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Abstract: Due to their non-toxic function in biological systems, Iron oxide NPs (IO-NPs) are very attractive in biomedical applications.
The magnetic properties of IO-NPs enable a variety of biomedical applications. We evaluated the usage of IO-NPs for anticancer effects.
This paper lists the applications of IO-NPs in general and the clinical targeting of I0-NPs. The application of IONPs along with
photothermal therapy (PTT), photodynamic therapy (PDT), and magnetic hyperthermia therapy (MHT) is highlighted in this review’s
explanation for cancer treatment strategies. The review’s study shows that IO-NPs play a beneficial role in biological activity because of
their biocompatibility, biodegradability, simplicity of production, and hybrid NPs forms with IO-NPs. In this review, we have briefly
discussed cancer therapy and hyperthermia and NPs used in PTT, PDT, and MHT. IO-NPs have a particular effect on cancer therapy when
combined with PTT, PDT, and MHT were the key topics of the review and were covered in depth. The IO-NPs formulations may be
uniquely specialized in cancer treatments with PTT, PDT, and MHT, according to this review investigation.
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Introduction

Cancer is one of the world’s most common diseases, and it is now regarded as the most dangerous. It is a chronic
sickness caused by abnormal cell development in practically any part of the body, and it necessitates long-term therapy.
This can develop beyond its normal boundaries and spread to nearby organs, a process known as metastasis.' Surgery,
chemotherapy, and radiation therapy are all part of the treatment. However, due to the intense therapy, survivor suffers
from various physical and psychological side effects, limiting its effectiveness. The current treatment method focuses on
hypothermia, which uses heat to kill diseased tissues by raising the temperature to 45°C.? Cancerous tissues are targeted
for destruction while healthy tissues are spared. Magnetic hyperthermia therapy (MHT), photothermal therapy (PTT), and
photodynamic therapy (PDT) are cancer ablation therapies that involve hyperthermia.’

The development of nanomaterials-based cancer therapy and integrated nanodevices for detection has always
been the subject of current nanotechnology advancements. As a result, NPs enabled advanced, sensitive, highly
precise imaging in cancer treatment and the delivery of anticancer drugs to tumor targets. The intrinsically special
magnetic or optical characteristics of NPs make their use ideal for numerous imaging modalities. Due to their great
sensitivity, small size, and unique composition, NPs make excellent contrast agents. On the surface of NPs, suitable
targeting ligands are frequently conjugated. By integrating different functional materials, multifunctional NPs can be
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created, enabling simultaneous multimodal imaging and therapy, or theranostics. Current research on NPs has shed
light on novel oncogenic targets, systemic cancer therapy, and the development of new targeted medicines.
Nanomaterials like Au NPs, liposomes, carbon nanotubes, polymeric micelles, graphene, ferrous or ferric oxide
NPs, and quantum dots are frequently used in biomedical applications. Because of recent developments in NP-based
applications, human exposure to manufactured NPs is unavoidable.*™® In hyperthermia treatment, metal NPs such as
gold NPs, SPIONSs, or polymer NPs such as polypyrrole are often employed.”'? These NPs are introduced into the
body and Thermal treated by near-infrared (NIR) radiation to target cancer tissues.'' NPs absorb light energy and
convert it to heat energy, which aids in the destruction of cancer tissues and subsequent eradication. IO-NPs (I0-
NPs) are receiving increased recognition in the biomedical field due to their unique physicochemical characteristics
(Figure 1). IO-NPs are better for MHT, PTT, and PDT because of their physiochemical properties. In comparison to
gadolinium, which have magnetic but highly toxic, iron NPs have a significant superparamagnetic characteristic and
have lower toxicity.'> IO-NPs are frequently employed in hyperthermia treatment. I10-NPs-containing ferrofluid is
generally administered into the tumor. In the case of MHT, they are heated in the presence of an alternating high-
frequency magnetic field. The heat released by the NPs disperses the temperature, assisting in the destruction of

malignant cells while causing very minor damage to normal cells.'*'*

The focus of this review is on IO-NPs NPs (IO-NPs) and their applications in MHT, PDT, and PTT.
Furthermore, the advantages and disadvantages of different types of IO-NP magnetic nanoformulations in
terms of phototherapeutic effects are compared in the context of magnetic hyperthermia, PDT, and PTT in
current clinical settings.

Cancer Therapy and Hyperthermia

Apoptosis and other thermally induced metabolic processes, such as heating tumor cells to a temperature of 4045 °C,
are used in hyperthermic therapy to kill cancer cells. All hyperthermia-related events work to change the extracellular
milieu by triggering immune responses and forcing tumor cells to switch to an anaerobic metabolic mode. According to
the location of the application, hyperthermia can be divided into the following groups.
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Whole Body Hyperthermia

Depending on how it is applied, this procedure could be invasive or non-invasive. While non-invasive hyperthermia
entails raising the temperature using hot air, hot wax, or RF or IR irradiation, these methods are ineffective for treating
deep tumors. Invasive hyperthermia requires heating blood extracorporeally.

Regional Hyperthermia
Regional cancers are heated either through non-invasive way like ultrasound or non-ionizing electromagnetic radiation
(EMR), or (ii) via invasive way like thermal conduction or magnetic implants.

