthy
vascular network without causing inflammation, indicating their compatibility with
biological systems. The surface properties of these nanoparticles likely contribute to
reduced cytotoxicity and improved cellular interactions, with the CS coating
potentially enhancing biocompatibility by providing a protective barrier. These
findings suggest that MIONPs and CS-MIONPs are promising candidates for
biomedical applications, particularly in drug delivery and tissue engineering. The
hemocompatibility of MIONPs and CS-MIONPs indicates their considerable potential
for use in vitro and in vivo MHT. Fig. 7.6 shows the angiogenesis analysis of
MIONPs and CS-MIONPs and the histological analysis of CAM using H&E staining.
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Figure 7.6 Angiogenesis analysis of MIONPs and CS-MIONPs and histological
analysis of CAM using H&E staining

c) Angiogenesis Activity MIONCs and m-PEG MIONPs:

The CAM assay results show that MIONCs and m-PEG MIONCs exhibit
significant biocompatibility, with no negative effects on blood vessel formation or
tissue integrity at the tested concentrations. Both nanoparticles maintained a healthy
vascular network and did not trigger inflammatory responses, indicating their
suitability for biological systems. This biocompatibility may be attributed to the
surface properties of the nanoparticles, which likely reduce cytotoxicity and
encourage cellular interactions without activating immune reactions. The coating on
MIONCs further enhances their biocompatibility by providing a protective layer,
minimizing direct contact with cells. These findings suggest that both nanoparticle
types hold promise for biomedical applications like drug delivery and tissue
engineering, where maintaining tissue health is essential. Hemocompatibility, defined
by less than 5% hemolysis, supports their potential in these fields. Fig. 7.7 shows the

D. Y. Patil Education Society (Deemed to be University), Kolhapur 195



Chapter 7

angiogenesis analysis of MIONCs and m-PEG MIONPs and the histological analysis
of CAM using H&E staining.
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Figure 7.7 Angiogenesis analysis m-PEG MIONCs and MIONCs and histological
analysis of CAM using H&E staining

7.6.4 In vitro Cytotoxicity of CS-MIONPs

The cytotoxicity and biocompatibility of CS-MIONPs were examined in a cell
culture medium. It is essential to highlight that using a cell culture system served as a
proof-of-concept, demonstrating the effectiveness and functionality of CS-MIONPSs in
conditions that mimic actual tumor tissues. MCF7 cell lines were used to assess the
CS-MIONPs biocompatibility and cytotoxicity. The cytotoxicity of CS-MIONPs was
assessed by incubating cells with varying dosages of nanoparticles (10, 25, 50, 100,
200, and 400 pg/mL) and compositions (i.e., MIONPs and CS-MIONPs) at 24h and
48h.

As mentioned above, the MTT assay was utilized to determine the cell

viability, revealing no apparent toxicity of CS-MIONPs when incubated with cells at
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the proper concentrations. CS-MIONPs have demonstrated biocompatibility with a
mild cytotoxic effect, as previously evaluated. To investigate the anti-cancer activity
of CS-MIONPs, MCF7 cells were utilized, and the effect of the concentration and
time of CS-MIONPs was examined. The cytotoxicity effect of different
concentrations and compositions of nanoparticles (i.e., MIONPs and CS-MIONPS) on
cell viability was assessed. According to Fig. 7.8 a, CS-MIONPs exhibited significant
cell killing, resulting in over 71.48% of cells surviving in cell culture after 48 h.
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Figure 7.8 Concentration-dependent anti-cancer activity of (a) CS-MIONPs, (b) m-
PEG MIONCs conjugated nanoformulations on MCF7 cells for 24h and 48h

7.6.5 In vitro Cytotoxicity of m-PEG MIONCs

The cytotoxicity and biocompatibility of m-PEG MIONCSs were evaluated in a
cell culture medium as a proof-of-concept to simulate tumor-like conditions. MCF7
cell lines were used to test the biocompatibility and cytotoxicity of m-PEG MIONCs.
Cells were incubated with varying concentrations of nanoparticles (10, 25, 50, 100,
200, and 400 pg/mL) and compositions (MIONCs and m-PEG MIONC:s) for 24h and
48h. The MTT assay showed no significant toxicity for m-PEG MIONCs at
appropriate concentrations. However, m-PEG MIONCs demonstrated strong anti-
cancer activity, with over 92.2% cell death observed after 48 h as shown in Fig. 7.8 b.

