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Abstract

Magnetic hyperthermia is emerging as a promising alternative to the currently available cancer treatment
modalities. Superparamagnetic iron-oxide nanoparticles (SPIONs) are extensively studied functional nano-
materials for biomedical applications, owing to their tunable physio-chemical properties and magnetic prop-
erties. Out of various ferrite classes, spinel and inverse-spinel ferrites are widely used but are affected by
particle size distribution, particle shape, particle-particle interaction, geometry and crystallinity. Notably,
their heating ability makes them suitable candidates for heat-mediated cancer cell ablation or hyperthermia
therapy. Exposing SPIONs to an externally applied magnetic field of appropriate frequency and intensity
cause them to release heat to ablate cancer cells. Majorly, three heating mechanisms are exhibited by
magnetic nanomaterials: Nèel relaxation, Brownian relaxation and hysteresis losses. In SPIONs, Nèel and
Brownian relaxations dominate whereas hysteric losses are negligible. These nanomaterials possess high ma-
gnetization values capable of generating heat to ablate cancer cells. Furthermore, surface functionalization
of these materials imparts the ability to selectively target cancer cells and deliver cargo to the affected area
sparing the normal body cells. The surface of nanoparticles can be functionalized with various physical,
chemical and biological coatings. Moreover, hyperthermia can be applied in combination with other cancer
treatment modalities in order to enhance the efficiency of treatment.

Keywords

Cancer, magnetic hyperthermia, iron-oxide nanoparticles, surface modification, site-specificity, colloidal sta-
bility
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Introduction

Cancer is one of the fatal, non-communicable diseases with a very high mortality worldwide. Global Cancer
Observatory (GLOBOCAN) 2020 estimated 19.3 million new cases with only 48 % survival in the year
2020 (Globocan, 2020). The number of cases is increasing rapidly at the rate of 442.4 per 100,000 men and
women per annum and it is estimated that this number would be doubled by the year 2040. Food habits,
lifestyle, drugs, exposure to chemicals, high intensity radiations for a long period of time (Blackadar, 2016)
and environmental carcinogens (Malik et al., 2021) are a few of the leading causes of cancer. Figure 1 depicts
the number of cases reported worldwide in 2020 and mortality due to various cancer types. From the given
statistics it can be inferred that the number of cases is the highest for breast cancer whereas, mortality is the
highest in case of lung cancer. Concurrently, over the past few years research in the field of cancer treatment
has also expanded.

Currently, surgery, radiotherapy, chemotherapy, immunotherapy, hormonal therapy and their combination
are being practiced as cancer treatment modalities. Besides, these treatment strategies are associated with
side-effects and are not patient-friendly. In this direction, nanotechnology has advanced the medicine and
biomedical fields. Nanomedicine is a promising approach for developing effective treatments of different
diseases including cancer. Nanoparticles possess excellent physical properties such as small size/high surface-
to-volume ratio and unique multifunctional features of stimulus/stimuli-responsiveness. In addition to these
properties, magnetic nanoparticles have a heating capacity in response to an externally applied magnetic
field (Leonel et al., 2019; Reyes-Ortega et al., 2019).

The effect of heat on biological tissues was known for a long time, which triggered the studies on the
hyperthermic effect on tumour cells. Magnetic nanoparticles (MNPs) are excellent candidates for magnetic
particle mediated hyperthermia (MPH) or magnetic field hyperthermia (MFH), in which temperature is
gradually increased above the normal body temperature to 42-46 °C under the influence of an externally
applied alternating magnetic field (AMF). This elevated temperature is considered as the hyperthermia
temperature which is safer to the normal tissues to quite a good extent but is able to ablate the tumour
tissues (Dahaghin et al., 2021). In addition, with the advent of nanotechnologies, various approaches are being
explored so as to apply hyperthermia to deep-seated tumours. Nanomaterials find versatile applications from
the field of electronics or environmental remediation (Joshi et al., 2021; Malik et al., 2022) to biomedicine.
In recent times, hyperthermia has evolved in which hysteresis and relaxation losses are used to generate
heat. The emerging nanotechnologies offer improved and multifunctional nanocarriers to serve the purpose.
Multifunctional nanocarriers are highly desired to deliver at the diseased site, treat it and observe the
outcome at the same time; generally referred to as nano-theranostics.

In this regard, Iron Oxide Nanoparticles (IONPs) are extensively explored because of their excellent tun-
able magnetic properties. IONPs are biocompatible, less toxic and physio-chemically stable and thus are
being investigated for various biomedical applications. Superparamagnetic iron oxide nanoparticles (SPI-
ONs) possess desired magnetization values and heating ability for hyperthermia applications. Magnetization
saturation and Specific Absorption Rate (SAR) values mainly regulate the heating ability of nanomaterials
in the applied alternating magnetic field (Tsopoe et al., 2020). The bulk magnetization of magnetite NPs
is reported to be 92 emu/g (S. S. Laha et al., 2013) and the highest SAR value reported is 2452 W/g for
cubic IONPs (Guardia et al., 2012). Also, taking into consideration the practical constraints on the field
parameters in clinical settings,H×f < 5×109 A/m.s is generally used for hyperthermia applications (Hergt
& Dutz, 2007). Yet, there are few challenges to its practical applications including (i) oxidation of Magnetite
(Fe3O4) to Hematite (Fe2O3) in biological environments, which affects the magnetic properties, (ii) design of
superparamagnetic nanomaterials without compromising the saturation magnetization, which can generate
hyperthermia temperature, (iii) targeted delivery at the disease site, and (iv) inducing antibacterial proper-
ties post-surgery or injury as bacterial infection and biofilm formation can adversely affect the treatment
(Nam et al., 2021).

The recent advancements in nanotechnology have enabled the tuning of the physical properties (size, shape,
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structure: core-shell/exchange bias (Tsopoe et al., 2020)) and chemical composition (composites, doping
with rare earth or transition metals) for broader applications and obtaining improved results. Coating of
nanocarriers by organic compounds is desired to ensure their aqueous stability and improve biocompatibility
(Jamir et al., 2021). The active biological compounds also offer functional groups which can be advantageous
for the functionalization of the nanoparticles. Doping with other metal ions is also reported to improve
stability due to the formation of more stable phases (Kowalik et al., 2020). In addition, the nanoparticles
can also be conjugated with tumour-specific antibodies or ligand-specific to the respective receptors that are
overexpressed in tumour cells to ensure site-specificity (Montazerabadi et al., 2019).

Further, there are several ways in which hyperthermic effects can be enhanced, namely, ultrasounds, ra-
diofrequency, high-frequency currents and microwaves. Among these, the microwave approach is the most
promising but is limited to superficial tumours only (Dahaghin et al., 2021). For practical applications, hy-
perthermia along with other therapeutic approaches such as chemotherapy and radiotherapy are also being
exploited. The chemotherapy/radiotherapy sensitizes the tumour cells for further thermal therapy, and thus
the synergistic effect of the combined therapies leads to enhanced treatment of cancer (Curcio et al., 2019).

This review summarizes the various iron-based engineered nanomaterials used for hyperthermia applications
as an alternative to the currently available cancer treatments. The mechanism of heat generation by IONPs
and the various factors affecting their heating ability is discussed. The effect of various dopants on the
magnetic properties of IONPs is highlighted. This review also sheds light on the approaches to carrying out
surface modification in order to improve the colloidal stability, biocompatibility and target efficacy of MNPs.

Cancer and therapeutic approaches being practiced

Cancer refers to the abnormal and uncontrolled proliferation of normal cells in the body, thereby forming a
tumour cell mass. It is said to be malignant or cancerous when it starts to invade other tissues of the body
or shows metastasis, while the localized tumour is termed benign or non-cancerous. Hanahan and Weinberg
in 2000 described six characteristics of cancer cells, namely uncontrolled growth and differentiation, sustai-
ned proliferation, lack of apoptosis, self-sufficiency in growth signals, invasion and angiogenesis (Hanahan
& Weinberg). There are hundreds of cancer types arising due to various environmental factors and modern
lifestyle habits. Tobacco chewing, exposure to radiation, lack of exercise or physical activities, obesity, in-
fections affecting immunity and pollution are a few of the major causes of cancer (Blackadar, 2016). These
factors are responsible for the alterations in genetic makeup leading to mutations, thereby causing cancer.
The changes in the principal pathways governing cell proliferation and differentiation are led by multiple
genetic events that promote cancer cell growth.

Normal cells regulate their growth and proliferation by acquiring growth signals. Transmembrane receptors
help in transmitting these signals into the cells by binding to signalling molecules, such as growth factors,
cell to cell interacting/adhesion molecules (CAMs) and extracellular matrix (ECM) components. These
signals are crucial for cell proliferation therefore, many oncogenes mimic normal growth signals and lead to
uncontrolled tumour cell proliferation. Numerous studies have reported that genetic alterations or mutations
such as gain of function in case of oncogenes and loss of function in case of tumour suppressor genes promote
cancer cell growth. Oncogenes such as Ras, Myc, BRCA1, etc. are mostly active in cancer cells, whereas
tumour suppressor genes, such as p53 and RB1 are mutated to promote tumour progression, thereby acting
like a dual-edged sword. Growth factor receptor tyrosine kinase in its cytoplasmic domain is over-expressed
in many tumours. The over-expression of receptors makes tumour cells hyper-responsive to the signals to
trigger proliferation. For instance, epidermal growth factor receptor (EGFR/erbB ) is over-expressed in brain,
stomach and breast cancers. HER2/neu expression is highly upregulated in stomach and breast/mammary
carcinomas (Compagni & Christofori, 2000). EGFR is a growth factor receptor tyrosine kinase, generally
associated with many types of cancers. It leads to cancer prognosis but also reduces recurrence-free or overall
survival rates in the patients. Maurizi et al. in 1996 carried out a radio-labelled ligand receptor-based assay
and found that elevated levels of EGFR are associated with relapse and death (Maurizi et al., 1996). Besides
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this, the unique cell surface markers expressed in cancer cells aid in identifying the different cancer cell types.
For example, epithelial-specific antigen receptors, CD44 and CD24, are found to be expressed on the surface
of pancreatic cancer cells (Li et al., 2007) and these receptors could be potential targets for cancer therapy.

Figure 1: GLOBOCAN statistics for different cancer types depicting the number of cases and mortality.
The reported number of cases is almost the same for breast and lung cancer but the mortality is higher in
case of lung cancer followed by colorectum and liver cancer. Adapted from ref. (Globocan, 2020).

The current cancer therapies comprise of surgical removal of tumour mass, radiotherapy, chemotherapy,
immunotherapy, hormonal therapy and combinatorial therapy. Solid cancers, such as lung, brain, liver,
colorectal, stomach and breast cancer, also contribute widely to deaths. Surgical removal of solid cancers
is thus considered as a life-saving approach. However, postoperative tumour recurrence is seen in patients.
There are evidences to show that surgical tumour resection affects the immune system (J. C. Coffey et al.,
2003).