Local Hyperthermia
Using the invasive or non-invasive techniques outlined above, this technique is utilized to heat tiny tumors to
a depth of 4 cm."

Photothermal Agents

Photothermal agent (PA) is required to turn light into heat. A good PA must be able to absorb NIR radiation, have a diameter
around 30 and 200 nm for promoting long circulation and enhanced tumor accumulation, have minimal toxicity and
maximum biocompatibility, be able to absorb NIR radiation, and have a high absorption cross-section to maximize light-to-
heat conversion. PA is currently available in a wide variety of compounds with various compositions, structures, shapes,
and surface coatings. Organic and inorganic biomedical materials can be used to categorize PA. Although there are many
other forms of inorganic materials, metallic nanostructures and carbon-based materials are the most common. Polymer NPs
and organic dyes are the two organic components that stand out in the heterogeneous category.'¢2°

The local surface plasmon resonance is a distinctive photophysical phenomenon that occurs in metallic nanostruc-
tures, often known as plasmonics (LSPR). The electromagnetic radiation’s oscillating magnetic field causes the conduc-
tion-band electrons on a particle’s surface to oscillate in unison when it interacts with a particulate plasmonic material.
This oscillation suggests the generation of heat. The oscillation’s amplitude is greatest at a certain wavelength known as
LSPR. Nanomaterials based on gold are among the most studied examples. For PTT ablation, targeted drug administra-
tion, controlled drug release, and other forms of treatment for tumor models in vivo, gold nanorods, nanoshells,
nanostars, nanocages, and “cluster”-shapes have been employed.’>*' Au NPs are extremely adaptable in biophysical
applications due to their apparent chemical characteristics, such as surface chemistry, zeta potential, and electron
placement. Physical characteristics including size and form have an impact on cellular uptake overall, with sphere-
shaped NPs being favored over nanorods in comparison. Nanorods are thought to be inhibitory while nanospheres are
thought to be far more stimulating. Due to its high surface-to-volume ratios and low toxicity, the spherical shape is
suitable Irradiation is used to mold NPs into nanorods when they are exposed to a laser.?’

Due to the wide range of nonmetallic materials, electronic transition materials are also being tested as PA. PTT
transduction is triggered by the electrons' ability to change between molecular and atomic orbital energy levels, where the
energy gap is comparable to the NIR range of light. Organic chemicals, namely NIR dyes, are very desirable candidates
for PTT when compared to inorganic PA because of their photophysical characteristics and accessibility for large-scale
chemical synthesis. Additionally, organic dyes are capable of incorporating a variety of specialized molecules, including
antibodies, double-stranded DNA, proteins, DNA primers, amino acids, and chemical small molecules. These molecules
have all been used in molecular imaging.?%**-*

After choosing a PA to be utilized in PTT, it must be administered either intravenously through targeted administra-
tion or directly, or intratumorally. When injected intravenously, which is the most likely case, the PA must be absorbed
into the tumour utilising two distinct strategies: active and passive targeting. To accomplish active targeting, the surface
of the PA must be functionalized with a peptide or antibody that can be selectively recognised by proteins overexpressed
in tumour cells. It is necessary to functionalize the interface of the PA with antibody or polypeptide that can be selectively
recognized by proteins expressed in tumoral cells to achieve active targeting. Biological targeting is the term for this kind
of targeting. The improved permeability and retention effect, on the other hand, is the foundation for passive targeting
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(EPR). NPs of a specific size range (usually 20-300 nm) preferentially aggregate in tumor tissue as a result of anomalies
in the tumor vasculature. As a result, size has a big impact on how PA behaves pharmacologically in the body. Large PA
molecules (>40 nm at least in one dimension) have difficulty penetrating deeply into tumor tissues and being eliminated
by the body after treatment, which can reduce therapeutic effects and raise the risk of toxicity.>

The particle size can be decreased to solve this issue. It has been shown that sub-10 nm NPs can enter the deep region
of tumors, can integrate themselves more effectively than larger tumor cells, and can also leave the body quickly.
Depending on the laser dosage, type, and exposure time, photothermally caused cell death can occur either by apoptosis

or necrosis. ! 7-20-30-31

Iron Oxide Nanoparticles (IO-NPs)

The term “nanoparticle (s)” (NP(s)) refers to particles with a diameter of less than 100 nm. Different materials can be
used to make NPs for different purposes. The size, shape, and phase of NPs might vary depending on their purpose and
use. The current research is more focused on the enhancement of drug delivery systems and the high concentration of
drug release in the infected site with lower toxicity, as a result of the expanding research interest in therapeutic or
diagnostic NPs. To generate heat evenly, the NPs employed for HTP should be tumor attached, nominally interfering, and
homogeneously distributed. To avoid destroying normal tissues in the surrounding area, the NPs should only be targeted
and deposited on tumor cells.