7.6.6. In Vitro Anti-cancer Activity of m-PEG MIONCs Under AC Magnetic
Field

Given that the m-PEG MIONCs demonstrated high magnetic moment, good
biocompatibility, and anti-cancer effect on breast cancer cells, they focused on

nanoformulations in vitro magneto-thermotherapy performance in this study [20]. To
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ensure the maximum in vitro therapeutic efficacy of the synergistic magnetic
hyperthermia- thermotherapy approach, we modified parameters such as the
hyperthermia therapeutic dose and the cellular incubation time of m-PEG MIONC:s.
This was done to avoid masking the effect of the synergistic platform by cell death
caused by individual therapies. An improved therapeutic anti-cancer impact seen with
m-PEG MIONCs was employed for a magneto-thermotherapy combo treatment. The
temperature of the cellular environment, additional control samples, and suspended
nanoformulations is controlled during the in vitro magneto-thermotherapy to remain
between 43 and 44 °C without going over the MHT threshold [21]. Hence, there is
sufficient localized heat ablation of MHT and release of therapeutic cargo to cause
cancer cell death. A well-known molecular route of self-destruction of cells in a
constructed cycle is known as ‘apoptosis,” the term for programmed cell death. To
verify magneto-thermotherapy superiority in insisting on ‘apoptosis,” the m-PEG
MIONCs were tested with an MCF7 cell line and subjected to MCT for 60 min shown
in Fig.7.9 b.
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Figure 7.9 (a) The cytotoxicity of m-PEG MIONCs in Control, MIONCs, and m-
PEG MIONCs with and without AMF, (b) Time dependent Cytotoxicity effects of m-
PEG MIONCs

This finding implies that m-PEG MIONC:s therapy reduced tumor growth by
down-regulating the proteins' expression in cell cycle regulations and anti-apoptosis
[22]. The data presented here confirmed that m-PEG MIONCs were efficiently bound

and delivered to MCF-7 cells. Due to more effective internalization, m-PEG MIONCs
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also demonstrated higher cytotoxicity effects on MCF-7 cells [22]. Magneto
thermotherapy can be used to treat malignant cells with superior anti-cancer
therapeutic effects in a short amount of time. The developed drug-loaded
nanoformulation used in this study demonstrated a sufficient anti-cancer therapeutic
effect when subjected to AMF-induced hyperthermia. An optimal therapeutic dose is
needed to eradicate the tumor in vivo. The m-PEG MIONCs synthesised in this study
feature magnetic solid moments and magnetic field-responsive nanocarriers, enabling
them to deliver effective hyperthermic heating deliberately and controlled. As a
result, the combinational therapeutics approach is comparatively more efficient than
employing just one technique, such as magneto-thermotherapy or MHT [21]. The in

vitro cytotoxicity assay of m-PEG MIONCS is shown in Fig. 7.9 a.

However, the clinical application of MHT is limited due to nanosystems'
reduced heat generation within the cellular environment and the development of
thermotolerance, which diminishes MHT's effectiveness. Therefore, optimizing
nanoparticle design is essential for creating efficient heat-generating systems to
achieve therapeutic goals. The optimized m-PEG-coated MIONCs were studied for
time-dependent cytotoxicity effects. The observed reduction in cell viability during
hyperthermia treatment is likely due to the impact of heat on cellular processes, such
as protein denaturation, increased oxidative stress, and DNA damage [23]. This study
suggests that the synthesized m-PEG MIONCs could be a promising hyperthermic

agent for treating solid tumors.

7.7 Conclusions

This study demonstrates the ability of CS-MIONPs to induce tumour cell
death under AMF, along with their drawbacks when used with MCF7 cells. The
combination of magneto-thermotherapy improves the potent efficiency of MHT in
eliminating cancer cells. In vitro assessment of MCF-7 breast cancer cell lines in cell
cultures demonstrated anticancer activity. In this study the MIONPs-mediated
magneto-thermotherapy reduced cancer cell viability to about 71.48% for CS-
MIONPs and 92.2% for mPEG-MIONCs, respectively. On the other hand, mPEG-
MIONCs mediated magneto-thermotherapy under AC magnetic field shows the most
promising therapeutic modality against breast cancer. The MHT under AC magnetic
field studies ensure the potential application of mPEG-MIONCs nanoparticles in

cancer theranostics.

D.Y. Patil Education Society (Deemed to be University), Kolhapur 199



Chapter 7

7.8 References

1.

10.

11.

12.

13.

14.

15.

16.

17.

M. Anik, M. Hossain, I. Hossain, A. Mahfuz, M. Rahman, I. Ahmed, Nano
Select, 2(6) (2021) 1146-1186.

V. Cardoso, A. Francesko, C. Ribeiro, M. Bafiobre-Lopez, P. Martins, S.
Lanceros-Mendez, Adv. Healthc. Mater., 7(5) (2018) 1700845.

I. Ban, J. Stergar, U. Maver, Nanotechnol. Rev., 7(2) (2018) 187-207.

D. Kim, E. Rozhkova, I. Ulasov, S. Bader, T. Rajh, M. Lesniak, V. Novosad,
Nat. Mater, 9(2) (2010) 165-171.

M. Monopoli, C. Aberg, A. Salvati, K. Dawson, Nano-enabled medical
applications., (2020) 205-229.

R. Corato, A. Espinosa, L. Lartigue, M. Tharaud, S. Chat, T. Pellegrino, C.
Ménager, F. Gazeau, C. Wilhelm, Biomaterials, 35 (24) (2014) 6400-6411.

J. Majeed, L. Pradhan, R. Ningthoujam, R. Vatsa, D. Bahadur, A. Tyagi,
Colloids and Surfaces B: Biointerfaces, 122 (2014) 396-403.

N. Thorat, R. Bohara, V. Malgras, S. Tofail, T. Ahamad, S. Alshehri, K. Wu,
Y. Yamauchi, ACS Appl. Mater. Interfaces., 8 (23) (2016) 14656-14664.