Radiotherapy is generally referred to the usage of X-ray or irradiation therapy to treat malignant tumours. It
is one of the main cancer treatments used in about 50% of cancer cases (R. Baskar et al., 2012). It damages
cancer cells by the deposition of high-energy radiations in cancerous tissue. Cancer cells are affected by
radiations either directly or indirectly. These radiations directly affect the cellular components thus, cause
damage to them. The indirect damage to cell genome is caused by the formation of free radicals. It attains
its therapeutic efficiency by damaging DNA leading to cancer cell death (R Baskar et al., 2014). It is one
of the major cancer therapies available but is associated with side-effects. Thus, the normal body cells
are equally prone to fall prey to radiations. In fact, ionizing radiations are potent carcinogens. Secondary
malignancies arise after the primary radiotherapy, observed in the case of long-term cancer survivors. A few
side effects of ionization radiation include chromosome aberrations, sterility, epilation, cataract and burns
depending upon the radiation dosage and site of exposure. For example, an irradiation dose of 3 Gy results
in epilation while 6 Gy induces permanent sterility (Aggarwal, 2014).

Chemotherapy is considered as the standard modality, utilizing chemicals/drugs to destroy or inhibit cancer
cell growth. Paul Ehrlich, a German chemist first coined the term “chemotherapy” after investigating the
use of chemotherapeutic drugs to cure various infectious diseases. On the other hand, patients’ life is ad-
versely affected as they suffer from nausea, anxiety, restlessness, pain, gastrointestinal and sleep disorders.
Conventional chemotherapeutic agents used in chemotherapy affect macromolecular (DNA, RNA and pro-
tein) synthesis or interfere with their respective functioning. It ultimately leads to cell apoptosis but it may
require repeated and high drug dosage (DeVita & Chu, 2008). With repeated drug infusions, the cancer cell
may become chemo-resistant by over-expressing reflux pumps and spontaneous mutations, thus the chances
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of tumour recurrence increase many folds. To get an adequate response, the use of a combination of drugs is
being practiced. While practicing combination chemotherapy, chemotherapeutic drugs with different action
mechanisms and non-overlapping cellular toxicities are chosen to escape resistance. For instance, bleomycin,
vinblastine and cisplatin are used in combination as a curative regimen for testicular cancers (Elion et al.,
1954).

Compared to other standard cancer treatments, immunotherapy has come up with significant improvements
in terms of life expectancy and post-treatment life quality. It is a relatively newer approach and is being
developed. William B. Coley first attempted to use the immune system against cancer cells in the 19th

century and thus is recognized as the “father of immuno-cancer therapy”. A cocktail of live, attenuated and
inactivated bacteria was prepared, including, Streptococcus pyogenes and Serratia marcescens,which is known
as Coley’s toxin (McCarthy, 2006). Upon injecting patients with the toxin, several types of malignancies
were reported to be cured. But the unknown mechanism of action and risks associated with it forced
oncologists to practice surgery, chemotherapy and radiotherapy. With the improvements and findings in
this field, the potential of interleukins (IL), interferons (IF) and chemokines has been discovered to be used
for immunotherapy (Dinarello, 2007; Lee & Margolin, 2011). On the other hand, activating the immune
response against tumour leads to autoimmunity. The monoclonal antibodies discovered against CTLA-4 and
PD-1 (inhibitory immune-checkpoints) have shown antitumour response. Rapidly proliferating cancer cells
show high levels of metabolic-reprogramming and a high rate of glycolysis, termed as “Warburg effect”, one
of the many hallmarks of carcinogenesis (Kareva & Hahnfeldt, 2013). Nutrient scarcity and metabolic waste
accumulation takes place in tumour environment as tumour cells limit T-cells to the nutrients essential to
activate them and produce higher levels of lactate. CTLA-4 (Gilligan et al., 2000) and PD-1 upon binding
to respective ligands inhibit glycolysis by reducing cytokines secretion and exhausting T-cells. Besides
glycolysis, amino acids catabolism in the tumour microenvironment is another player in immune function
(Patsoukis et al., 2015; Saunders et al., 2005). Tryptophan, L-arginine and glutamine are known to play
a role in tumour progression. Thereby, targeting the metabolic pathways of these amino acids may be
promising for cancer therapy. The future aspects of immunotherapy may rely on combinatorial therapies. A
target directed personalized therapy is highly desirable to prevent tumour recurrence (Esfahani, 2020).

Hormonal therapy is given to patients with advanced or metastatic cancer. It is an effective therapy for
prostate cancer and hormone (progesterone and oestrogen) receptor positive breast cancer. It can be given
prior to surgery or radiotherapy in order to reduce primary tumour size thereby reducing the recurrence risk.
In women with breast cancer, oestrogen suppression is carried out by injecting anti-oestrogen (tamoxifen),
oestrogen-receptor antagonist (fulvestrant) and aromatase inhibitor (anastrozole, letrozole, exemestane).
Tamoxifen has adverse effects too, such as hot flushes, vaginal discharge, night sweats and high risk of
thrombosis. Toxicities associated with aromatase inhibitors include hot flushes, high risk of osteoporosis
and arthralgia. In males with prostate cancer, androgen deprivation therapy is given. Luteinizing hormone
antagonists are given to reduce serum testosterone to castrate level. Castration may lead to reduced muscle
strength, weight gain, sweats, hot flushes, risk of cardiac complications and reduced libido (Abraham &
Staffurth, 2016).

Table 1 summarizes the available cancer treatments along with their merits and demerits. Available cancer
treatments are useful to some extent in curing cancer, however, are associated with some disadvantages and
possess limitations. Neither are they patient-friendly nor economical. Therefore, there is a strong need to
develop an alternative cost-effective approach to ensure the elimination of cancer cells without any undesired
side effects.

Table 1: Cancer treatments and their merits and demerits

Methods Advantages Limitations

Radiotherapy Controls the growth of tumour
Less time required No effect on
daily life

Side effects like tiredness, sickness
Damage to normal cells Required
special diet High cost
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. Methods Advantages Limitations

Chemotherapy Shrinks the tumour Reduces the
symptoms A cocktail of drugs
improves the therapeutic
efficiency

Side effects like nausea, fatigue,
hair loss May affect patient’s
health significantly Requires
regular visits to doctors, repeated
doses required Responsible for
rapid mutations and drug
resistance among cancer cells

Immunotherapy Immunomemory generated can
prevent the recurrence of cancer
Improve the efficiency of other
treatment strategies when used in
combination Fewer side effects on
normal cells

May induce allergic reactions Risk
of autoimmune response Takes
more time Adaption against the
immunotherapy may result in no
effect Not generalized, more of a
personalized approach Not
economical

Surgery Life-saving approach for solid
tumours

Highly invasive Highly painful
Chances of tumour relapse are
very high

Hormonal therapy Given to the patients with
advanced or metastatic cancer
Effective for prostate and breast
cancers

Hot flushes, vaginal discharge,
night sweats and high risk of
thrombosis, in case of females
Reduced muscle strength, weight
gain, sweats, hot flushes, risk of
cardiac complications and reduced
libido, in case of males

Hyperthermia: A novel approach

Hyperthermia refers to an increase in temperature to 42-46 °C, which has the potential to induce cancer
cell ablation. Extensive research is being carried out in this field. Many randomized clinical trials have
demonstrated that the effectiveness of other treatments, such as radiation therapy and chemotherapy, is
enhanced when used in combination with hyperthermia (Hynynen & Lulu, 1990). However, its full potential
as an independent, therapeutically relevant treatment strategy is yet to be realized in medicine. Moreover,
it has not gained much attention to date due to its inability to heat malignant cells efficiently and locally.
Conventional hyperthermia also possesses side effects as both malignant as well as non-malignant cells
are heat labile. This issue can be avoided by administering magnetic nanoparticles targeting specifically
cancer cells which are capable of accumulating in the affected/cancerous tissues. Tumorigenic tissue can
then be subjected to hyperthermia temperature on the application of AMF in order to ablate it. This
focused technique allows for localized heating of cancer cells while avoiding damage to adjacent normal
tissues, potentially increasing its efficacy and safety (Giustini et al., 2010).

There is a wide range of mechanisms through which hyperthermia can cause cellular damage as there is a
significant difference in the heat lability of cancerous and normal cells of the body. Cancer cells are more
sensitive to heat (Campbell, 2007). In-vitro experiments have shown that temperature and hyperthermia
duration affect cell viability. In a study done by Haghniaz et al. , the therapeutic potential of dextran-
coated MNPs was analyzed for hyperthermia application. The prepared MNPs were subjected to different
temperatures of 43, 45 and 47 °C for 0-24 h of time intervals. At hyperthermia temperature of 43 °C, cells
became thermotolerant whereas, in the case of hyperthermia treatment for 24 h at 45 °C and 47 °C tremendous
cell death was observed because of the elevated levels of Heat Shock Proteins (HSPs) responsible for inducing
apoptosis (Haghniaz et al., 2015). The sensitivity of cells towards hyperthermia requires tissue temperature to
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. rise evenly and distribute MNPs homogenously in cancer cells. Thus, sufficient exposure of malignant cells to
the hyperthermia temperature for an appropriate time period can kill them (Oei et al., 2015). With regard to
the killing mechanisms, protein denaturation ensuing downstream pathways activation or deactivation could
be one of them. Proteins start to denature at 40 °C and at higher temperatures a large protein proportion
is likely to be denatured (Dickson & Oswald, 1976). As the hyperthermia temperature range is from 42-
46°C, protein denaturation does not occur to a great extent. However, a few of the denatured proteins
aggregate with the native ones. Thus, as a result of protein denaturation and aggregation, DNA repair,
protein synthesis and cell cycle progression pathways are severely affected. Also, heat induces alterations
in membrane proteins and damages the plasma membrane. The elevated tissue temperature reoxygenates
the tumour microenvironment by increasing the blood supply to the tumour tissue. As shown in figure 2,
magnetic hyperthermia treatment (MHT) leads to immunomodulation by triggering an immune response
against tumour. Heat shock proteins (HSPs) play a crucial role in antigen recognition by dendritic cells.
HSP-bound antigens are presented to the major histocompatibility complex I (MHC-I) molecules, which
thus leads to T-cell activation or lymphocyte trafficking. HSP 60 protein is found to be involved in activating
T-cells thereby, allowing IFN-γ secretion. Also, MHT is found to upregulate HSP 70 expression which
provokes the immune system against tumour prognosis (Mahmood et al., 2018).

Figure 2: Immunomodulation by magnetic hyperthermia treatment. Heat generated by NPs inhibits or
denatures DNA repair enzymes, reoxygenates tumour microenvironment by increasing vessel perfusion and
leads to over-expression of HSPs which are then presented to immune cells as antigenic entities thereby
leading to lymphocytes trafficking at tumour site. Adapted from ref. (Pyrexar Medical, 2015).

In-vivo investigations have revealed some unique mechanisms via which hyperthermia affects cancerous
cells. Tumours possess fenestrated vasculature which is responsible for their acidic and hypoxic environment.
Cancerous cells thus fall susceptible to hyperthermic conditions. Poor vasculature and increased temperature
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. pave the way for easier delivery of chemotherapeutic drugs and higher oxygen diffusion, sensitizing cells to
chemotherapy and radiotherapy, respectively (Muz et al., 2015). Thus, when given in combination with
other therapies in use, hyperthermia can provide clinicians with better treatment outcomes.