Hyperthermia has been treated using a variety of NPs, including Au NPs, polypyrrole NPs, and IO-NPs NPs. Iron
NPs have lately been researched for biomedical uses after proving to be very effective materials in therapeutic
applications. The utilization of iron NPs for hyperthermia was proved by the influential work of Jordan et al in
1993.*7% They are a promising choice for application in particle sizes ranging from 15nm to 200nm because of their
excellent superparamagnetic property, biocompatibility, and biodegradability.**° Iron particles are widely recognized as
a great material for magnetic resonance imaging (MRI). They give high tissue contrast and astonishing picture resolution,
revealing anatomical and morphological aspects of the entire human body. Several studies have recently demonstrated
that iron NPs can be used in PTT in both vitro and in vivo.?”#!™*3

The different chemical compositions of IO-NPs include magnetite (Fe;0,4) and maghemite(-Fe,O3) most frequently a non-
stoichiometric combination of the two. In other words, superparamagnetic NPs become magnetic in the presence of an
external magnet but return to a non-magnetic condition when the external magnet is removed. Both oxides exhibit super-
paramagnetic behaviour below a certain size (25 nm for magnetite, 30 nm for maghemite). [O-NPs with magnetic properties
and a biocompatible coating have been used to increase the contrast in magnetic resonance imaging (MRI).2*446

Because of the biodegradability, biocompatibility, ease of synthesis, and ease of tuning and functionalization for
particular applications, magnetite cores have a significant potential for use in oncological treatment. Furthermore, super-
paramagnetic behavior will be seen in spherical magnetite NPs whose diameters are less than about 20 nm. This behavior is
used to improve contrast in magnetic resonance imaging (MRI). The magnetite core of most superparamagnetic IO-NPs
nanoparticle (SPION) conjugates naturally provides MRI contrast, and the biocompatible coating offers plenty of func-
tional groups for conjugating additional tumor targeting and therapeutic moieties. As some magnetite-based NP formula-
tions, such as Feraheme®, Feridex .V.®, and Gastromark®, have already been given approval by the Food and Drug
Administration (FDA) for application in humans to be iron deficiency therapeutics and to be MRI contrast agents, an
expansion of various NP topologies for applications beyond than enhancing MRI contrast, such as cancer therapies by drug
delivery, biotherapeutic transport, magnetic hyperthermia, and photothermal ablation. Researchers may quickly and
efficiently construct customised NP formulations with a full range of therapeutic and diagnostic capabilities using a library
of synthesis techniques and discrete nanoscale modules with responsibilities particular to cancer theranostics. The
significance of the possibility for IO-NPs NPs to be used in highly customised therapy is highlighted by this concept. 4"~

Maghemite is a reddish-brown oxide with a structure like magnetite that is frequently created by oxidizing other Fe
oxides, particularly magnetite. With a density of 4600 kg/m3 and a bulk saturation magnetization value of *76 to 80 emu
g-1, maghemite is also ferrimagnetic. All or most of the Fe is present as Fe **, having cation vacancies accounting for the
oxidation of Fe **, which is the main distinction from Fe;0,. Because of the huge interface area (relative to volume)

available for chemical reaction, IO-NPs are easily oxidized to the more stable once exposed to gas.’>>

5610 "o International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Rethi et al

IO-NPs are used to treat cancer by triggering noninvasive cell death while leaving normal cells intact due to the
effective synthesis of magnetic NPs to generate heat under an applied magnetic field. Because IO-NPs have a high
magnetic saturation, they are a more reliable choice.>® The use of NIR irradiation has been employed to investigate and
develop IO-NPs as a promising possibility for cancer treatment.’>>® Several recent investigations have shown that
mixing MHT with chemotherapy results in cancer cell execution. Due to its response to external magnetic fields, as well
as the potential of targeted molecules and biocompatibility, superparamagnetic IO-NPs NPs (SPIONs) have proved their
effectiveness in MHT. SPION is more appealing for biomedical applications because of its intrinsic superparamagnetic
characteristics. A typical SPION has an IO-NP core that acts as a contrast agent in MRI and as a carrier in targeted cancer
treatment, while the outside surface provides active sites for the interaction of cancer cell surface receptors with SPION.
Gilchrist et al made the first demonstration of the use of IONPs for cancer treatment using magnetic hyperthermia in
1957 5457-61

The ability to tune surface characteristics and surface functionalization with biomolecules has made IO-NPs
extremely appealing. These factors are allowing IO-NPs to carve out a niche for themselves in the realm of nanocom-
posites and electronics. They are employed in nanomedicines for imaging modalities, sensing, and treatments because of
their biocompatibility. Surface modification of IO-NPs can increase a variety of attributes, including chemical dispersion,

biocompatibility, physiochemical and mechanical capabilities, and surface activity.*>

Therapy Outcomes of Iron Oxide Nanoparticles (I0-NPs)
Clinical Target for IO-NPs

Due to their strong magnetic characteristics, IO-NPs are widely used in biological applications. They are a good
contender for a variety of applications because of their tailored medication delivery and magnetic separation capabilities.
Their properties are put to use in preclinical research such as imaging contrast enhancement, MHT, cell tracking, and
a variety of diagnostics and treatments®®® (Figure 2).