S. Garcia-Jimeno, J. Estelrich, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 420 (2013) 74-81.

M. Mahmoudi, S. Saeedi-Eslami, M. Shokrgozar, K. Azadmanesh, M.
Hassanlou H. Kalhor, C. Burtea, B. Rothen-Rutishauser, S. Laurent, S.
Sheibani, H. Vali, Nanoscale, 4(17) (2012) 5461-5468.

A. Singh, P. Laux, A. Luch, C. Sudrik, S. Wiehr, A. Wild, G. Santomauro, J.
Bill, M. Sitti, Toxicol. Mech. Methods., 29(5) (2019) 378-387.

Y. Wang, A. Santos, A. Evdokiou, D. Losic, J. Mater. Chem. B, 3 (36) (2015)
7153-7172.

D. Kundu, M. Khan, M. Gogoi, S. Patra, Nanotoxicology and
Nanoecotoxicology, 1 (2021) 287-312.

L. Reddy, J. Arias, J. Nicolas, P. Couvreur, Chem. Rev., 112 (11) (2012)
5818-5878.

T. Riss, A. Niles, R. Moravec, N. Karassina, J. Vidugiriene, Cytotoxicity
assay: in vitro methods to measure dead cells (2019).

H. Sun, C. Jiang, L. Wu, X. Bai, S. Zhai, Front. Bioeng. Biotechnol., 7 (2019)
414-436.

Celik TA. Introductory Chapter: Cytotoxicity, 1% Edition, 1 (2018) 1-5.

D.Y. Patil Education Society (Deemed to be University), Kolhapur 200



Chapter 7

18. M. Shen, H. Cai, X. Wang, X. Cao, K. Li, S. Wang, R. Guo, L. Zheng, G.
Zhang, X. Shi, Nanotechnology, 23 (10) (2012) 105601-105611.

19. R. Bohara, N. Thorat, A. Chaurasia, S. Pawar, RSC Adv., 5 (58) (2015)
47225-47234.

20. X. Han, Y. Jiang, S. Li, Y. Zhang, X. Ma, Z. Wu, Z. Wu, X. Qi, Nanoscale, 11
(1) (2019) 339-347.

21. T. Kumeria, S. Maher, Y. Wang, G. Kaur, L. Wang, M. Erkelens, P. Forward,
M. Lambert, A. Evdokiou, D. Losic, Biomacromolecules, 17 (8) (2016) 2726—
2736.

22. A. Salunkhe, V. Khot, S. Patil, S. Tofail, J. Bauer, N. Thorat, ACS Appl. Bio
Mater., 3 (4) (2020) 2305-2313.

23. R. Gupta, R. Tomar, S. Chakraverty, D. Sharma, RSC Adv., 11 (28) (2021)
16942-16954.

D.Y. Patil Education Society (Deemed to be University), Kolhapur 201



CHAPTER-8

Summary and Conclusions

Research work has been selected for the themed collection on
“World Cancer Day 2024: Showcasing Cancer Research across the
RSC.” Royal Society of Chemistry




Chapter 8

Summary and Conclusions

Cancer remains a significant global health challenge despite advances in
research and treatment. Cancer remains a leading cause of death worldwide, with
rising incidences attributed to factors such as aging populations and unhealthy
lifestyles. While traditional cancer treatments like surgery, chemotherapy, and
radiotherapy are widely used, these methods can also harm healthy tissues. The
emergence of new therapies like magnetic hyperthermia (MHT) offers a non-invasive,
targeted approach to cancer treatment by utilizing nanoparticles, particularly MNPs,
to generate localized heat and destroy cancer cells. MNPs show great promise in
various biomedical applications due to their size and magnetic properties, allowing
for precision in cancer diagnosis and therapy. Research continues to explore the
potential of nanotechnology for more effective, less harmful treatments, with
advances like MHT contribution for improved cancer treatments. MNPs, particularly
in therapies like MHT, present a promising future in cancer treatment due to their
ability to selectively target and destroy cancerous cells while sparing healthy ones.
Continued exploration of nanotechnology and MNPs holds potential for
breakthroughs in both cancer treatment and diagnosis, offering hope for more
effective and less damaging therapies.

Anisotropy, a material property that allows for direction-dependent behaviors,
plays a significant role in enhancing the functionalities of MNPs. Introducing
anisotropy into MNPs has proven to be an effective way of achieving specialized
magnetic properties, making them crucial for various applications. The different types
of anisotropies, such as magnetocrystalline, shape, and surface anisotropy influence
the magnetic properties of MNPs and controlled synthesis of monodisperse MNPs.
Various MNPs have been studied for MHT, including simple ferrites (MFe20a4, with
M being Fe, Mg, Mn, Co, Ni, Zn, Cu, etc.) and mixed ferrites (MxFes—xOa, where M is
Mn, Co, Ni, Zn, and 0 < x < 1). Their potential lies in the ability to engineer their
magnetic configurations at the molecular level, enabling a wide range of magnetic
properties through adjustments in chemical composition and M?** doping levels.
Among these ferrite NPs, MnyFezxO4 NPs have been proved to be a good candidate as
they have higher magnetization than magnetite NPs. MnFe2O4 nanostructures show
great promise as a theranostic platform for cancer treatment, offering unique

advantages in both diagnosis and therapy.
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Hence, in the present thesis, an attempt has been made to synthesize MnyFe;1.
xFe204 with different molar ratios of Mn?*, coated with the biocompatible polymer’s
chitosan and m-PEG. The study includes the formation of nanofluids and in vitro
magnetic induction heating experiments on the MCF-7 breast cancer cell line for

hyperthermia therapy applications.