There are various ways in which hyperthermia can be given and is broadly categorized (figure 3) as conven-
tional and localized approaches. The conventional approach includes whole-body and regional hyperthermia.
In the case of whole-body hyperthermia, hot blankets and thermal chambers are used to raise body temper-
ature whereas, in regional hyperthermia perfusions with hot liquids are given to the patient. The localized
approach is divided into external and nanoparticle-based hyperthermia. In the case of external hyperther-
mia, a focused radiation beam is given to elevate tissue temperature but is beneficial for superficial tumours
only. Nanoparticle-based hyperthermia involves the use of MNPs injected into the patient to generate heat
locally.

Figure 3: Broad classification of hyperthermia as conventional and localized approach depending upon the
heat source used to ablate cancerous tissue. Adapted with permission from ref. (Fernandes et al., 2020).

Magnetic Hyperthermia

Malignant and non-malignant tissues show similar responses to hyperthermia and/or combinatorial therapy
(Dickson & Oswald, 1976). This acts as a barrier to its clinical application. Therefore, magnetic hyperthermia
comes with a concept that shows promise in overcoming clinical barriers. SPIONs due to their tunable
physicochemical properties and high surface area to volume ratio are desirable candidates for magnetic
hyperthermia. In 1957 Gilchrist et al., for the first time came up with the concept of using magnetic iron
oxide nanoparticles (MIONs) in cancer treatment. They injected 20-100 nm sized MIONs into the lymphatic
channels to ablate residual malignant cells on the application of AMF (Gilchrist et al., 1957). Jordan et al.
in 1993, directly injected MNPs into the tumour and showed that this approach leads to selective heating of
tumour mass (Jordan et al., 1993).

8
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. Soon after the realization of the potential of magnetic hyperthermia, a surge could be seen in industries
to design and develop a hyperthermia setup. MagForce AG, a Germany-based company, founded in 1997,
produces devices for magnetic hyperthermia applications. It has designed NanoTherm® (aminosilanized-
ferrofluids), NanoPlan® (software for temperature simulations), NanoActivator® (AMF applicator). The
UK-based company nanoTherics (founded in 2007), designs biomedical instruments. MagneTherm® is one
of the products designed by this company for MNPs heating applications, including in-vivo ,in-vitro , calo-
rimetric and drug release.

Specific Absorption Rate (SAR) or Internal Loss Power (ILP) value of MNPs is used to define their heating
ability or efficiency to be used as hyperthermia agents. Guardia et al. reported the highest SAR value of 2452
W/g for 19 nm Iron Oxide Nanocrystals (IONCs) at a concentration of 1 mg/mL (Guardia et al., 2012).
Similarly, the highest SAR value (1588.83 W/g) has been reported by Peng et al for 14 nm manganese
ferrite nanoparticles (MFNPs) even at a very low concentration of 0.1 mg/mL. Though a higher SAR value
is beneficial to minimize the dose of MNPs formulation and thereby reducing its toxicity, it possesses some
constraints (wPeng et al., 2012). MNPs even with higher SAR values can possess toxicity or biocompatibility
issues (Malhotra et al., 2020). Having so many reports on the use of MNPs for hyperthermia application,
challenges like crystalline size (within range of critical particle size), improved magnetization saturation (Ms),
reduced cytotoxicity or better biocompatibility, and colloidal stability, are common challenges that still need
to be addressed. In this regard, doping of the magnetic materials with other materials can be employed to
have the desired magnetic heating outcome. Also, in order to make these nanomaterials colloidally stable,
biocompatible and site-directed, surface functionalization or coating can be carried out. Therefore, it is of
great attention to develop novel MNPs that (1) generate heat which is well-distributed in tumour cells to
eliminate them, (2) require minimal dosage and (3) must be site-directed.

Figure 4: Schematic of MFH showing nanoformulation being injected to the patient and application of
AMF to generate heat for hyperthermia treatment.

Mechanism of heat generation by MNPs

The magnetic materials possess magnetic moments or dipoles in addition to which they exhibit some char-
acteristics on exposure to AMF: saturation magnetization (Ms), remanence/remanent magnetization (Mr),
coercivity/coercive field (Hc) (Dennis & Ivkov, 2013). When exposed to an external magnetic field, SPIONs
magnetic domains align with the direction of AMF and the saturation magnetization (Ms) is achieved with
the alignment of all the magnetic domains. Removal of the applied field de-aligns the magnetic domains

9
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. but does not lose their magnetization completely. The remaining magnetism is referred to asremanent mag-
netization or remanence (Mr). Brolloet al. in 2016 reported that Mr is responsible for the aggregation of
particles (Brollo et al., 2016). The magnetic field applied to remove remanence is called a coercive field
or coercivity (Hc). SPIONs do not possess coercivity and remanence magnetization, as shown in figure 5.
SPIONs do not agglomerate much due to the magnetic interactions which makes them suitable candidates
for biomedical applications.

Figure 5: M-H curve for the superparamagnetic material is shown in red and for ferromagnetic material in
black. For a superparamagnetic material, Mrand HC are negligible. Adapted from ref. (Sezer et al., 2021).

The applied alternating magnetic field is responsible for heating the MNPs by one of the mentioned mecha-
nisms: Brownian relaxation, Nèel relaxation, eddy currents and hysteresis loss. Magnetic materials possess
dipoles having both, magnitude and direction. AMF application forces the dipoles to align with it. The ma-
gnitude or strength of AMF and properties of the material affect the extent of alignment. The direction of
the magnetic moment of a material changes upon a change in polarity of AMF. Body tissues are electrically
conducting so, upon their interaction with AMF, eddy currents are induced. As a result of which, Joule heat
is deposited in the tissues which is in accordance with the Faraday’s Law of induction. Eddy currents thus
can lead to excessive tissue heating and are undesirable. The non-specific tissue heating due to eddy currents
can be controlled by tuning AMF amplitude (Attaluri et al., 2020). Hysteresis is an inherent property of a
magnetic material in which its saturation vector traces a loop rather than retracing a single path on exposure
to an oscillating magnetic field. The hysteresis mechanism varies for magnetic materials that possess single
and multiple domains. When material consisting of multiple domains is given an oscillating magnetic field,
hysteresis occurs from the reorganization of domains. While in materials possessing a single domain, ma-
gnetization reversal may arise from the coherent rotation of dipoles. The reversal does not take place if the
anisotropy of a sample is higher than the amplitude and frequency of AMF leading to hysteresis. Hysteresis
losses lead to the heating of the magnetic material (Banerjee et al., 2010). The higher the anisotropy of a
magnetic material, the higher is the hysteric loss, leading to increased heat generation or Specific Loss Power

10
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. (SLP). Higher SLP values are observed for nanomaterials as compared to their respective bulk material (Hu
& Du, 2009; Krycka et al., 2010). Heat generation by hysteresis loss is in accordance with the first law of
thermodynamics; U = dQ + dW (Dennis & Ivkov, 2013), where, U is the change in energy, dQ represents
heat and dW is the work done. The work required to magnetize a magnetic material is given by the following
equation (Equation 1),

dW = H • dM (1)

where, H is strength of AMF and M represents magnetization. M and H are related to the magnetic flux
density (B ): B = µ0(H+M ) where, µ0is the vacuum magnetic permeability.

As mentioned earlier, the magnetization saturation vector does not follow the same path but traces a loop.
Hence, net work is done which is then converted into heat, given by the following equation (Equation 2),

Wheat =
∮

H • dM(2)

The area under the hysteresis loop is therefore given by equation 2. There are two types of hysteresis loops,
namely the major and the minor loop. The major loop begins at Ms when all the dipoles align parallel to
that of AMF, going to negative saturation and back. In a minor loop, the maximum applied field is less
than the field required to achieve Ms or is unable to saturate the magnetic system. The maximum heat
(Hmax) is generated by magnetic materials upon tracing the major hysteresis loop. However, in the case
of hyperthermia, heat is generated from the minor loop as there are limits on field parameters from the
perspective of patient’s safety and economical feasibility. Thus, practical constraints arise in the design of
the instrument. Biological constraints, such as material choice, particle size and field strength are also there
in the practical application of hyperthermia (Atkinson et al., 1984). Different research groups have given
different values for the field parameters as given in table 2.

Rosensweig for the first time gave the concept of heat approximation generated by magnetic particles in
the presence of AMF (Rosensweig, 2002). A linear response of magnetization to AMF is assumed giving the
following equation (Equation 3),

χ = χ
′ − ιχ” (3)

where, χ called susceptibility
(
= M

H

)
, for a given amplitude of AMF is considered constant. This approach

is referred to as the Linear Response Theory (LRT). The power dissipation is given by,

P = µ0f
∮

H • dM = µ0πχ
”fH2(4)

Brownian relaxation time, τB is the physical rotation of the MNPs along with the magnetic moment given by
equation 5, whereas, Nèel relaxation time, τN is the internal rotation of magnetic moments with hysteresis
given by equation 6 (Maldonado-Camargoet al. 2016) (Maldonado-Camargo et al., 2017),

τB = 3ηVH

kBT
(5)

τN = τA

(√
π
2

)(√
kBT
KVM

)
ekVM/kBT (6)

where, K is anisotropy constant, η is fluid viscosity,VH represents hydrodynamic volume of NPs, K b refers
to the Boltzmann’s constant and T denotes the temperature. The amplitude or frequency does not affect
Brownian relaxation. The effective relaxation time constant (τ) is related to the Brownian relaxation time
and Nèel relaxation time by the following expression (equation 7) (W. T. Coffey & Kalmykov, 2012),

1
τ = 1

τB
+ 1

τN
(7)

Power dissipation expression can also be depicted by the following expression (equation 8) in the modified
LRT (Rantschler et al., 2007),

P = µ0πχ0fH0
2
(

2πfτ
1+[2πfτ ]2

)
(8)
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. where, μo is the free space permeability, χ0is equilibrium susceptibility, H0 is amplitude and f is the frequency
of applied AMF. The expression shows the relation between heat generation and frequency, relaxation time
and parameters of AMF.

The heating ability/efficiency of MNPs is generally expressed in terms of SAR value. SAR value is the ratio
of power dissipated per unit mass of MNPs (equation 9) (Cristina & Samia, 2016),

SAR = P
mMNP

(9)

where P is power dissipated and mMNP is a unit mass of magnetic nanoparticles. Another way of expressing
SAR value is,

SAR = ms

mn
Cp

T
t (10)

where, Cp is specific heat of the solvent, ms denotes mass of solvent, mn is mass of MNPs and T
t is initial

slope of the heating curve.

MNPs heating ability can also be expressed in terms of Specific Loss Power (SLP), also called Intrinsic Loss
Power (ILP). The rationale behind introducing SLP/ILP was to compare the heating efficiency of MNPs at
different values of amplitude and frequency of AMF (Kallumadil et al., 2009).

SLP = SAR
fH2 (11)

Figure 6: The rotation of particles after the application of AMF causing Brownian relaxation and the
rotation of dipoles in accordance with the applied field leading to Nèel relaxation. Adapted with permission
from ref. (Laurent et al., 2008).