Despite their vast properties, [O-NPs can only be used in clinical processes due to their surface chemistry, size, and
biodistribution.”® Their biodistribution investigations revealed a significant buildup in the liver and spleen, even though
the literature states that kidneys are responsible for their removal. Magnetic NPs can be employed for diagnostic and
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cancer therapy because of their structural, electrical, optical, and magnetic capabilities, as well as their capacity to
connect tumor-targeting ligands.>’

In the biomedical field, magnetic NPs are employed as a medication delivery and release agent, MHT, MRI contrast
agent, and magnetic partition agent. Magnetic NPs in the field of cellular therapy perform duties such as cell labeling,
tissue healing, cell partition and handling, and magneto reception.’”-”'"* In the form of chemotherapeutic drugs, IO-NPs
have been used as nanocarriers in vaccination. In skin care, they are excellent antimicrobial and antibacterial agents, as

well as age-defying.”* 76

FDA Approved I0O-NPs and Their Applications

The FDA has approved the IO-NPs as an MRI contrast agent. Even though some 10-NPs, such as SPIONS, have been
approved, they are not permitted to be administered to the body without restriction. Because of the documented toxicity
of uncoated SPIONs and various surface-layered IO-NPs, this is the case. SPIONs caused cytoskeleton disruption,
oxidative stress induction, free radical generation, nullifying mitochondrial function, DNA damage, alteration of cell
signaling, and other harmful factors to cell behavior through various mechanisms such as cytoskeleton disruption,
oxidative stress induction, free radical generation, nullifying mitochondrial function, DNA damage, alteration of cell
signaling, and so on, all of which were caused by the magnetic cores and coating, which were unstable in biological
media and serum. Feraheme, Sinerem, Endorem Feridex, Clariscan, Resovist, and Resovist S Supravist are among the
FDA-approved IONPs.”” %2

The Nanoparticle and MHT, PTT, PDT

For effective local tumor ablation, the MHT utilizes heat generated by an alternating magnetic field (AMF). When
magnetic NPs and an external AMF accumulate in the target site, heat is commonly generated. Furthermore, all magnetic
NPs can generate heat, but the amount of heat generated is dependent on the materials used and the AMF. Foucault’s
currents also known as Eddy current, frictional heating, relaxation, and hysteretic losses all aid in heat generation in
magnetic hyperthermia. MHT, in combination with chemotherapy and smart NPs, is a successful treatment for tumor
eradication. The IO-NPs nanocubes are subjected to a dual-mode treatment that combines MHT and PTT. When
nanocubes coated with PEG-Gallol were exposed to AMF and NIR irradiation, the heating impact was two to five
times more than when MHT was used alone. Apoptosis and collagen fiber degradation has been demonstrated to be
useful in ablating tumors.>®3:84

Phototherapy is the use of nanomaterials triggered by precise wavelengths of light and vibrational energy to generate
heat to cure ailments safely and effectively. Because they use NPs and NIR, PTT, and PDT are the most prevalent
treatments for effective cancer treatment. The mechanism of cancer treatment using PDT is that photoactivated material
produces reactive oxygen species, which causes oxidative stress in cells, DNA and protein denaturation, and cell death.
The tissue has a low absorption of NIR laser.*>®’

The photosensitizer is excited with NIR in PTT-based cancer therapeutic technique. When triggered, the photosensi-
tizer is energized by vibrational energy and releases heat up to 42 © C, killing cancer cells. This technique makes use of
a non-toxic but effective hyperthermia approach. Since photosensitizers are so important, nanoformulations and NIR
absorption after they have collected on the tumor are crucial because they allow faster cancer ablation and heat
conversion. Cell membrane damage, cancer cell DNA denaturation, and angiogenesis obstruction are the most relevant
factors that contribute towards cell death.*®%°

There is a need to boost the effectiveness and discernment of energy to thermal transduction, aka a photothermal
agent into the tumor, to provide an effective treatment. Nowadays, a diverse spectrum of photothermal agents is widely
available. Even if it’s PTT or PDT, two well-known minimally invasive cancer therapies, the role of NPs is unavoidable.
Noble metals, transition metal sulfur oxides, and carbon compounds are often used in PTT, while Phthalein, cyanogen,
and porphyrins are commonly employed in PDT because they have good biocompatibility and can be used in cancer
therapy.”'~** Gold-based NPs are in high demand in the PTT, but they are more expensive because of the time-consuming

vital chemistry processes. Metal NPs were reported to have stayed in bodily tissue for a long time, and their potential
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toxicity made them unsuitable for the PTT. Studies conducted also state that the efficacy of core-shell NPS has been
shown to be 20% higher than that of gold NRs.”*™’

The nature and efficacy of the NPs, which can both absorb and convert energy into heat when stimulated by NIR, are
the only factors that determine the success of PDT and PTT. The materials utilized in PDT and PTT will have an impact
on the therapy’s efficacy. NIR, which has a wavelength range of 700—1100 nm, is utilized instead of visible light because
photosensitizers can be triggered by it, and it can also penetrate deeply into malignant tissue and kill cancer cells. PTT
uses localized photosensitizing chemicals that are activated by a specific band of light, whereas PDT uses singlet oxygen
that causes irreversible free radical damage to the cancer tissue when activated by light.®”->%%

Magnetic NPs as photosensitizers/photothermal agents have also made significant progress. Magnetic nanomaterial-
based PDT/PTT is an integrated platform and superior thermal therapeutic choice over conventional thermal therapies,
demonstrating remarkable clinical outcomes through effective and numerous cytotoxic ways of killing various grades of
cancer cells in future clinics.®*"’