The characterizations of the as-synthesized manganese iron oxide
nanostructures and biocompatible polymer-coated nanostructures (chitosan and m-
PEG coated manganese iron oxide) were performed using XRD, FT-IR spectroscopy,
TGA, TEM with EDS, SAED, Zeta potential, and DLS techniques. Following this,
the induction heating study and in vitro magnetic hyperthermia study of the
synthesized nanoparticles were examined using an induction heating device. This
chapter summarizes and concludes the extensive discussion covered in the seven
chapters of this work.

Chapter | deals with the use of nanotechnology as new possibilities to meet
various challenges in the field of medicine, including cancer treatment in the early
21% century. It also discusses cancer is a major global health issue, with traditional
treatments often causing systemic toxicity and resistance. Nanotechnology offers a
promising solution by improving drug delivery, reducing side effects, and increasing
therapeutic efficacy through targeted nanoscale carriers. Traditional treatments like
surgery, chemotherapy, and radiotherapy often harm healthy tissues. Innovative
therapies such as MHT offer a non-invasive approach, using MNPs to generate
localized heat that targets cancer cells. MNPs are promising in biomedical
applications due to their size and magnetic properties, enhancing cancer diagnosis and
treatment precision. Additionally, it summarizes ongoing research into
nanotechnology seeks to develop more effective and less harmful treatments, with
MHT showing promise for improved cancer care.

Despite advances, cancer still poses a significant health challenge,
emphasizing the need for targeted strategies. MNPs, particularly in MHT, have great
potential to selectively destroy cancer cells while sparing healthy ones. The chapter

concludes by stating the objectives and scope of the thesis.

Chapter 11 includes the theoretical background and a general introduction to
the use of MNPs in biomedical applications, highlighting their magnetothermal effect

and excellent biocompatibility. The ferromagnetic properties of MNPs are influenced
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by anisotropy, and reducing their size enhances control over their magnetic behavior.
Chemical synthesis methods allow precise control over the size and shape of MNPs,
further improving their applications in cancer therapy. It also covers various the
specific role of MNPs in targeted drug delivery systems, magnetic resonance imaging,
and their function as heating agents in MHT are elucidated. The origin, basic
principles, and types of MHT are described, emphasizing heat generation through
various loss mechanisms such as eddy current loss, hysteresis loss, and residual
losses. Each loss mechanism is thoroughly explored. The efficiency of these

mechanisms in generating heat is measured in terms of the SAR.

Consequently, extensive efforts have been dedicated to developing
biocompatible, shape-selective nanostructures of manganese iron oxide that can
generate a high SAR under the physiologically safe range of AC magnetic field and
frequency. Properly tuned, these magnetic nanostructures are anticipated to exhibit a
remarkably high SAR. The impact of different factors on SAR is discussed, aiding in
the selection of mediators for MHT applications. Nanoparticles have unique physical
properties, such as size, shape, high surface-to-volume ratio, and multifunctional
features, including responsiveness to stimuli are discussed as potential candidates for
MHT. The development of MNPs has revolutionized the potential for targeted cancer
therapies, offering a way to selectively treat tumors while minimizing damage to

healthy tissue.

Chapter 111 discusses the fundamental principles and mechanisms of
syntheses and characterizations of obtained results. The standard methods for
producing high-quality IONPs include co-precipitation and thermal decomposition are
discussed in details. The co-precipitation method is found to be the simplest for
synthesizing MNPs in aqueous solutions, allowing for controlled size by adjusting
parameters like concentration, pH, and temperature. Thermal decomposition of
organometallic precursors at high temperatures is a traditional approach for creating
monodisperse nanocrystals. It also covers various characterization techniques used to
characterize prepared materials, including X-ray Diffractometer (XRD), Transmission
Electron Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR),
Thermogravimetric  Analysis-Differential Thermal Analysis (TG-DTA), and
Vibrating Sample Magnetometer (VSM), were employed to assess the nanoparticles'

structural, morphological, and elemental properties.
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Along with characterization techniques, the other part of the chapter focuses
on the methods used for biomedical applications such as for suspension/dispersion
stability study: zeta potential, Dynamic Light Scattering (DLS), ultraviolet (UV)-Vis
Spectroscopy, Fluorescence, Confocal Microscopy and Biocompatibility study:

Cytotoxicity assays and induction heating system used for the hyperthermia study.