Factors affecting the heating ability of MNPs

IONPs are being developed for efficient magnetic hyperthermia performance. Exposing IONPs to AMF
of appropriate frequency and intensity cause them to release heat to ablate cancer cells. The available
nanomaterials for MFH must be improved in order to access deep-seated tumours, reduce dosage, limit field
parameters to biologically specified levels, increase SAR value and subsequently increase heating output.
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. Literature shows spherical IONPs with a size of about 20 nm are suitable for MFH application (Gazeau et
al., 2008). Whereas, the studies carried out with field conditions ofH × f < 5× 109 A/m.s suggest spherical
IONPs with 14 nm diameter to be optimal for MFH (Gazeau et al., 2008; Kolosnjaj-Tabi et al., 2014). This
provides a wide optimal range of 12-20 nm for IONPs. IONPs magnetic properties are strongly influenced
by the SAR value which further depends on the field parameters (frequency and strength/field intensity),
size distribution, magnetization and magnetic anisotropy of the MNPs and particle-particle interaction.

Size and shape: The prime mechanisms governing thermal losses include hysteresis loss, Néel and Brownian
relaxation. The size of NPs dictates which one of these mechanisms will dominate. Hysteresis losses are
dominated in NPs [?] 100 nm, but are very large for practical biomedical or clinical applications (Issa
et al., 2013). For magnetite, the critical size is 15 nm, below which superparamagnetism is observed i.e.,
hysteresis losses become negligible and Neel and Brownian relaxation govern the heating mechanism in IONPs
(Mohapatra et al., 2018a). Size and shape of nanoparticles greatly affect their magnetic properties and hence
the magnetization. A high value of magnetization along with high induction heating loss power is exhibited
by small-sized particles but ¡ 5 nm sized particles lead to surface-spin disorders lowering the magnetization
value. Also, the critical size for SPIONs is 20 nm beyond which their superparamagnetic character (Nèel and
Brownian relaxation) disappears. Taking into consideration these constraints, the optimal particle diameter
should range between 5-20 nm (Oh et al., 2016). In a study by Muller et al ., the effect of changing particle
size on SAR value was investigated. MNPs of sizes ranging 10-20 nm were prepared by the co-precipitation
method. It was found that the smaller NPs of size 10-12 nm show superparamagnetic behavior whereas,
larger NPs of size 15-20 nm showed ferrimagnetic behavior. The NPs with 12-15 nm showed higher SAR
values (Müller et al., 2013). Gonzalez-Fernandez et al. synthesized IONPs with sizes ranging from 5-110
nm. Under the field parameters of 13 kA/m and 260 kHz, 30 nm sized IONPs showed maximum heating
efficiency. With the increasing size, the SAR value was found to decrease and at particle diameter of 110 nm
with multiple-domain, SAR value diminished (Gonzalez-Fernandez et al., 2009). Presa et al. (De la Presa
et al., 2012) made an attempt to study the effect of size on the heating efficiency of IONPs. NPs in the
size range of 6-14 nm were synthesized. All the samples were analyzed for their hyperthermia performance
keeping concentration constant (50 μg/mL) under constant field parameters (H 0f < 5 × 109A/m.s). From
this study, a nearly cubic-dependence of SAR value on NPs radius was observed as:

SAR ∝
(
d

2

)3

Besides the size, the shape of the nanoparticles also influences their magnetic properties. Moreover, there
is a restriction on modifying the size of IONPs as their superparamagnetic character vanishes beyond a
certain limit. To circumvent this problem, another possibility is modifying their shape/composition. The
shape of NPs can be manipulated by controlling the growth rate. Gonzalez-Fernandez et al. have shown
that the addition of ethanol during NP fabrication yields cube-shaped NPs by slowing down the growth rate
(Gonzalez-Fernandez et al., 2009). Guardia et al. also showed that the cube-shaped iron-oxide nanocrystals
(IONCs) of 19 nm diameter possess the highest SAR value of 2452 W/g. J. K among all the various sized
synthesized IONCs (Guardia et al., 2012). Tabi et al. investigated the efficacy of PEGylated iron-oxide
nanocubes with a 19 nm of diameter. These nanocubes with a low dose of 700 μgFe could de-structure the
tumour microenvironment (Kolosnjaj-Tabi et al., 2014). Mohapatra et al. synthesized ferrite nanoparticles
with different shapes, namely spheres and rods. Both the nanoparticles displayed superparamagnetism with
high Ms values. 50 nm sized rod-shaped MNPs possessed Ms value of 58 emu/g and spherical-shaped 16 nm
MNPs had Ms value of 83 emu/g (Mohapatra et al., 2018b). Octopod-shaped NPs have also been reported
to possess high SAR values. Nemati et al. reported 70% increase in the SAR value from 140 to 240 W/g
after tuning the shape and size of IONPs (Nemati et al., 2016).

There is ample experimental data available for the effect of size and shape on the heating abilities of NPs in
terms of their SAR value. However, there is no established mathematical relation between SAR value and
size and/or shape of the NPs. Likewise, for cobalt-ferrites the optimal size is estimated to be 6 nm (Caizer,
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. 2021). Moreover, it is based on theoretical calculations only and experimental data is needed to support the
statement.

Field parameters: As described in equation 4 above, the power dissipation of MNPs is directly proportional
to the square of the AMF amplitude (H). Hence, the SAR value is affected by the field parameters as well.
SAR value increases with increasing field strength. However, there are constraints on field strength in
clinical settings, as high frequency and large amplitude magnetic field produces local heating by inducing
eddy currents. Brezovich et al. foundH × f < 4.85 × 108 A/m.s to be safer for humans (Atkinson et al.,
1984). Hergt et al. recommended the Hf limit to be ≤ 5 × 109 A/m.s (Hergt & Dutz, 2007) taking into
consideration the patient’s safety against the excessive heating caused by eddy currents. As summarized in
table 1 below, different research groups have put forward different values for the field parameters used for
hyperthermia application. But this range is further reduced due to technical constraints. Frequencies in the
range of 100-150 kHz and amplitude ranging from 10-30 kA/m are generally used for biological settings.

Table 2: Various field parameters used for magnetic hyperthermia applications

Research groups H×f (A/m.s) References

Brezovich et al., 1984 [?]4.85× 108 (Atkinson et al., 1984)
Hergt et al., 2007 [?]5× 109 (Hergt & Dutz, 2007)
Jordan et al., 2008 [?]1.8× 109 (Thiesen & Jordan, 2008)
Mamiya et al., 2013 [?]2× 109 (Mamiya, 2013)

Anisotropy and particle-particle interactions: In order to improve the heating ability of MNPs, tuning
their magnetic anisotropy is also an option. To achieve this, research in the direction of core-shell MNPs
is attracting attention. Modulating the surface anisotropy of MNPs also helps improve their heating abil-
ity. The exchange bias coupling taking place between the core-shell is responsible for tuning the magnetic
properties of the MNPs. In the bi-magnetic nanomaterial consisting of a core and a shell composed of an
antiferromagnetic and ferri/ferro-magnetic material, the coupling between the uncompensated spins of anti-
ferromagnetic material with the spins of ferri/ferro-magnetic material at their magnetic interface leads to the
shift in hysteresis curve (Barrera et al., 2018; Cotin et al., 2019; Lavorato et al., 2018; Simeonidis et al., 2020).
The investigations into heating ability of the MNPs due to exchange bias have been carried out and also
the normal and inverted core-shell nanomaterials for hyperthermia applications are being exploited. Tsopoe
et al.carried out a comparative study between the exchange bias effect of normal core-shell and inverted
core-shell nanomaterials. They synthesized core-shell nanostructures consisting of antiferromagnetic (NiO)
and ferrimagnetic (Fe3O4). An inverted core-shell nanostructure consisting of NiO core and Fe3O4 shell and
a normal core-shell nanostructure with Fe3O4 core and NiO shell were prepared. Also, their influence on
the heating efficiency of MNPs was studied. The extensive study of their magnetic properties revealed that
despite having lower Ms values than the bare ferrites both the nanostructures (normal core-shell and inverted
core-shell) possess high SAR as compared to the single-phase consisting ferrites which can be attributed to
the exchange bias coupling at the core-shell interface. Moreover, inverted core-shell nanostructures showed a
higher SAR value of 278 W/g when compared to that of normal core-shell nanostructures (232 W/g) owing
to their higher surface anisotropy due to more exchange bias coupling. The greater exchange bias coupling
in case of inverted core-shell nanostructures is because of the uncompensated spins of dipoles at the anti-
ferromagnetic interface. The average particle size for bare ferrite NPs was found to be 40.76 ± 3 nm which
reduced to 36.44 +- 2 nm for inverted core-shell nanostructures and 31.75 +- 3 nm for normal core-shell
nanostructures. According to the authors, the diffusion of layers of constituents during core-shell formation
is responsible for the reduction in the size. Furthermore, both the core-shell nanostructures were found to
reach hyperthermia temperature in about 10 minutes and showed a good cytocompatibility with ¿ 75 % cell
viability upto a concentration of 1 mg/mL (Tsopoe et al., 2020). Gupta et al. prepared magnetite-Zn-oxide
core-shell nanoparticles. ZnO-MNPs find wide applications in cancer treatment, photosensitizer, biosensing,
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. drug delivery and are well-known for antibacterial properties. Therefore, the authors devoted efforts to
develop the nanoplatform bearing Fe3O4core and ZnO shell NPs via a two-step chemical synthesis approach.
Fe3O4 synthesized by the hydrothermal method was then deposited with a ZnO shell. They were found to
exhibit superparamagnetic behavior and excellent heating efficiency. The SAR value of bare NPs was found
to be 92 W/g and that of core-shell NPs was 80 W/g and Ms value of 35 emu/g and 32 emu/g, respectively
with negligible remanence and coercivity. Also, the ILP value was calculated and found to be 0.58 for bare
and 0.49 nHm2/Kg for core-shell NPs. This clearly indicates that the ZnO coating did not affect the SAR,
Ms and ILP values much and they were found to be within the range of commercially available ferrofluids.
The prepared core-shell NPs reduced HeLa cell viability to 50% on 5 minutes exposure to AMF which can
be attributed to the Reactive Oxygen Species (ROS) production by ZnO. They also studied the photolumi-
nescence properties of the prepared NPs at room temperature. The emission of Fe3O4 -ZnO core-shell NPs
was observed in the visible range, promising for bio-imaging. The prepared multifunctional NPs have the
potential to be used in bioimaging and hyperthermia (Gupta et al., 2021).

Iron-oxide based nanomaterials used for magnetic hyperthermia

When subjected to AMF, MNPs are capable of generating heat via the magnetic relaxation mechanism, as
discussed above. Many native magnetic nanoparticles, such as Fe, Ni and Co, as well as their oxides, have
been studied for their possible use in hyperthermia. Owing to their remarkable size-dependent magnetic
characteristics, simplicity of functionalization, biocompatibility, ease of excretion and proven chemistry,
nanoferrites are being exploited for biomedical applications in magnetic hyperthermia treatment. Among
iron oxides; magnetite (Fe3O4) and maghemite (γ-Fe2O3) are suitable candidates for biomedical applications.
However, γ-Fe2O3 is prone to oxidation, whereas Fe3O4 is relatively stable (Múzquiz-Ramos et al., 2015).
Ferrites can be classified based upon their crystal structure and according to a magnetic field. Depending
upon the crystal structure ferrites can be classified as spinel ferrites (normal, inverse and random) bearing
the general formula AB2O4, hexagonal (AB12O9), garnet (M3Fe5O12 where, M is any metal) and ortho
ferrites (RFeO3 where, R denotes rare-earth metals). On the other hand, according to their susceptibility
towards magnetic field, ferrites are classified as soft and hard ferrites. Out of various ferrite classes, spinel
and inverse-spinel ferrites are used extensively and are affected by geometry and crystallinity (Manohar,
Chintagumpala, et al., 2021).