PDT, on the other hand, uses the NIR to detect photosensitive material (PS) that has accumulated in the tumor
location. The catch is that when they come into contact with light, they release various ROS (reactive oxygen species),
which effectively destroy cancer cells. Tochner employed Photofrin, one of the earliest photosensitizers created, to
evaluate PDT for PM treatments in around 1985.'%7'%2

Intracellular lipid peroxidation, DNA damage, and protein deterioration are the mechanisms of cancer cell death, but
they do not cause any damage to nearby cells, resulting in direct cell necrosis, apoptosis, and indirect microvascular
damage to cancer tissue. In the absence of light, the procedure entails the injection of a prodrug and its circulation
throughout the body. When the light reaches the target site, it irradiates these particles. The tumor will shrink and
eventually die out.'*>'%*

The importance of PDT was initially demonstrated on rat glioma cells, followed by the first preclinical investigation
on bladder carcinoma and the first clinical study on psoriasis, mycosis fungicides, and skin cancer. PDT has also been
utilized in the treatment of tracheobronchial tree cancer, skin cancer, lung cancer, and esophageal cancer, according to
various research publications from around 1982 to 1985.%'°°

According to Mitton and Ackroyd (2008), PDT became popular in the 1970s as a cancer therapy technique after it
was recognized that porphyrins become localized in tumors. These are used to treat a variety of cancers, most notably
choroidal neovascularization (CNV). According to Hunt in 2002, this technology is particularly important because the PS
exclusively targets undesirable tissue. Apoptosis is only limited to the areas where the specific wavelength of light is
used. PDT can be used not only for cancer treatment but also for microbial treatment, which gained prominence in the
mid-1990s. The NPs are supplied via oral, injectable, and intravenous routes, which most likely assist them to overcome
protein interaction, phagocyte invasion, and cellular resistance, allowing them to be most effective in biomedical

applications. The functions of IO-NPs NPs, as well as magnetic hyperthermia, PTT, and photodynamic therapy.'%®'%®

Clinical Efficacy of IO-NPs

MNPs have piqued the interest of researchers all over the world due to their abundance, environmentally friendly
features, and wide range of applications, which include catalysis, environmental cleanup, magnetic fluids, electronic
communication, data storage, and biomedicine. The IO-NPs, which are well-known for their ease of production,
modification, and low toxicity, are among the most well-known MNPs. According to recent studies, IO-NPs are
employed for hyperthermia treatment more frequently than other MNPs. Because of their quick aggregation and partial
oxidation, IONPs have a lower magnet, which hurts their ability to treat cancer. As a result, these IONPs are likely to be
functionalized on the surface to prevent oxidation and maintain their treatment performance.'®'"?

The size, shape, and activity of NPs are revolutionizing nanomedicine, with applications ranging from molecular detection
and sensing to gene delivery, DNA transfection, cell patterning, and imaging biological samples. Because of their unique
physicochemical characteristics and mobility, NPs interact with a variety of cell types. IONPs can be synthesized in a variety
of ways, including laser pyrolysis, solvothermal method, sonochemical approach, and others, all of which have their own set of
benefits and drawbacks. Although significant progress has been achieved in the synthesis of NPs and their uses in biomedicine,
they are still in their infancy, hampered by several significant difficulties. Because of their high superparamagnetic
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characteristics, magnetite, hematite, and maghemite are the most popular MNPs. Even though they have a strong aggregation
property, they can achieve better colloidal stability, biocompatibility, and persistence. The presence of Fe*" and Fe®" iron

species in magnetite gives it distinct properties from other [ONPs >%!127114

Hyperthermia Along with |O-NPs

Hyperthermia is the use of microwaves, NIR, and magnets to generate thermal energy to destroy cancer tissues. Because
of their low toxicity in the body and direct usefulness in treating malignant tissues, these treatments have been applied all
over the world. Because of their cellular architecture, cancer cells cannot endure heat and suffer severe damage, which
can be employed to kill them. As the temperature rises from 42°C to 60°C, hyperthermia becomes more effective.
Keeping all of these factors in mind, chemotherapy and radiotherapy are combined with hyperthermia to improve cancer
treatment. In the case of MHT, IONPs are injected into the tumor and exposed to an external AMF, which generates heat,
inducing cell death and little tissue damage. The combination of low iron concentration, laser irradiation, and a magnetic
field resulted in total cancer ablation. When it comes to photodynamic therapy, photosensitizers are heated and ROS is
produced, which aids in cancer ablation. The concept of hyperthermia is described as Figure 3.''5'"7

Magnetic Hyperthermia with Iron Oxide Nanoparticle
MHT is a potent but experimental cancer treatment in which magnetic NPs convert electromagnetic energy to heat energy
under the influence of an external AMF. A significant character has been achieved with magnetic NPs and alternating
current hyperthermia for the treatment of cancer tissues. Radiotherapy and chemotherapy have been shown to have
synergistic benefits when tumor cells are targeted with localized heating. The increase in temperature when the particles
are heated improves cell oxygenation and therapeutic efficacy.''®!"”