Chapter 1V describes the synthesis of MnyFe1-xFe204 (x = 0, 0.25, 0.50, 0.75
and 1) through chemical co-precipitation and thermal decomposition method. This
chapter is also divided into two sections, i.e., sections ‘A’ and ‘B’. Section A deals
with synthesis of a series of single-phased MnyFe;—xFe2O4 (x = 0, 0.25, 0.50, 0.75 and
1) NPs with good crystallinity and diameters ranging from about 5.78 to 9.94 nm by
one-step capping agent-free co-precipitation route. The structural characterization
shows that the Mn ferrite nanoparticles possess cubic spinel structure. Its lattice
constant and particle size increase while their inversion grade decreases with the Mn
substitution. It is found that the size effects dominate the influence of the cation
distribution in controlling the magnetization values of our Mn ferrite nanoparticles. In
addition to saturation magnetization and remanent magnetization, the coercivity of
iron oxides and manganese oxides are altered significantly by manganese
incorporation due to the interaction of A- and B-site ions, which directly affect the
magnetic properties. The altered magnetic properties of MnyFe1—xFe2O4 (x = 0, 0.25,
0.50, 0.75 and 1) NPs due to the distribution of cations at tetrahedral and octahedral
site ultimately affect the self-heating temperature rise characteristics of MNPs. At a
physiologically safe frequency and amplitude range, the sample Mno.7sFeo.2sFe204 had
a maximum SAR of 153.76 W/g.

In section B, the control over the size and morphology of MnyFes—xOs
nanoparticles was achieved by adjusting their properties through Mn?* substitution in
a thermal decomposition synthesis method. In this study, cubic-shaped MnyFes—xO4
nanoparticles with average sizes ranging from 13.48 nm to 24.27 nm were
synthesized. Structural and morphological analyses using XRD and TEM confirmed
their cubic morphology. The magnetic response of these nanoparticles varied with
their size and shape, attributed to changes in magnetic anisotropy, arrangement, and
dipolar interactions. Heating efficiency was assessed using calorimetric methods, with

MnFe:04 achieving a maximum specific absorption rate (SAR) of 223.47 Wg™ at
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physiologically safe frequencies and amplitudes, making these cube-shaped MNPs

suitable candidates for hyperthermia treatment.

The magnetic anisotropy of MNPs affect the shape of the hysteresis loop and
their heating performance. Nanocubes, which have lower anisotropy, exhibit more
efficient heating compared to nanospheres. However, as their size increases, the
anisotropy of nanocubes increases more quickly due to stronger dipolar interactions.
As a result, nanocubes require higher magnetic fields to enhance their SAR, though
they can achieve better heating efficiency than nanospheres under optimal conditions.
Therefore, based on these results, Mno.7sFeo2sFe20s nanospheres and MnFe2Oa

nanocubes has emerged as optimized sample for further studies.

For the use of MNPs in biomedical applications, the primary need is to
transfer these nanoparticles to injectable fluid. Chapter V describes the polymer
functionalization of optimized MIONPs and examines their induction heating
performance. The FTIR spectrum of the coated MNPs revealed a significant amide
absorption peak, confirming the successful chitosan (CS) coating on the MNPs. The
Mno.7sFeo 2sFe204 nanoparticles were modified with chitosan. The induction heating
capability of these surface-modified nanoparticles demonstrated a notable SAR and
temperature increase when subjected to an externally applied alternating magnetic
field and at a magnetic field strength of 20 kA/m, the CS-coated nanoparticles
achieved a maximum SAR of 181.48 W/g, compared to 153.46 W/g for the bare
nanoparticles. Therefore, the MNPs synthesized using the alkaline precipitation
method are suitable for MHT applications due to their smaller size, higher

magnetization, and enhanced SAR values.

Chapter VI describes the synthesis of MIONCs through the thermal
decomposition method and coating with m-PEG. The impact of coating on structural
and morphological properties has been studied in both cases. XRD and FTIR analyses
reveal the formation of a pure phase with and without iron oxide nanoparticles.
Thermogravimetric and FTIR analyses confirm the successful attachment of m-PEG
on the nanoparticle surface. However, m-PEG coated nanoparticles exhibit a more
stable suspension and higher dispersion stability than iron oxide nanoparticles. The
excellent magnetic properties with small coercivity and remanence are typical of soft

ferrimagnetic characteristics. Thus, it is demonstrated that synthesized m-PEG
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MIONC s, after coating with the biocompatible m-PEG polymer, have been explored
for potential applications in biomedicine, especially in MHT. For the SAR values
calculated in physiological media, for the uncoated particles, the SAR value increases
from 13.96 to 237.44 Wg? with an increase in the field from 13.3 - 26.6 kA/m. For
m-PEG MIONCs, it increases from 45.45 to 221.17 Wg™. As a result, the MNPs
synthesized m-PEG MIONCs are well-suited for MHT applications because of their
reduced size, increased magnetization, and improved SAR values.

Moreover, chapter VII demonstrates the in vitro cytotoxicity of chitosan and
m-PEG-coated manganese iron oxide nanoparticles under an AC magnetic field. The
ability of MIONPs and CS-MIONPs to induce tumor cell death under AMF is
demonstrated, along with their drawbacks, when used with MCF7 cells. In vitro
assessments of MCF-7 breast cancer cell lines demonstrated anticancer activity. In
this study, the MIONPs-mediated magneto-thermotherapy reduced cancer cell
viability to approximately 71.48% for CS-MIONPs and 92.2% for m-PEG MIONCs,
respectively. The m-PEG MIONCs mediated magneto-thermotherapy under an AC
magnetic field shows the most promising therapeutic modality against breast cancer
due to superior anisotropy and heating efficiency. The studies on MHT under an AC
magnetic field confirm the potential application of m-PEG MIONCs nanoparticles in
cancer theranostics.