Fe3O4 (magnetite) has an inverse-spinel structure with the formula (B(AB)O4), in which Fe3+ occupies
the tetrahedral (A) sites and Fe2+/Fe3+ are placed alternatively at octahedral (B) sites (Gubin, 2009).
Superexchange interactions between Fe2+/Fe3+ ions and oxygen ions are responsible for magnetism in Fe3O4.
Single-domain Fe3O4 shows interesting magnetic properties. Fe3O4 NPs of lesser than 20 nm size (critical
diameter) exhibit zero remanence and coercivity, hence the superparamagnetic behavior. Bulk magnetite
(Fe3O4) is reported to show a very high magnetization saturation value (Ms) of 92 emu/g (S. S. Laha et
al., 2013). However, Ms is found to decrease with an increase in surface-to-volume ratio due to the surface
spin-canting (Gubin, 2009). The first study to report the highest SAR value for IONPs was carried out
by Guardia et al. where water-soluble cube-shaped iron-oxide nanocrystals (IONCs) were synthesized via
one-pot (co-precipitation) synthesis. Different sized IONCs were synthesized in the size range of 13-40 nm.
For all the IONCs, it was observed that the SAR value increases linearly with increasing field parameter i.e.,
frequency as can be seen from Figure 7A. On the other hand, square dependence of SAR was observed upon
fixing the frequency against AMF amplitude (Figure 7C, 7D). SAR value dependence of different sized-NPs
(12, 19, 25 nm) on Hf factor at a frequency of 320 kHz and SAR value dependence of 19 nm NPs on Hf
factor at varying frequencies of 320, 520 and 700 kHz was also analyzed as can be seen from Figure 8. Among
all the synthesized samples, IONCs having a diameter of about 19 nm showed a significantly higher SAR
value of 2452 W/g with a field strength of 520 kHz and 29 kA/m. This was the highest SAR value reported
for IONCs to date. Also, an in-vitro study on KB tumour cells was carried out with 19 nm IONCs resulted
in 50% of cell mortality in 1 h at the hyperthermia temperature of 43 °C (Guardia et al., 2012).
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Figure 7: SAR value (W/g) dependence on (A) frequency and amplitude of 14 kA/m (solid symbols) and
18 kA/m (void symbols) for various sized IONCs, (B) as a function of size for varied frequencies 320, 520 and
700 kHz, (C) AMF amplitude with a frequency of 320 kHz for different sized-IONCs, (D) AMF amplitude
with a frequency of 700 kHz for different sized-IONCs. Adapted from ref. (Guardia et al., 2012).

Figure 8: (A) SAR value dependence of different sized-NPs on Hf factor at a frequency of 320 kHz, (B)
SAR value dependence of 19 nm NPs onHf factor at varying frequencies of 320 kHz, 520 kHz and 700 kHz.
Adapted from ref. (Guardia et al., 2012).

IONPs possess a high Tc value because of which they are not appropriate for hyperthermia application.
This is mainly because of the amount of heat that may be delivered to the cells is limited. Thus, doping
another material into the iron oxide is considered to be the simplest and straightforward approach to improve
its magnetic characteristics. Doping materials such as Co, Zn, Ni and Mg can be employed to have the
desired magnetic heating. In a study by Soniaet al. , the role of substituting high anisotropy Co in Fe3O4

on its magnetic and structural properties was investigated. Oleic acid was used as a surfactant in the co-
precipitation synthesis of cobalt (Co2+) substituted Fe3O4. X-ray diffraction (XRD) and Rietveld refinement
confirmed inverse-spinel structure. Field-emission scanning electron microscopy (FESEM) analysis revealed
their spherical shape with a diameter of about 16 nm. Vibrating sample magnetometer (VSM) was used to
record the Ms value which decreased with an increase in Co2+ doping with negligible Mr and Hc, showing
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. their superparamagnetic behavior. At a low dopant (Co2+) molar concentration of 0.1, spin-spin interactions
dominate and beyond 0.2, the relaxation mechanism is governed by spin-lattice interactions (Sonia et al.,
2022). In a similar study by Kumar et al. , the stable kerosene-based cobalt-doped ferrite nanofluids,
termed nano-magnetic fluids (NMFs) were prepared. The dispersed NMFs were synthesized by the wet
chemical (co-precipitation) method. XRD analysis confirmed the cubic single-spinel phase. In this study,
the effect of varying cobalt concentrations on the magnetic properties of NMFs was analyzed. The different
concentrations of cobalt were chosen (0-0.8, with an interval of 0.2). It was found that by incorporating an
optimized cobalt concentration (0.2%), the Ms value rose from 43.87 to 61.78 emu/g. This can be because of
the arrangement of cations on octahedral and tetrahedral sites. At 0.2% Cobalt concentration, Co2+ replaces
Fe3+ at tetrahedral sites, which improves the exchange interactions between octahedral and tetrahedral
sites which is then responsible for improving the magnetic properties of NMFs. With increasing dopant
(Cobalt) concentration beyond critical concentration, a decrease in Ms was observed due to the decreased
exchange interactions. This indicates that the change of ionic distribution in the structure significantly
influences the magnetic properties. Therefore, optimal dopant concentration helps improve the properties
of NMFs (Kumar et al., 2021). It is reported that Co2+replaces Fe2+ at B sites giving ionic distribution as
(Fe3+)A[Fe2+1-xCo2+xFe3+]BO4. As Fe3+ is distributed uniformly among A and B sites and its magnetic
dipole moment is antiferromagnetically coupled, the net magnetic moment (μ) results from the divalent
cations (Fe2+) on the B-site. The decrease in the Ms values is due to the fact that Co2+ has a lower magnetic
moment of 3 μB as compared to both Fe2+ (4 μB) and Fe3+ (5 μB). In another study by Leonel et al. ,
superparamagnetic cobalt-doped magnetite NPs were synthesized by the co-precipitation method. Doping
was carried out with 3, 5, and 10 mol % of Co in ferrite NPs. The VSM study revealed the superparamagnetic
nature of the synthesized NPs. Ms values for all the samples were found to be in the range of 19-25 emu/g.
Also, it was observed that with the incorporation of Co, magnetocrystalline anisotropy increased by the
replacement of Fe2+ with Co2+. An increase in the coercivity was observed for the doped samples which
is associated with the high anisotropic systems. The dose-dependent cytotoxic response was observed for
pristine IONPs and Co-doped IONPs. MNPs doped with 10 mol% Co induced higher cytotoxicity towards
cancerous cells. Upon testing on HEK 293T (normal cells) and U87 (cancer cells), their EC50 was found to
be ˜24 and 17 μg/mL, respectively in the case of pristine IONPs which then reduced to ˜10 and 9 μg/mL,
respectively upon incubation with 10 mol% Co-doped IONPs. This study showed that small-sized ferrite
NPs (7-8 nm) hyperthermia performance can be improved by cobalt doping (Leonel et al., 2021).

Magnetic nanoparticles have been considered widely for various biomedical applications, cancer treatment
being one of them. Thus, extensive research is being carried out to enhance their biocompatibility. Garan-
ina et al. made an attempt to study the biocompatibility of cobalt-doped ferrite NPs in-vivo . Citrate
functionalized 12 nm cobalt doped ferrite NPs were synthesized. The effect of different doses of MNPs on
both the sexes of mice and rats for 30 days was investigated. As can be seen from Figure 9a, a dramatic
weight loss was observed in the case of male mice after the injection of the maximum dosage of CoFe2O4

NPs (3000 mg/Kg) on the 14th day. While in the other experimental group of mice (both male and female),
no significant difference was observed in their body weights as compared to the intact group of animals over
the entire incubation period (Figure 9a, 9b). Also, as seen in Figures 9c and 9d, in the case of male and
female rats no statistically significant difference in their body weights was observed for all the concentrations
of injected MNPs. The investigation of animal’s weight, blood biochemical and animal behavioral changes
revealed that as-prepared MNPs do not have the severe toxic effects at concentrations considered safe for
use in clinical applications. Gender-based studies showed that male animals were affected more by MNPs
dosage than female animals. This could be because of the differences in the immune responses of male and
female animals. Female animals (mice and rat) showed higher phagocytic activity. Moreover, these NPs
showed a high SLP value of 400 W/g. After intertumoral injection, MNPs retained the magnetic properties
for several hyperthermia cycles for three days (Garanina et al., 2021).
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Figure 9: Animals body weight changes after CoFe2O4 NPs injection as compared to the intact animals
group: (a) in case of male mice for five different experimental groups, (b) in case of female mice, (c) in case
of male rats, (d) in case of female rats. Adapted from ref. (Garanina et al., 2021).

Further, in a study by Andhare et al. , the effect of increasing Zn concentrations on the structural, optical and
magnetic properties of the Cobalt-ferrite NPs was analyzed. Zn doped cobalt Co-ferrites were prepared via
a coprecipitation synthesis route. XRD revealed their cubic-spinel single-phase structure. Scanning electron
microscopy (SEM) images showed the spherical grain-like structures and a decrease in agglomeration with
increasing Zn concentration. Also, the saturation magnetization was found to decrease from 60.63 emu/g for
Co-ferrite NPs to 43.57 emu/g for Zn doped Co-ferrites NPs (at a maximum concentration of Zn) (Andhare
et al., 2020). This may be attributed to the non-magnetic nature of Zn or due to the decreased exchange
interactions. Unlike, zinc ferrites, cobalt ferrites are hard magnets. Also, Zn2+ having zero magnetic
moments replaces Fe3+ at the A-site which decreases the magnetic moment at the tetrahedral site. At B-
site, the presence of Fe3+ and Co2+ enhances the B-B exchange-interactions with the weakening of the A-B
interactions. This leads to a decrease in the magnetic properties of cobalt-ferrites.

Manohar et al. investigated the effect of Nickle substitution on structural and magnetic properties of
Mg-ferrites (MgFe2O4). Their photocatalytic activity and cytotoxicity studies were also carried out. The
solvothermal technique was employed to prepare the cubic spinel nanoferrites in 8-10 nm size range. Ms

values for the as-prepared NPs were found to lie between 40.7-48.2 emu/g with a specific heat generation
rate lying between 97-328 W/g. The cytotoxicity analysis of the functionalized-NPs was done on MCF-7 and
MDA-MB-231 (breast cancer cells) and keratinocytes (normal cells). The functionalized-NPs were found to
be biocompatible with the normal cells but were able to reduce cancer cell viability to 23-60% at concentra-
tions of 25-1000 μg mL-1 via ROS generation and ferroptosis (Manohar, Vijayakanth, et al., 2021). Ni doped
Zn ferrites are exploited as self-controlled heaters because of their moderate Ms and low coercivity. Anu et
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. al. synthesized the Zn-doped Nickle (Ni) ferrite NPs via a co-precipitation process. The structural analysis
revealed their cubic-spinel, face-centered structure. The maximum Ms value of 30 emu/g was obtained for
NPs doped with a critical dopant concentration of 0.2, beyond which it was found to decrease. This is
because of the variation in exchange–interactions as the bond angle between divalent cations and oxygen
reaches 180° beyond the critical dopant concentration (0.2 molar) (Anu & Hemalatha, 2022).