IO-NP nanoformulations with sizes ranging from 10 to 100 nm in size are commonly employed in MHT for cancer
treatment. When compared to other materials, this is due to their superior chemical stability, functionalization, and

biocompatibility. The targeted heating of the MNPs that are directly injected into the tumor is where MHT’s effectiveness
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rests. This is where IO-NPs NPs come in help, as they have a high heat conversion efficiency when triggered with an
alternating magnetic field. When the MHT is completed, another notable aspect is lysosomal damage. Magnetic hyperther-
mia as a treatment for brain tumors has received clinical approval in several European countries. However, this technique
has not been widely used for the treatment of malignant cells, including in the United States, which may limit the growth of
optimized magnetic IONPs. The main disadvantages are the high dose of magnetic IONPs and heterogeneous heating in the

cellular environment. The concept of MHT of IONPs with hybrid NPs is given in Figure 4.'2%!2!

Equipment for Measuring Magnetic Hyperthermia

By applying the characteristics of an alternating magnetic field that is induced in one of the following means, MIH involves
heating of a localized tumor. Coil: The dimensions of the target tumor define the coil size. A coil diameter about 25 mm is
adequate to produce a suitable magnetic field strength for tiny malignancies. Solenoid, birdcage, Helmholtz, and pancake coils
are the four types of coils used to create magnetic hyperthermia (MH). When magnetic field strengths are more than 20 mT,
solenoids must be cooled. When cooling rates are suboptimal (low or high), hyperthermia might be negatively impacted
because of excessive heating or cooling, respectively. Operation at the ideal temperature, when the sample and coil should be
in thermal equilibrium, is therefore required. Insulated coils and materials with low thermal conductivity, including expanded

polystyrene, polyethylene, polyurethane, or a three-layer cork wall, are used to create this state.'>'?*'#*

Thermocouple
Magnetic hyperthermic apparatus should have non-intrusive, precise, and sensitive thermometric components. The
therapeutic impact may not be obtained if the temperature in the tumor tissue is less than that which was intended; on
the other hand, a temperature that is too high may have negative effects on nearby healthy tissues. This issue is
resolved by using highly developed thermometric systems, most often optical fiber thermometry, MRI, and IR
thermography.'#>'%*

The fundamental idea behind the magnetic hyperthermic approach is that raising temperatures to 42—46 °C, promotes
“heat-controlled necrosis” by interfering with cancer cells’ enzymatic activities. Importantly, this only slightly harms the
nearby tissues. Additionally, this method has several benefits over more common methods that cause hyperthermia, like
radiofrequency and ultrasound radiation. For instance, the magnetic hyperthermic application is far more precise than
these more traditional thermal approaches because it is not constrained by target depth, backscattering, or the heat-sink
effects of big blood arteries. Using MNPs, which offer even temperature distributions in tumors, MH treatment can also
be carried out at the cellular level. Additionally, compared to other modalities, this kind of intervention is less

intrusive.'>>71%7
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Figure 4 Hybrid NPs combined with IO-NPs nanoparticle for systemically delivered magnetic hyperthermia with improved heating efficiency. [Reprinted with permission
from Albarqi HA, Wong LH, Schumann C, et al. Biocompatible nanoclusters with high heating efficiency for systemically delivered magnetic hyperthermia. ACS Nano.
2019;13(6):6383-6395. Copyright © 2019, American Chemical Society.'?'
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Iron Oxide Nanoparticles in Photothermal Therapy

PTT generates heat for cancer treatment by using NIR radiation-absorbing NPs (ideally Au NPs). The light energy
excites the NPs, causing them to get agitated, at which point they emit heat energy, killing the target cells. Under an
AMF, magnetic IO-NPs NPs have been widely employed as an MRI contrast agent and MHT inducer. There are two
approaches to using IO-NPs: one is to combine IO-NPs with any PA (ligand-Fe complexes), and the other is to simply
use IO-NPs as PA.'?® The ferromagnetic characteristic of iron causes IO-NPs with bare surfaces to agglomerate. They are
avoided by coating them with appropriate materials that make them hydrophilic and biocompatible while also improving
their targeting capabilities. In the case of hyperthermia, IO-NPs can be functionalized with medicines, proteins, enzymes,
antibodies, and other molecules to assist target specific locations. The synthesis and surface modification of magnetic 10-
NPs can be done in a variety of ways. Magnetic IO-NPs NPs can be precipitated in an aqueous solution or aqueous core
of water in oil microemulsions to create IONPs with diameters ranging from 1 to 20 nm. Precipitation in the presence of
polymers produces NPs with diameters of 20-50nm, while surface coating with surfactants or polymers produces NPs
with diameters greater than 50nm. The size, solubility, and surface chemistry of MNPs vary based on their core
properties. When iron NPs are submerged in biological fluids during the hyperthermia process, various surface coatings
protect the cores from corrosion. Due to their superparamagnetic properties, magnetite and maghemite, or their
combination as both, are commonly used for PTT. The temperature of the IO-NPs can be elevated to 42 ° C, resulting
in cancer cell necrosis. Normally, IO-NPs NPs do not have a high conductivity by themselves, thus they are coated with
photothermal agents (PA). The MNPs in combination with the PA itself produce excellent results in terms of targeting