This study presents a nano-platform rationally designed using MIONPs coated
with chitosan and m-PEG to be used as an effective nanomedicine in magnetically

activated hyperthermia therapy.
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Recommendation

The MIONPs with high magnetic moments were synthesized and coated with
chitosan, enhancing their induction heating properties, achieving a maximum SAR of
181.48 W/g compared to 153.46 W/g for uncoated particles. Mno.7sFeo.25Fe204
nanoparticles, also chitosan-coated, showed improved hyperthermia performance.
Cube-shaped MnyFe3—xOs MIONCs synthesized by thermal decomposition, coated
with m-PEG, exhibited excellent heating efficiency, with SAR values increasing from
13.96 to 237.44 W/qg for uncoated particles and from 45.45 to 221.17 W/g for m-PEG-
coated ones under AC magnetic fields. In vitro assessment of MCF-7 breast cancer
cells demonstrated anticancer activity of CS-MIONPs and m-PEG MIONCs under
AMF. Magneto-thermotherapy reduced cancer cell viability by 71.48% for CS-
MIONPs and 92.2% for m-PEG MIONCs, with the latter showing superior
therapeutic potential due to better anisotropy and heating efficiency. These findings
highlight m-PEG MIONCs as a promising candidate for magnetic hyperthermia
therapy in cancer treatment. Based on the comprehensive analysis of this thesis,
several recommendations arise to further the development and application of
magnetic nanoparticle-based hyperthermia therapy.

% The further exploration of manganese-substituted iron oxide nanoparticles
(MnyFe;x04) is recommended, particularly focusing on optimizing Mn?
substitution to enhance magnetic and structural properties for biomedical
applications, especially hyperthermia treatment.

% Additionally, investigating the long-term stability, biocompatibility in terms of
human cells, and toxicity profiles of these nanoparticles in vitro would be
crucial to advancing their potential in clinical applications for cancer therapy.

% The in vivo studies should be conducted to validate the therapeutic efficacy of
these nanoparticles in clinical applications, particularly for cancer
theranostics.

s Exploring the in vivo performance and pharmaceutical properties of
nanoparticles is crucial for progressing their clinical applications. Moreover,
addressing existing limitations and improving their heating efficiency under
an AC magnetic field will further enhance their potential in magnetic

hyperthermia therapy for breast cancer.
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Future findings
% Investigate the in vivo application of the produced MnyFei1-xFe2O4 (X = 0.0,
0.25, 0.50, 0.75 and 1.0) nanoparticles to assess their biological performance.
Histological examinations can be used to measure the impact of temperature

rise on cell death.

X/
°e

To develop nanoparticles with suitable magnetic properties to achieve
maximum heating power under various field parameters, selecting the optimal
conditions for enhanced heating efficiency. Additionally, further in vivo
studies are required to demonstrate the therapeutic effects of these optimized
nanoparticles.

% Investigating the potential of combining magnetic hyperthermia therapy
(MHT) and photothermal thermal therapy (PTT) of surface functionalized
MNPs to produce cumulative local heating can bring about high heating
efficiency in hyperthermia therapy. The synergetic effect of MHT and PTT
can be realized by magnetooptical hybrid nanostructures such as core/shell
structures of magnetic NPs/semiconductor quantum dots and magnetic
NPs/polypyrrole, magneto-plasmonic hybrids and composite structures of
polymer-encapsulated magnetic and optical NPs.

% The further focus is on in vitro and in vivo studies of maximizing

magnetothermal response at various magnetic field amplitudes by varying the

doping concentration of M (Mn, Co, Zn, Cu, etc.) to optimize the magnetic
anisotropy.
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Functionalized manganese iron oxide
nanoparticles: a dual potential magneto-
chemotherapeutic cargo in a 3D breast cancer
modelf
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Localized heat generation from manganese iron oxide nanoparticles (MIONPs) conjugated with che-
motherapeutics under the exposure of an alternating magnetic field (magneto-chemotherapy) can revo-
lutionize targeted breast cancer therapy. On the other hand, the lack of precise control of local tempera-
ture and adequate MIONP distribution in laboratory settings using the conventional two-dimensional (2D)
cellular models has limited its further translation in tumor sites. Our current study explored advanced 3D
in vitro tumor models as a promising alternative to replicate the complete range of tumor characteristics.
Specifically, we have focused on investigating the effectiveness of MIONP-based magneto-chemotherapy
(MCT) as an anticancer treatment in a 3D breast cancer model. To achieve this, chitosan-coated MIONPs
(CS—MIONPs) are synthesized and functionalized with an anticancer drug (doxorubicin) and a tumor-tar-
geting aptamer (AS1411). CS—-MIONPs with a crystallite size of 16.88 nm and a specific absorption rate
(SAR) of 181.48 W g~* are reported. In vitro assessment of MCF-7 breast cancer cell lines in 2D and 3D cell