Doped IONPs, particularly rare earth-doped (RE-doped) nanoferrites have proven to show improved perfor-
mance as compared to pure iron oxide. For that reason, RE doped nanoferrites are suitable for hyperthermia
applications (Martinez-Boubeta et al., 2013). RE-doped Fe3O4 shows higher magnetic-moments and a rela-
tively larger diameter (S. S. Laha et al., 2022). Also, it shows stronger spin-orbit-coupling which is responsible
for causing strain in Fe3O4 lattice thereby, enhancing the anisotropy and magnetization. RE-doping induced
enhancement in Ms value of Fe3O4improves the performance of nanoferrites in hyperthermia (Niculaes et al.,
2017). In a study by Fopase et al. , the effect of doping yttrium (RE-metal) on IONPs was analyzed. This
study aimed at realizing the potential of yttrium doped IONPs for magnetic hyperthermia applications. The
chemical synthesis approach, sol-gel method was utilized to obtain the desired nanoparticles. The dopant
concentration was chosen to be 0.25, 0.5, 0.75 and 1 M. TEM analysis revealed agglomerated particles with
an average particle size of 121 ± 57 nm. VSM studies showed the highest value of saturation magnetization
of 22.68 emu/g for 0.5 M yttrium doped IONPs calcinated at 1000 °C. The induction heating studies showed
0.5 M yttrium doped IONPs possessing a SAR value of 114.65 W/g, reached hyperthermia temperature of
42-44 °C in nearly 13 min. The prepared samples were found to be biocompatible with ¿90 % cell viability
when tested against MG63 cells. On the other hand, cancer cell viability was reduced to 55 % after hy-
perthermia treatment for 15 min. This study concluded the potential of yttrium doped IONPs as magnetic
hyperthermia candidates for cancer treatment (Fopase et al., 2020). In a similar study by Kowalik et al. ,
different concentrations (0, 0.1, 1, 10 %) of yttrium were doped into Fe3O4 NPs to realize their hyperthermic
potential. Ms value was found to be the highest with 1% dopant concentration after which the Ms value
kept on decreasing. This can be ascribed to the lattice chemistry where Y3+ in smaller amounts stabilizes
Fe3+ at octahedral sites. 0.1% Y3+doped sample showed the best hyperthermic performance with a SAR
value of 194 W/g. The prepared samples were found to be biocompatible with excellent cell viability. On
the other hand, 4T1 cancer cell viability was found to reduce by 72% upon incubation with 0.1 mg/mL of
0.1% Y3+ doped sample under AMF. This study indicated the applicability of Y3+ doped Fe3O4 for MHT
(Kowalik et al., 2020).

Besides improving the magnetic properties of MNPs for hyperthermia performance, RE metals can also
impart antibacterial properties to the MNPs. In a study, Elayakumar et al. prepared Cerium doped cobalt-
ferrite NPs by sol-gel technique. The effect of Cerium (Ce3+) doping on structural, magnetic, antibacterial
properties and morphology were studied. XRD and EDX (Energy Dispersive X-ray) revealed the cubic-
spinel nature and single/pure phase formation of Ce3+ doped Co-ferrites. TEM (Transmission electron
microscopy) analysis revealed sharp-edged random shaped NPs with facetted morphology. With increasing
Ce3+concentration, the Ms value and grain size were found to decrease whereas, the antibacterial activity
of the NPs was found to increase. The maximum Ce3+ concentration (x = 0.5) was found to be more
effective against Klebsiellapneumoniae(gram-positive bacterium) than Staphylococcus aureus(gram-positive
bacterium) (Elayakumar et al., 2019). In another study by Velho-Pereira et al. , the antibacterial potential of
Cobalt-ferrite NPs doped with Bi3+, Nd3+ and Gd3+ metal ions against MDR (multidrug-resistant) bacteria
was evaluated. Sol-gel combustion method was employed to obtain mono-phasic poly-crystalline NPs. TEM
images revealed the particles agglomerated nature with an average diameter of 40 nm. With the increase in
doping, a decrease in the size of particles was seen. Further doping of Co-ferrites increased their bactericidal
efficiency against E. coli as compared to pristine NPs and to other metal-oxide (aluminum oxide, magnesium
oxide, zirconium oxide, etc.) doped ferrites. Doping with Bi3+ increased the bactericidal efficiency by two
folds as compared to pristine NPs againstS. epidermidis . This study showed that doping improved the
antibacterial activity of ferrite NPs, except for Gd-doped ferrites in the case of E. coli (Velho-Pereira et al.,
2015). The various iron-based nanomaterials used for hyperthermia applications are listed in Table 3 below.

Table 3: Iron-based nanomaterials used for magnetic hyperthermia applications
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Nanomaterial
Synthesis
MethodModifiers

Variant
(x =
mol
%)

Size
(nm)
&
shape

Magnetic
Prop-
erties

Magnetic
Prop-
erties

Magnetic
Prop-
erties Conc(mg/ml)

Hyperthermia
Prop-
erties

Hyperthermia
Prop-
erties

Hyperthermia
Prop-
erties TH ()

Time
(min) Ref

MS

(emu/g)
HC

(Oe)
MR

(emu/g)
f
(kHz)

I
(kA/m)

SAR
(W/g)

Fe3O4 Co-
precipitation

NA NA 19 ±
3
Cubic

95 250 - 4 520 29 2453
W/g

43 60 (Guardia
et al.,
2012)

Cox.
Fe3-xO4

Co-
precipitation

Oleic
acid

0 16,
Spherical

3.18 3.056 0.008 NA NA NA NA NA NA (Sonia
et al.,
2022)

0.1 3.07 1.318 0.003
0.2 3.09 2.536 0.008
0.3 2.45 8.341 0.009

Cox.
Fe3-xO4

Wet
chem-
ical
co-
precipitation

Oleic
acid

0 15-20,
Spherical

43.87 69.84 3.01 NA NA NA NA NA NA (Kumar
et al.,
2021)

0.2 61.78 31.45 2.29
0.4 56.78 128.14 5.83
0.6 42.55 128.36 4.31
0.8 26.18 91.77 2.01

Cox.
Fe3-xO4

Co-
precipitation

Carboxy-
methyl-
cellulose

0 7-8,
Spherical

19-25 NA NA 0.15 112.6 19.9 7.5 NA 30 (Leonel
et al.,
2021)

3 11.8
5 13.3
10 13.8

Cox.
Fe1-xO4

Co-
precipitation

Citrate NA 12 65.3 NA NA 0.25 375 NA 400 46-
48

30 (Garanina
et
al.,
2021)

Co1-x.
ZnX.
Fe2O4

Co-
precipitation

NA 0 NA,
Spherical

60.63 3309 43.52 NA NA NA NA NA NA (Andhare
et al.,
2020)

0.3 56.66 2680 41.03
0.5 50.14 2226 33.39
0.7 48.84 1639 32.11
1 43.75 1630 29.24

ZnxNi1-xFe2O4Co-
precipitation

NA 0 16-30,
Spherical

30 ˜ 0 ˜0 NA NA NA NA NA NA (Anu
&
Hemalatha,
2022)

0.1
0.2
0.3
0.4
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.

Nanomaterial
Synthesis
MethodModifiers

Variant
(x =
mol
%)

Size
(nm)
&
shape

Magnetic
Prop-
erties

Magnetic
Prop-
erties

Magnetic
Prop-
erties Conc(mg/ml)

Hyperthermia
Prop-
erties

Hyperthermia
Prop-
erties

Hyperthermia
Prop-
erties TH ()

Time
(min) Ref

Mg1-xNixFe2O4Solvo-
thermal

NA 0.1 8-10
Spherical

40.72 NA NA 0.25-1 316 35.28 97-
328

>43 8 (Manohar,
Chin-
tagumpala,
et al.,
2021)

0.2 42.35
0.3 44.75
0.4 46.09
0.5 48.78

NiFe2O4 Thermal
decomposition

Oleic
acid
and
tetram-
ethy-
lam-
mo-
nium
hydroxide

NA 4.4 40.8 NA NA 4.5 170 23.7 11 45 10 (Umut
et
al.,
2019)

Y3Fe5O12Sol-
gel

NA 0.5 121 22.7 48.5 2.3 1 336 12.9 114.6 44 13 (Fopase
et
al.,
2020)

Surface functionalization and approaches to achieve site-specificity

Surface functionalization/surface coating can be carried out in order to make these nanomaterials colloidally
stable, biocompatible and site-directed. It can be performed through physical, chemical or biological routes,
as shown in Figure 10. Physical modification is achieved mainly through adsorption i.e., van der Waals
interactions. Chemical modification involves covalent and other strong intermolecular interactions. In case
of biological modifications, a biomacromolecule is attached to the surface either via physical or chemical
routes.
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Figure 10: Different approaches and various moieties employed for surface modification of NPs

Physical modification

Various organic/inorganic polymers, biopolymers and surfactants, such as polyethylenegylcol (PEG),
polyvinyl alcohol (PVA), dextran, chitosan, polyvinyl pyrrolidone (PVP), oleic acid and hyaluronic acid
(HA), have been explored to carry out physical coating/functionalization (S. S. Laha et al., 2022). Var-
ious polymers used and the polymer type (end-grafted, surface adsorbed, phospholipids and di-block or
co-polymers) are shown in Figure 11. Surface modification also enhances the blood-circulation time which
prolongs the duration for nanomaterials to be immuno-recognized and cleared by macrophages. PEG mod-
ification not only improves the colloidal dispersion, biocompatibility and stability but also increases the
blood-circulation time of MNPs by minimizing non-specific interactions. Similarly, dextran is known for its
antithrombotic property. It is water-soluble, biocompatible, has high bio affinity and has a longer blood
circulation time. It is one of the most utilized coatings (Strbak et al., 2020). Thus, the smaller size of MNPs
and enhanced blood-circulation time improve their tissue permeability and retention, called the Enhanced
Permeability and Retention (EPR) effect. However, surface functionalization/coating leads to a decrease in
Ms value due to the non-magnetic nature of coated molecules. For example, PEGylated-Fe3O4 NPs exhibited
a decrease in Ms value to 34 emu/g, as compared to bare nanoparticles with Ms value of 65-70 emu/g (Suvra
S Laha et al., 2017; Xiao et al., 2014). Interestingly, in another study by Andhare et al. , SAR value was
found to increase after PEG coating. The morphological, structural and magnetic properties of uncoated
and PEG coated Zn doped Co-ferrites were studied. The SAR values of samples with concentrations of 2-8
mg/mL were found to lie in the range of 135-167 W/g and 141-217 W/g for the uncoated NPs and PEG
coated, respectively. This could be because of the lower agglomeration due to the coating of NPs (Andhare
et al., 2022).
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Figure 11: Various polymers used for surface coating of MNPs. The type of polymers are also depicted as
end-grafted, surface adsorbed, phospholipids and co-polymers. Adapted with permission from ref. (Veiseh
et al., 2010).