and NIR absorption, which aid in imaging and hyperthermia.'* '3

Iron Oxide Nanoparticles in Photodynamic Therapy

The cancer cell ablation at the targeted tumor location is achieved by administering photosensitizer to cancer-infested
sites under NIR irradiation, resulting in ROS production. The PDT’s key advantages are that they are specific to the
tumoral spot and can be repeated, if necessary, in the interim. IONPs are an efficient material since they are affordable,
less poisonous, and do not require surgery, but their lack of selectivity is a disadvantage. IONPs are used in conjunction
with photosensitizers to overcome this limitation. Most notably, the presence of PDT accelerates the Fenton process and
causes synergistic ROS production in macrophages by increasing oxidative stress. Combining these three components to
provide high anticancer activity as a unit.>”'**"'3> The approach is explained in Figure 5.
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Figure 5 The Fenton reaction and oxidative stress on macrophages are further accelerated by the presence of PDT, leading to synergistic ROS generation via hybrid IONPs.
Reprinted with permission from Liang X, Chen M, Bhattarai P, Hameed S, Tang Y, Dai Z. Complementing cancer photodynamic therapy with ferroptosis through iron oxide
loaded porphyrin-grafted lipid nanoparticles. ACS Nano. 2021;15(12):20164-20180. Copyright © 2021, American Chemical Society.'>®
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Hybrid Nanoparticles Formed with Iron Oxide Nanoparticles

There are two ways to use IO-NPs for PTT: (a) as a standalone PA; and (b) in combination with any other PA to produce
hybrid NPs that display the key characteristics of magnetism and NIR absorption (for MRI, magnetic targeting,
photoacoustic tomography, and PTT). The apparent photothermal performance of IO-NPs might be poor due to their
low NIR molar absorption coefficient. Because of this, they are frequently blended with other PA to produce a hybrid
nanocomposite. The possibility of using magnetic and PA-containing nanocomposites as theranostic agents in the
biomedical sector has attracted a lot of interest. As theranostic agents for drug administration and MRI, NPs with
magnetite content and polymeric encapsulation are applied in numerous uses. When paired with other imaging
modalities, MRI can provide supplemental diagnostic information for more accurate tumor characteristic identification
and the precise direction of anticancer therapy. MRI delivers a high-resolution image of body components. A magnetic
field can functionalize and direct magnetic NPs. Advanced MRI-guided medication and gene delivery, MHT cancer
therapy, cell tracking and bioseparation, regenerative medicine, and tissue engineering are all made possible by them.
Using MRI, IO-NPs can be utilized to diagnose liver, inflammatory, and liver and vascular conditions. Additionally, they
are employed in therapeutic procedures such as magnetic fluid hyperthermia, macrophage polarisation, magnetic
medication targeting, and iron supplementation in anemia. These characteristics make them particularly valuable in
theranostic applications.'**'** As previously mentioned, surface modification of NPs with a targeting ligand (eg,
peptide) is used to direct the NPs to the tumor side. Other methods of targeting, specifically physical targeting, have
been developed as an alternative to biological targeting. One of these is magnetic targeting, whereby a magnetic field
from outside the body can affect how magnetic NPs move. This is possible because the magnetization and NIR
absorption capacities of the produced NPs are combined into a single structure. They can also be utilized in MRI or
thermal imaging to assess the efficacy of the therapy in real-time.*°

Nanomaterials based on gold are one of the PA. Gold nanostructures have a significant capacity for absorbing cross-
sectional energy, which can provide enough heat. Because of their peak visible light absorptions, spherical gold NPs have
not been very useful in vivo. For instance, the LSPR wavelength of a spherical gold nanoparticle with a diameter of 10
nm is 520 nm as opposed to 580 nm for particles with a diameter of 100 nm. However, one may adjust the LSPR
wavelength to the NIR area thanks to the hierarchical building of gold NPs. As a result of their LSPR being in the NIR
region, nanoshells, gold nanorods, nanostars, and nanocages have been employed as PA for eradicating in vivo tumoral
models. Gold supra shells are a type of self-assembled nanostructure produced from the aforementioned hybrid gold-
IO-NPs. Surface plasmon resonances in gold supra shells span a wide range of vis-NIR wavelengths. Such supra shells
produced heat that could be used to kill cancer cells after being excited by two continuous wave lasers that emitted light
at either 514 or 785 nm."*""'*? Au is one of the most alluring components when paired with SPIONs. The combination of
magnetic NPs with au has opened new options, particularly in the treatment of oncological diseases, to achieve more
effective and varied therapy for various tumor types. Briefly stated Au NPs can be used as therapeutic methods such as
radiotherapy (RT), photodynamic treatment (PDT), chemotherapy, and hyperthermia. The use of Au-based nanomaterials
in clinical tests is increasing because so many of these procedures are minimally invasive or non-invasive.*’'*?

Most of the time, the tumor is thermally abated applying a laser beam that has been heated up by Au NPs. This
encourages several biological processes, such as apoptosis, protein denaturation, and necrosis. This causes the death of
the tumor cells. This therapy approach’s key drawback is the poor amount of light penetration inside the tissues, which
means it can only be used to treat surface malignancies. Due to the potential to get beyond the constraints of Au NPs
noted above, the creation of coupled Au-SPION nanosystems has received a lot of interest recently. According to some
scientists, Au-incorporated SPIONS having high NIR light absorption could be a contender for cancerous PTT.'#* 143