Received 13th June 2023,
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cultures demonstrated anticancer activity. In the 2D and 3D cancer models, the MIONP-mediated MCT
reduced cancer cell viability to about 71.48% and 92.2%, respectively. On the other hand, MIONP-
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1. Introduction

The future of magnetic nanoparticles’ (MNPs) use in appli-
cations such as heat-mediated drug delivery, catalysis, self-
heating materials, magnetic fluid hyperthermia (MFH) thera-
pies," MRI-guided drug delivery,”> and heat-triggered remote
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1 Electronic supplementary information (ESI) available: Additional details of the
energy dispersive X-ray analysis (EDX) and the details of induction heating, i.e.
slope values calculated from the temperature versus time plot and SAR values of
the different concentrations of nanoparticles under an AMF of appropriate field
strength. See DOI: https://doi.org/10.1039/d3nr02816j

This journal is © The Royal Society of Chemistry 2023

mediated MCT under an AC magnetic field diminished spheroids’ viability to 83.76 + 2%, being the most
promising therapeutic modality against breast cancer.

biological process control may depend on the enhancement of
the heating effectiveness of MNPs under alternating magnetic
fields (AMFs).>* It is projected that 297790 women and
2800 men will be diagnosed with invasive breast cancer in the
USA in 2023, and another 55 720 women will be found to have
ductal carcinoma in situ (DCIS). In the year 2023, approxi-
mately 43700 lives will be lost due to breast cancer, with
43170 of those deaths affecting women and 530 impacting
men.” Targeted heating of cancerous tumors to temperatures
between 42.0 to 44.0 °C, known as hyperthermia, is an alterna-
tive strategy for treating cancer. This method either causes
direct cell death or makes the tumor more receptive to chemo-
therapy or radiation therapy. To ensure the safety of MFH, we
optimized the parameters of the AMF by selecting a low fre-
quency (f) and an appropriate strength of the AMEF. This
optimization aimed to minimize exposure times while main-
taining bio-safety. Magnetic hyperthermia therapy (MHT) uti-
lizes MNPs to generate heat after exposure to an AMF. This
heat is then used to selectively treat specific tumor tissues
while minimizing damage to surrounding normal tissues, as it
avoids significant overall temperature elevation.”” Due to their
superior magnetic properties, excellent biocompatibility, and
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Application of Mn,Fe,_,Fe,0, (x = 0—1) Nanoparticles in Magnetic
Fluid Hyperthermia: Correlation with Cation Distribution and

Magnetostructural Properties
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ABSTRACT: Optimization of manganese-substituted iron oxide nanoferrites having
the composition Mn,Fe, ,Fe,0, (x = 0—1) has been achieved by the chemical co-
precipitation method. The crystallite size and phase purity were analyzed from X-ray
diffraction. With increases in Mn?* concentration, the crystallite size varies from 5.78
to 9.94 nm. Transmission electron microscopy (TEM) analysis depicted particle sizes
ranging from 10 + 0.2 to 13 + 0.2 nm with increasing Mn?* substitution. The
magnetization (M,) value varies significantly with increasing Mn** substitution. The
variation in the magnetic properties may be attributed to the substitution of Fe** ions Tl v “ \ =
by Mn®" ions inducing a change in the superexchange interaction between the A and B v L h
sublattices. The self-heating characteristics of Mn,Fe,;_,Fe,O, (x = 0—1) nanoparticles

(NPs) in an AC magnetic field are evaluated by specific absorption rate (SAR) and o
intrinsic loss power, both of which are presented with varying NP composition, NP Hyperthermia o e T T
concentration, and field amplitudes. Mn,sFe,sFe,O, exhibited superior induction

tic Moment (emulgm)

Magnetic Moment (emu
5 & g

S

\ \

Magnetic

Magnetic field Strength (Oc)

heating properties in terms of a SAR of 153.76 W/g. This superior value of SAR with an optimized Mn>" content is presented in
correlation with the cation distribution of Mn*" in the A or B position in the Fe;O, structure and enhancement in magnetic
saturation. These optimized Mn,,sFe;,sFe,O, NPs can be used as a promising candidate for hyperthermia applications.

B INTRODUCTION

Due to their unique physical features, known biocompatibility,
ease of production, and highly adjustable nature at the
nanoscale, maghemite (y-Fe,O;) and magnetite (Fe;O,)
nanoparticles (NPs) are especially well suited for various
biomedical applications."”” Magnetization in Fe;0, can be tuned
by replacing iron ions with transition metal cations, especially
manganese ions, which have higher magnetic moments.” It is
explored for many applications which include catalysts, humidity
sensors, biomedicine, MRI, microwave technologies, drug
delivery, and magnetic fluid hyperthermia.2 The properties of
manganese ferrites such as their high electrical resistance, high
curie temperature (bulk MnFe,0, is T. 577 K), low coercivity
value, and a low eddy current loss allow them to serve a wide
range of applications.”” The integration of secondary cations
Mn*" in Fe;O, and synthesis reproducibility have been studied.®
In the past decade, the general term MFe,O, (M = Co, Mg, Ni,
etc.) of spinel ferrites has been widely used for a variety of
technological and biomedical applications.”” The magnetic and
electrical properties of these compounds strongly depend on the
synthesis process, chemical content, annealing temperature, and
cation distribution. The cation distribution in spinel ferrite
materials among two interstitial sites of the structure is one of
the most challenging aspects of studying these materials due to
its effect on the properties of ferrites.” Shahane et al. reported the