Quinto et al. synthesized PEG-coated SPIONs to study the effect of polymeric coating on their heating
ability. Thermal decomposition method was used to synthesize monodispersed SPIONs bearing core diameter
of 14 nm, with the use of oleic acid oleylamine as a surfactant to stabilize the NPs. Furthermore, the prepared
NPs were loaded with DOX for realizing the potential of thermo-chemotherapy towards cancer treatment. To
ensure their solubility, SPIONs were coated with DSPE-PEG. Two different molecular weights DSPE-PEG
were used, namely 2000 and 5000 kDa. The lipid chain of phospholipid-polymer was conjugated to carbon
chains of oleic acid. The SAR values for the PEG-lengths were not found significantly different, i.e., 371
and 425 W/g for PEG-2000 and PEG-5000, respectively. DOX was loaded to SPIONs with a mass ratio of
1:1. DOX release from SPIONs coated with PEG-2000 was found higher than from that of 5000. The slower
drug release rate from PEG-5000 can be attributed to the presence of long PEG chains. An attempt was
made to estimate the internalized iron concentration, which was found to be 455 μg/mL and is sufficient
for MFH. On subjecting HeLa cells to free DOX followed by MHT, a higher additive effect was observed in
terms of cytotoxicity as compared to DOX-loaded SPIONs and to individual treatments. This observation
could be ascribed to the slow release of drugs from PEG-coated SPIONs but the fact cannot be neglected
that polymer coating masks the NPs from macrophage recognition and also allows for targeted delivery. This
study suggested that the DOX-loaded PEG-coated SPIONs can efficiently deliver a drug to cancer cells and
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. sufficient SPIONs internalization is capable of achieving hyperthermia temperature (Quinto et al., 2015).

Jamir et al. studied the effect of the surface coating of chitosan and dextran on ferrite NPs. The magnetite
NPs were prepared from solvo-thermal synthesis. The ratio of biopolymer to NPs was 0.5. HRTEM analysis
confirmed the spherical morphology of samples. The average size of uncoated NPs was 550 nm which was
reduced to 392 nm and 388 nm for chitosan-coated and dextran-coated NPs, respectively. The biocompatible
coating of chitosan and dextran reduces the aggregation of NPs, which in turn enhances the Brownian motion.
Msvalue was found to decrease from 71.05 emu/g for uncoated NPs to 69.83 emu/g for chitosan-coated and
68.23 emu/g for dextran-coated NPs which could be attributed to the presence of non-magnetic moieties on
the surface of NPs. But the surface functionalization of NPs with dextran was found to enhance the SAR
value by 40% i.e., 144.08 (uncoated) to 233.28 Wg-1 (dextran-coated) and 161.15 for Wg-1 (chitosan-coated)
due to reduction in dipole-dipole interactions after the surface modification. The modified NPs resulted in
more than 90% cell viability, proving their potential for hyperthermia applications (Jamir et al., 2021).

Nahar et al. investigated the role of chitosan coating on Folate-conjugated Co-ferrites (FCCF). Ms value
was found to decrease from 64.4 to 55.4 emu/g after chitosan coating. High SLP values were observed even
for less concentrated samples (0.5-2 mg/mL). The less concentrated samples were found to be biocompatible
but at higher concentrations of 4-6 mg/mL a noticeable decline in HeLa cell viability was observed. The
study suggested FCCF NPs at low concentrations could attain hyperthermia temperature and are also
biocompatible (Nahar et al., 2022).

Zhila et al. fabricated biocompatible dextran-coated Fe3O4 NPs via a co-precipitation process. In this study,
the ratio of dextran to NPs varied from 1:1 and 2:1. A decrease in the Ms value after dextran coating was
observed, which may be attributed to the presence of non-magnetic dextran coating on MNPs. Bare NPs
had Ms value of 58.91 emu/g which was reduced to 27.49 and 25.12 emu/g in case of 1:1 and 2:1 ratios,
respectively. Thermogravimetric analysis (TGA) showed that 60% weight of the as-prepared NPs consisted
of dextran shell. Further, the size reduction was seen with the coating. The average diameter of bare NPs
was 17.8 nm, which was reduced to 14 and 10.7 nm after coating with 1:1 and 2:1 ratios, respectively. The
role of dextran was attributed as a surfactant, which inhibited the further nucleation of NPs after being
encapsulated. The higher ratio of dextran was found to improve biocompatibility (Shaterabadi et al., 2017).

Chemical modification

Surface functionalization can be carried out chemically via covalent conjugation and noncovalent binding.
Ligand-receptor affinity can be exploited to perform the non-covalent binding. Besides electrostatic interac-
tion and π-π bond, cargo encapsulated in phospholipid vesicles and polymers are also used for non-covalent
binding. Reactive ligands make it possible to conjugate them directly to the surface of NPs via covalent
conjugation. Approaches like chemisorption on NPs surface through thiol-derivatives, silane-coupling agents,
adapter molecules and dative binding fall under the covalent conjugation strategy (Thiruppathi et al., 2017).
Silanization using amino-silane is a common practice. The commercialized hyperthermia agent, NanoTh-
erm® also employs amino-silane for surface modification (magForce ). Maier-Hauff et al. used commercially
available aminosilanized-nanofluid from MagForce to conduct clinical trials on 14 patients having glioblas-
toma multiform (GBM). GBM is one of the lethal forms of cancer. Localized heating and targeted drug
delivery make MNPs-mediated hyperthermia a promising approach for GBM treatment. In Europe, MHT
has been approved for GBM. In this study, 15 nm diameter NPs at a concentration of 112 mg/mL were
used in the study. The patients received thermotherapy followed by the radiation therapy session of 16-70
Gy with single fraction of 2 Gy/cycle. This deep cranial thermo-radio therapy was well tolerated by patients
under observation. The study concluded the potential of aminosilanized-MNPs for treating brain tumours
safely (Maier-Hauff et al., 2007).

Khan et al. explored chemical surface modification for thermal chemotherapy. PEG-dicarboxylic acid (PEGD)
coated MNCs were prepared by a solvothermal method. Further, the prepared MNCs were chemically ami-
dated using hydrazine and ethyl (dimethylamino propyl) carbodiimide (EDC). These amine-modified MNCs
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. were conjugated with doxorubicin (DOX) as shown in Figure 12. The PEGD-coated MNCs showed a negative
surface charge of -32.2 mV at pH 7.0. The carboxyl groups of PEGD interacted with the amine group of
hydrazine hydrate. The nanoclusters possessed an inverse-spinel structure and crystallite size of about 15.9
nm with a Ms value of 72 emu/g. The PEGD coating resulted in a high degree of dispersity in water, DMEM
and PBS. The prepared MNCs at 1mg/mL of concentration reached to the hyperthermic temperature in less
than 7 minutes in water, DMEM and PBS under an applied magnetic field of 27.09 kA/m. Further DOX
was attached to the amine group of hydrazine through the carbonyl group for thermal chemotherapy. A high
DOX encapsulation efficiency of 92 % was observed using amidated MNCs (Khan & Sahu, 2021).

Figure 12: Schematic of surface modification of prepared NPs. EDC/NHS coupling on PEGylated MNPs
surface to carry out aminosilanization and DOX conjugation to amidated surface. Adapted with permission
from ref. (Khan & Sahu, 2021).

Umut et al. demonstrated and discussed the mechanism behind AMF-induced heating of oleic acid and
tetramethylammonium hydroxide-coated nickel-ferrite NPs. Coatings were used to mask the toxic effects
of Ni and to stabilize the nanoformulations. A modified co-precipitation synthesis reaction resulted in less
agglomerated NPs with 4.4 nm size and ˜15 nm hydrodynamic diameter. The prepared nanoformulation
exhibited superparamagnetic behavior at room temperature with a SAR value of 11 W/g within tolerable
human limits of field strength and frequency i.e., H of 23.7 kAm-1 and f of 170 kHz. The hyperthermia
temperature of about 45 °C was attained within 10 minutes leading to tumour cell necrosis. The study
showed the applicability of coated NiFe2O4 for use in thermal therapy (Umut et al., 2019).

Somvanshi et al. studied the effect of oleic acid coating on morphological, structural, magnetic properties and
colloidal stability. Magnetic hyperthermia and cytotoxicity studies were carried out to find the suitability of
MgFe2O4 for biomedical applications. Interestingly, an increase in the SAR value was observed after oleic
acid coating from 91 W/g for uncoated to 98 W/g for oleic acid coated NPs. This may be attributed to the
colloidal stability or dispersity of NPs after oleic acid coating. Also, the coated NPs were found biocompatible
even at a high concentration of 8 mg/mL (Somvanshi et al., 2020).

Biological modification

The synthesized nanomaterials can be made site-specific by conjugating biomolecules on their surfaces,
such as antibodies, peptides and other ligand molecules specific to cancer cell receptors. The dispersity of
NPs can be controlled by optimizing synthesis parameters and functionalization of NPs but the particle
size must be less than the critical diameter to have superparamagnetic NPs possessing high magnetization.
Biomolecules coating helps deliver cargo specifically to cancer cells with the least cytotoxicity (Mout et al.,
2012). Besides the colloidal stability and biocompatibility, site-specificity is also highly desired for NPs to
avoid their side effects on normal body cells. The site-directedness can be achieved by coating/conjugating
proteins or antibodies and anti-tumour peptides (Lath et al., 2022) specific to their respective receptors
which are over-expressed on cancer cells. Drug-loaded MNPs conjugated with targeting moieties commonly
referred to as the targeted Drug Delivery System (DDS), which are highly desirable to achieve site-specificity.
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. Cancer cell targeting ligands conjugated to nanocarriers enable their specific binding to the cell surface via
receptor-mediated endocytosis leading to the cellular uptake. Unlike normal cells, cancer cells over-express
folate receptors. For instance, anti-HER-2-antibody, Herceptin has an avidity for HER-2 receptor which is
over-expressed in breast and ovarian tumours (Jiang et al., 2008). Also, Folic-acid (FA) is a low molecular
weight, stable, biocompatible/non-immunogenic and inexpensive receptor-specific ligand. There are many
reports on targeting moiety (anti-Her-2-antibody, FA) conjugated, anticancer drug loaded MNPs used for
combinatorial therapy (chemotherapy with hyperthermia treatment) (Choi et al., 2015; Gui et al., 2021;
Mishra et al., 2020; Mu et al., 2015; Unnikrishnan et al., 2021). Yang et al . synthesized chitosan coated-FA
fabricated-DOX loaded MNPs. DOX was loaded to MNPs with the help of a linker, tripolyphosphate (TPP).
Further, to target the cancer cells specifically, FA was conjugated to DOX-loaded chitosan-coated MNPs via
EDC/NHS reaction. The schematic of the modifications and DOX loading is given in Figure 13. The % drug
encapsulation efficiency for DOX-MNP, Chitosan-DOX-MNP and FA-Chitosan-DOX-MNP was found to be
98.2, 91.5 and 98.6, respectively.

Figure 13: Schematic of DOX conjugation to MNPs via TPP linker and further grafting of FA on DOX
loaded MNPs. Adapted from ref. (Yang et al., 2017)

Also, in-vivo investigations of tumour volume and mouse body weight were carried out, as shown in Figure
14. Mice bearing U87 tumour were injected with FA-Chitosan-MNP, FA-Chitosan-DOX-MNP, free DOX
or PBS and exposed to AMF for an hour. FA-Chitosan-DOX-MNP and free DOX were found to suppress
tumour growth. Also, FA-Chitosan-DOX-MNP showed DOX delivery to tumour site and no significant
body weight loss was observed. However, in the case of free DOX intravenous administration weight loss
was observed. The study concluded that the FA grafted-Chitosan coated-DOX loaded-MNPs were reported
to possess significantly higher toxicity towards tumour cells than MNPs without FA-grating and only DOX
loaded NPs (Yang et al., 2017).
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Figure 14: In-vivo investigations of tumour growth and mice body weight change are shown. (a) FA-
Chitosan-DOX-MNPs showed tumour suppression to a great extent followed by free DOX as compared to
the control (PBS), (b) the dramatic weight loss was observed in the case of free DOX whereas, FA-Chitosan-
DOX-MNPs did not show any body weight loss as compared to the control (PBS). Adapted from ref. (Yang
et al., 2017).