Nearly 50% of cancer patients are treated with RT, making it a vital therapeutic approach. Due to several benefits of
gold nanostructures, such as high absorption as well as efficiency in creating secondary electrons upon irradiation of
g-ray or X-ray, there has recently been a lot of interest in using AuMNPs as radiosensitizers for cancer treatment, with
a focus on solid hypoxic tumor. It has been demonstrated that Au MNPs, MNPs of various shapes as well as sizes, can
greatly enhance the efficacy of cancer therapy when mediated by RT and HT. According to the effectiveness of the
results, the physical and chemical characteristics of nanocomposites have a significant role in determining how well they

work in multimodal imaging and therapy.'*¢'4’
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Due to some limitations in drug loading, release rates, and retention time in the bloodstream blood circulation, the
application usage of bare MNPs often tends to be unsuccessful drug carrier formulations. This is widely documented
among the huge volume of material addressing the use of MNPs in the biomedical sector. Additionally, it was noted that
MNPs may aggregate once they are part of a biological system, which can harm their colloidal stability. Magnetic
nanoparticle use has been constrained commercially due to these disadvantages. By mixing biocompatible components,
such as lipid-based nanocarriers, with magnetic nanoformulations, these issues can be solved. The NPs can function as
a drug delivery vehicle and carry out a variety of biological interactions with the cell when coated with polymer or
liposomes. On the other hand, because they alter the tumor’s atomic makeup when introduced, magnetic NPs like 10
could be used as radiosensitizers in radiation. Magnetic nanoparticle addition would alter the radiation dose and picture
contrast at the tumour.*”-'#¥71%0

In this regard, Lassalle’s research team has lately developed several preliminary experiments. To test if a lipidic-magnetic
nanosystem could transport and distribute active ingredients like Diclofenac, nanostructured lipid carriers (NLCs) were coated
with magnetic NPs. Diclofenac is a regularly used non-steroidal anti-inflammatory medicine (NSAID). The physical state of
the lipids that make up NLCs differs from that of the solid lipidic NPs (SLNs) in which they are found. While NLCs are made
up of combinations of solid and liquid lipids, SLNs are made up of solid lipids (oils). It is important to emphasize that,
following the method described by Nicolas et al, the MNPs used in this procedure were made of magnetite as the core and
chitosan as the coating.>”'>!

Linoleic acid hydroperoxide (LAHP) as well as catalytic iron (II) ions were used to create activatable singlet oxygen
('0,)-generating device for targeted cancer therapy in an acidic tumor pH environment. One of the main byproducts of
lipid peroxidation is LAHP, which through the Russell mechanism decomposes into ROS and '0, in the presence of Fe**
and is linked to several disorders. In this case, LAHP organic substances/polymers having a surface-anchoring group
incorporated with 10 NPs. H" may pass through the polymeric brushes and separate Fe** from I10-LAHP NPs’ surface,
causing ROS and 'O, to develop and ultimately killing cancer cells (ie, ferroptosis).' '3

In this case, LAHP polymers with a surface-anchoring group were carried by 10 NPs. H+ may pass through the
polymer brushes and separate Fe** from I0-LAHP NPs’ surface, causing ROS and 102 to develop and ultimately killing
cancer cells (ie, ferroptosis). To evaluate the effective production of 'O, species by iron (Il)-catalyzed breakdown of
LAHP molecules, a UV-constructed singlet oxygen scavenger 9,10-diphenylanthracene (DPA)-derived biosensor and
fluorescence (FL) singlet-oxygen sensor green (SOSG) was made. The good efficacy of ferroptosis-based cancer therapy
is shown by the findings of confocal microscopy imaging, a cell viability study, a flow cytometry investigation, and

tumor-growth-inhibition curves.'>*'>

Future Perspective

Furthermore, the grade of IO-NPs materials can be altered based on various preparation processes to fulfill future clinical
requirements. However, more study is needed to improve and confirm the clinical feasibility of IO-NPs formulations for
cancer therapy in terms of efficacy and patient safety. These particles are biocompatible and biodegradable. The present
focus on PTT, PDT, MHT, and IO-NPs can aid in the detection and management of diseases in their early stages
Although the majority of conventional NPs have drawbacks such as poor physiological solubility, unfavorable pharma-
cokinetics, and low tumor selectivity, [ONPs are anticipated to partially address these issues. Particularly in the areas of
illness detection, timely screening, intracellular imaging, molecular studies, and multifunctional therapies, the future of
IONPs in biomedical applications is quite promising. Although IO-NPs that have been approved by the US FDA are
utilized by consumers, more study needs to be done on these materials before they can be made available to the general
public alongside other therapy modalities like PTT, PDT, and MHT.'3*!3

Conclusion

The clinical value of PTT, PDT, and MHT as non-invasive techniques is of tremendous importance in various types of
cancer treatment. In recent years, IO-NPs based formulations have been widely explored as photothermal materials,
photodynamic materials, and magnetic sensitizers. Using IO-NPs formulations, the cancer treatment efficacy of PTT and
PDT, as well as the MHT process, might be improved. Near-infrared therapies have been enhanced, and they have
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a bright future in life science. Because of their many properties, [O-NPs based formulations have a significant impact on
magnetic hyperthermia, PTT therapy. IO-NPs based formulations seem to be promising therapeutic agents for any cancer
treatment. [O-NPs based formulations can be utilized independently or in conjunction with other agents. They are
expected to offer several benefits, including outstanding magnetic characteristics, good compatibility, and non-toxicity.
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