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

MnFe,0, magnetic NPs (MNPs) showing the antiparallel spin
moments among Fe®*, Mn**, and Fe®" ions at A-sites and inverse
spinel structures.'” The polycrystalline spinel ferrite
Co,Ni,_,Fe,0, (x = 0—1) was obtained by the sol—gel
autocombustion method with the Co substitution. In Co**-
substituted nickel ferrite, the density is higher than Ni?* ions,
owing to the higher magnetocrystalline anisotropy and the
smaller particle size. The saturation magnetization (M,) was
increased to x = 0.8, at which point there was a small reduction in
M, for CoFe,0,."" There have been several proposals for
substituted magnetite NPs, M,Fe;_,O, (M = Nj, Zn, Mn, and
Co, 0 < x < 1) for various bio-applications since their magnetic
properties can be easily controlled by replacing divalent or
trivalent metal ions without modifying the crystal structure by
either replacing them completely or partially.

Mn,Fe; ,O, NPs among these ferrites show stronger
magnetization (M), low coercivity (H.), and low inherent

Received: September 1, 2022
Accepted: November 8, 2022
Published: November 22, 2022
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Low temperature glycine nitrate combustion synthesis
of nanostructured zinc ferrites for enhanced visible light-driven
methylene blue degradation
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Abstract

In this study, we present the efficient degradation of methylene blue (MB) under visible light using nanostructured zinc ferrite
(ZnFe,0,) photocatalysts. The ratio of glycine and nitrate as a fuel and oxidant, respectively employed for the preparation
of ZnFe,0, nanoparticles by using the combustion method. The ratio variation of glycine and nitrate shows an effect on
crystal structure, texture, and pores formation which is supported for photodegradation. The X-ray diffraction and scanning
electron microscopy study exhibited cubic spinel structure and highly porous morphology respectively. X-ray photoelectron
spectroscopy, and ultra-violet diffuse reflectance spectroscopy techniques utilized for the confirmation of ZnFe,O, material
and band gap energy measurement. Furthermore, the adiabatic flame temperature (T,;) and the properties of the resulting
product were studied in various combinations of nitrates and glycine. Thermodynamic analyses reveal that both the number of
gases produced, and adiabatic flame temperature increase with a rising fuel-to-oxidant ratio. The synthesized photocatalysts
are evaluated for their efficacy in the MB dye degradation under visible light (A >400 nm). The ZnFe,O, nanoparticles (GN™!
ratio of 0.48 (Z1)) showed efficient photocatalytic activity up to 90.65% degradation of MB dye in 5 h (h). These results
played a crucial role due to the formation of hydroxyl radicals (*OH) reactive species, leading to the efficient degradation
of MB under visible light irradiation. ZnFe,O, (Z1) nanoparticles demonstrated excellent recyclability and stability study.
The highly porous morphology as well as the reduced band gap enabled the photodegradation of MB dye. Also, this work
highlights the influence of the fuel-to-oxidizer ratio for MB dye degradation under visible light.

Keywords Combustion method - Nanoparticles - Photocatalysis - Porous morphology - Zinc-iron-oxide

1 Introduction

Water pollution is a critical environmental issue primar-
ily caused by the release of harmful substances, including
organic dyes and heavy metals, in industrial wastewater
[1]. These pollutants pose a serious threat to humans, ani-
mals, plants, and aquatic ecosystems [2]. Various types of
dyes, such as synthetic, azo, acidic, basic, reactive, diazo,
and anthraquinone, further contribute to water pollution

P< V. M. Khot
wish.khot@gmail.com

Centre for Interdisciplinary Research, D. Y. Patil Education
Society (Deemed to Be University), Kolhapur 416 006, India

Department of Materials Science and Engineering, Yonsei
University, 50 Yonsei-Ro, Seodaemun-Gu, Seoul 03722,
Korea

[3]. Cationic dyes like methylene blue (MB) are challeng-
ing to remove from wastewater due to their harmful effects,
and they are commonly used in industries for applica-
tions like coloring paper, clothing dye, photosensitizers,
and redox indicators [4-6]. Several wastewater treatment
methods exist, including physical-chemical processes like
coagulation, irradiation, ozonation, chemical oxidation, ion
exchange, adsorption, and reverse osmosis [7]. Photoca-
talysis, particularly visible light-driven photocatalysis, has
emerged as a promising technology for wastewater cleanup,
effectively breaking down dyes by absorbing a broad spec-
trum of light and promoting the formation of hydroxyl
groups [8]. Nanoparticles responding to visible light, such
as zinc ferrite (ZnFe,0,), have shown effectiveness in pho-
tocatalytic degradation of MB and other dyes, making them
promising for wastewater treatment [9—13]. Their choice is
driven by affordability, non-toxicity, and magnetic proper-
ties, especially under visible light exposure [14, 15].

llj b dools
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