Kagawa et al. came up with a study based on immunotherapy combined with hyperthermia treatment to
prove a novel concept of immuno-hyperthermia. They synthesized carboxydextran coated SPIONs conju-
gated to anti-HER2 antibody (trastuzumab) to target HER2 over-expressing breast cancer cells (AU565,
SKOV-3 and NUGC-4). The conjugation of antibody to SPIONs was carried out through EDC/NHS reac-
tion via amide linkage between –COOH group of carboxydextran coated SPIONs and –NH2 of the antibody.
It was observed that the antibody conjugated SPIONs were internalized within 12 hours of administration.
On the other hand, unconjugated SPIONs could not target the HER-2 positive breast cancer cells. Also,
conjugated SPIONs were found to be biocompatible (Kagawa et al., 2021).

Besides FA and monoclonal antibodies, tumour specific peptides such as Cys-Arg-Glu-Lys-Ala (CREKA) and
arginine-glycine-aspartate (RGD) are also being used to fabricate NP-surface to achieve site-specificity. RGD
peptide showed a very high affinity for binding to integrin (αVβ3 and αVβ5) (Arriortua et al., 2016), which
is over-expressed on tumour cells including GBM. Senturk et al . synthesized ligand fabricated curcumin-
loaded MNPs for GBM treatment. A peptide, glycine-arginine-glycine-aspartic acid-serine (GRGDS), was
used to target GBM cells as it shows an affinity for αvβ3/αvβ5 domain of integrins which are over-expressed
on GBM tumour cells. Curcumin is a known natural anticancer drug. It is lipophilic and can cross blood-
brain barrier (BBB). Because of its poor water solubility, PLGA and PEG di-block-co-polymer was used
to encapsulate curcumin-loaded SPIONs. From the mentioned ligand (GRGDS) targeted approach, It was
found that the drug (curcumin) dosage was reduced to 2.5-folds as compared to the free drug and 6-folds
as compared to ligand free drug loaded SPIONs. These nanocarriers could target tumour cells wherein they
released about 70% of their loaded curcumin in a controlled manner and reached hyperthermia temperature
within ˜15 min. The prepared multifunctional nanocarriers showed improved heating efficiency under AFM
with simultaneous therapeutic efficiency against T98G cells (Senturk et al., 2021).

In another study, Du et al. developed a multi-modal nanoplatform capable of tumour targeting, magnetic
hyperthermia therapy and MRI/MPI imaging-agent. Based on the anisotropy and crystallite size, they
found that SPIONs with 18 nm size (TEM observation) can be used as efficient nanomaterials for better
performance in-vitro , as MRI/MPI contrast agents. Their hydrodynamic size was found to be 33.1 nm with
a Ms value of 60.4 emu/g. Fibrin-fibronectin complex is over-expressed in breast tumours. This complex is
found to interact with its ligand CREKA. So, for achieving site-specificity, CREKA, as a tumour-targeting
peptide was conjugated to the NPs via EDC/NHS coupling. They reported the zeta potential of bare NPs
to be -10.34 mV which then reduced to -4.68 mV and thus confirmed the CREKA conjugation to NPs.
They observed a dramatic inhibition of tumour cells without recurrence. A superior contrast was observed
for MRI and MPI signals as compared to the commercially available Vivotrax. Their findings provided
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. researchers with a general strategy to develop multi-modal; site-directed, MRI/MPI image-guided magnetic
nanoplatforms for magnetic hyperthermia and for other nanobiotechnological applications (Du et al., 2019).
The biologically modified nanomaterials used for hyperthermia and/or combinatorial therapy are listed in
Table 4 below.

Table 4: Biologically modified site-targeted IONPs used for hyperthermia and/or combinatorial therapy

Cancer
cell
type

Receptor
tar-
geted

Nano-
formulationModifiers

Synthesis
route

Size
(nm)

Ms
(emu/g)
or
SAR
(W/g)

TH
() &
time
taken
(min)

ὃνς.

(μγ/μλ)

Combinatorial
ther-
apy

Ligand
con-
ju-
gated

Imaging
modal-
ity Ref.

Glioblastoma
(T98G
cells)

Integrin
(αvβ3/αvβ5)

SPIONs Uncoated Thermal
decomposition

5.6 6; 315 45, 15 37 Chemotherapy
(Cur-
cumin)+
Hyperthermia

GRGDS NA (Senturk
et al.)

PLGA-
b-PEG

142 0.3;
330

Breast
cancer
cells
(AU565,
SKOV-
3 and
NUGC-
4)

HER-2 SPIONs Carboxy-
dextran

Commercially
available

10 NA NA, 30 100 Immunotherapy
+
Hyperthermia

TrastuzumabStaining
with
prussian-
blue

(Kagawa
et al.)

Breast
cancer
cells

HER-2 SPIONs NA NA 18 60.4,
NA

NA NA NA CREKA MRI/MPI
con-
trast
agent

(Du et
al.,
2019)

HeLa
cells

NA Fe3O4
core/ZnO
shell
NPs

NA Hydrothermal
synthe-
sis;
deposi-
tion of
ZnO

10 32; 80 45, 15 1000 NA NA Fluorescence
imaging

(Gupta
et al.)

Human
Glioblas-
toma
(U87)

Folate SPIONs Chitosan Co-
precipitation

240 57.5 NA 200 Chemotherapy
(DOX)+
Hyperthermia

Folic
acid

NA (Yang
et al.,
2017)

Conclusion and Future Prospects

The effect of heat on biological entities was known for a long time, which triggered the studies on the
hyperthermic effect on tumour cells. Biomedical field has advanced with the introduction of nanotechnology.
Magnetic nanoparticles mediated hyperthermia employs magnetic nano-heaters for the purpose of generating
heat to ablate cancer cells. Their surface functionalization allows for site-specific targeting and payload
delivery to the diseased site. Furthermore, hyperthermia treatment can be given along with other cancer
treatments such as chemotherapy or radiotherapy to sensitize cancer cells towards therapeutic drugs and
radiations. Their synergistic effect enhances the overall effectiveness of the treatment. The future direction
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. in the development of a dual-modality nanomaterial capable of heat generation and drug delivery could
involve encapsulation/conjugation of a cocktail of chemotherapeutic drugs to enhance its efficacy. Such
an approach would enable to overcome patients’ response variabilities towards treatment and will help in
pushing it from personalized to generalized. MHT being the nascent approach among the conventional and
well-established cancer treatment modalities, is restricted to adjuvant treatment. Furthermore, the effect of
chemical composition and shape and size of IONPs on their heating abilities or SAR value is well-known.
The development of materials in regards to improving their heating output and biocompatibility would play
a crucial role in taking MFH to clinical grounds. For instance, there are fewer reports on the effect of various
shapes on the SAR value of Co-ferrites. Also, the in-vivotoxicity assessment of Ni-ferrites and their use as
hyperthermia agents are less numerous. Therefore, future studies on the evaluation of doped-ferrites heating
parameters as a function of various shapes and sizes and toxicity assessment will allow for the development
of potential nanoplatforms for MHT. Despite having ample literature and clinical interests in this field,
acceptance of hyperthermia as a clinically available cancer treatment strategy is yet to be a reality. Also,
the progression of preclinical trials to clinical trials can be seen hardly. The major challenge is to deliver
heat to the deep-seated tumours uniformly and to avoid the formation of hotspots, without affecting the
healthy cells. Different research groups have reported different operating conditions on field parameters
which possess a hurdle in preparing a standard protocol for hyperthermia treatment. Potentiation of this
field in clinical settings could be achieved by overcoming the challenges, such as lack of standard protocols,
tissue temperature monitoring, defining a thermal dose and quality assurance.

References

Abraham, J., & Staffurth, J. (2016). Hormonal therapy for cancer.Medicine , 44 (1), 30-33.
https://doi.org/10.1016/j.mpmed.2015.10.014

Aggarwal, L. J. S. P. (2014). Biological effects of ionizing radiation.4 (1), 342-348.

Andhare, D. D., Patade, S. R., Khedkar, M. V., Nawpute, A. A., & Jadhav, K. M. (2022). Intensive analysis
of uncoated and surface modified Co-Zn nanoferrite as a heat generator in magnetic fluid hyperthermia appli-
cations. Applied Physics a-Materials Science & Processing , 128 (6), 1-12. https://doi.org/10.1007/s00339-
022-05648-0

Andhare, D. D., Patade, S. R., Kounsalye, J. S., & Jadhav, K. M. (2020). Effect of Zn doping on structural,
magnetic and optical properties of cobalt ferrite nanoparticles synthesized via. Co-precipitation method.
Physica B-Condensed Matter , 583 , 412051. https://doi.org/10.1016/j.physb.2020.412051

Anu, K., & Hemalatha, J. J. C. I. (2022). Synthesis and analysis of structural, compositional, morphological,
magnetic, electrical and surface charge properties of Zn-doped nickel ferrite nanoparticles.48 (3), 3417-3425.
https://doi.org/10.1016/j.ceramint.2021.10.118

Arriortua, O. K., Garaio, E., Herrero de la Parte, B., Insausti, M., Lezama, L., Plazaola, F., Garcia, J.
A., Aizpurua, J. M., Sagartzazu, M., Irazola, M., Etxebarria, N., Garcia-Alonso, I., Saiz-Lopez, A., &
Echevarria-Uraga, J. J. (2016). Antitumor magnetic hyperthermia induced by RGD-functionalized Fe3O4
nanoparticles, in an experimental model of colorectal liver metastases. Beilstein J Nanotechnol ,7 (1),
1532-1542. https://doi.org/10.3762/bjnano.7.147

Atkinson, W. J., Brezovich, I. A., & Chakraborty, D. P. (1984). Usable frequencies in hyperthermia with
thermal seeds. IEEE Trans Biomed Eng , 31 (1), 70-75. https://doi.org/10.1109/TBME.1984.325372

Attaluri, A., Kandala, S. K., Zhou, H., Wabler, M., DeWeese, T. L., & Ivkov, R. (2020). Magnetic
nanoparticle hyperthermia for treating locally advanced unresectable and borderline resectable pancre-
atic cancers: the role of tumor size and eddy-current heating. Int J Hyperthermia , 37 (3), 108-119.
https://doi.org/10.1080/02656736.2020.1798514

29



P
os

te
d

on
A

u
th

or
ea

30
A

u
g

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

18
70

36
.6

53
90

24
0/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Banerjee, R., Katsenovich, Y., Lagos, L., McIintosh, M., Zhang, X., & Li, C. Z. (2010). Nanomedicine:
Magnetic Nanoparticles and their Biomedical Applications. Current Medicinal Chemistry ,17 (27), 3120-
3141. https://doi.org/10.2174/092986710791959765
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