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Recent years have seen a significant growth in the use of metallic magnetic nanoparticles due to the versatile functionality

which is intrinsically linked to their morphology, where both the particle size and shape contribute to the prominent

magnetic features. The aim of this entry is to establish the predictive power of computational modelling in explaining these

phenomena at the atomic level, allowing researches to find the link between the size, shape, and ligand-mediated

property changes which will facilitate design of the tuning strategies for the realisation of application-specific magnetic

behaviour at the nanoscale.
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1. History of Use and Study of Metal Nanoparticles in Biomedicine

Metal nanoparticles (MNPs) have been attracting researchers’ attention for over a century, owing to the diversity in their

properties and the unique phenomena that only exist at the nanoscale and have unlocked many new pathways to

implement metals as technology materials. However, MNPs have been used, albeit unknowingly, long before modern

ages. They were an integral part in the cosmetics of the ancient Egyptians, whereas the Romans were famous for their

workmanship of stained glass which evolved from the absorption of light through gold and silver MNPs—the most

renowned example being the Lycurgus cup. The trend of dyed glass and metal-resembling glazes on ceramic pottery

continued deep into the Middle Ages before the origin of the colouring effects was linked to the presence of optically active

colloidal nanosized metallic particles in 1857 by Michael Faraday. Today, efforts to unravel new tuning strategies leading

to desired properties of MNPs continue to grow, and utilisation of such nanotechnology has moved a long way from

stained glass, reaching an extensive range of confirmed and potential applications in catalysis , electronics ,

optics , information storage , and finally, medicine .

MNPs can exist as common single element structures, constituting alkali/alkaline, transition, or noble metals, or they can

be composites of two or more different metals, known as nanoalloys. Their physical and chemical characteristics are

determined not only by the chemical composition as in the respective bulk materials, but also by their size and

morphology. Therefore, tailoring of the MNP properties depends on the strict control of each of these parameters. Only

recently have advances in experimental equipment and methods led to the synthesis of MNPs of a uniform size

distribution with directed morphology control of particles synthesised in solution, giving rise to the development of

numerous production techniques. Today, procedures to generate MNPs with extensive control over their size and shape

are well established, even to the point of reaching atomic-level precision in cluster and MNP synthesis, isolation, and

deposition on a support . Such progress has enabled the correlation between the MNP properties and size and

shape effects, with multiple examples cited in the recent literature . Nonetheless, MNPs are principally

neither isolated nor clean, rather frequently stabilised by solvent or surfactant molecules or in form of particle aggregates,

the presence of which makes the structural determination cumbersome. Consequently, experimental characterisation

techniques still face significant challenges in assigning the influence of structural parameters on certain properties over

the size distribution of the synthesised MNPs , and computational simulations have been shown to significantly

contribute to the unravelling of size, morphology, and environmental effects on properties of individual MNPs 

.

In recent years, the emerging potential of MNPs with specific magnetic properties (called magnetic metal nanoparticles,

mNPs, in the remaining text) has brought further advances in biomedicine. Their response to an externally applied

magnetic field, in combination with easy conjugation of the metallic surfaces with various functional groups present in

biomolecules, antibodies, and drugs of interest, has opened up a completely new range of biomedical applications, where

magnetically induced preconcentration, identification, and separation are merged with targeted medical analytes in a

single agent at the nanometre scale. This approach has allowed the development of drug delivery with reduced

distribution of medical substances in untargeted tissues and improved contrasts in body scans through magnetic
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resonance imaging, whereas hyperthermia therapies have progressed from treatments increasing whole-body

temperature to treatments with completely localised magnetically induced heat generation, as described in the following

text. Initially, the focus was on the use of magnetic nanoparticles of biocompatible metallic oxides, mainly

magnetite/maghemite, but upon the failed efforts to sufficiently improve their magnetic moments to fulfil the requirements

of the therapies, naturally magnetic metallic counterparts, mNPs, have started to generate an appreciable amount of

interest. Many of such mNP agents are already approved for clinical use, but the search for those with superior response

and higher efficiencies at safer external field strengths continues, including less obvious material choices, such as Co

mNPs, as promising candidates.

A comprehensive, although not by any means complete, summary of magnetic core NPs with protective coatings

designed for biomedical purposes can be found in Table 1. There are many reviews on the role of iron oxide magnetic

nanoparticles in biomedicine, with details behind the exhaustive efforts to adjust their properties for specific applications

. However, the topics of the current review are metal nanoparticles, the interplay between their

physical and magnetic properties as they relate to the performance in biomedical applications, and how to approach and

predict this dependence from a computational modelling perspective, focusing on the example of cobalt mNPs.

1.1. Biomedical Applications of mNPs

1.1.1. MRI

Magnetic resonance imaging (MRI) is a powerful, noninvasive, and sensitive tomographic visualisation technique widely

used in biomedicine to obtain high-resolution scans of body cross-sections. An MRI image originates from the

measurement of nuclear magnetic resonance (NRM) signals that are collected as responses of abundant water protons

present in biological tissues to the applied magnetic field . In rare cases, signals are detected from other nuclei,

such as C , P , or Na . A strong static magnetic field is first applied to align the magnetic moments of proton nuclei,

which are then deflected in the transversal plane upon the application of a short radiofrequency pulse. Magnetic moments

spontaneously return to the original longitudinal direction of the magnetic field, and the time necessary for the complete

realignment is called relaxation time. One can distinguish between the T1 relaxation time corresponding to the longitudinal

recovery and the T2 relaxation time of the transversal decay. Both are sources of tissue contrasts in MRI scans, which

depend on the net magnetic effect of a large number of nuclei within a specific voxel of tissue. Contrasting black and white

areas of the MRI image correspond to the disproportionate T1 and T2 proton relaxation times of various biological tissues

as a consequence of differences in their compositions and proton density, resulting in distanced signal intensities.

However, the limited virtue of these differences can sometimes cause low sensitivity of the technique, resulting in

inadequate image contrasts for certain clinical objectives.

Table 1. Classification of magnetic NPs based on the core and coating materials and their respective applications.

Magnetic Core Reported Coating Materials Application Ref

Metal    

Fe

polymers MRI, drug delivery

iron oxide MRI, hyperthermia

Au drug delivery, photothermal therapy

Co

organic acids drug delivery, hyperthermia

polymers MRI

Au MRI, gene transport, hyperthermia

FeCo

graphite MRI, optical imaging

CoFe O hyperthermia

Au MRI, medical labelling

FePt

Au MRI, photothermal therapy

organic acids/thiols biosensors, MRI, CT

SiW O hyperthermia

polymer + SiO drug delivery
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Magnetic Core Reported Coating Materials Application Ref

FeNi polymers hyperthermia

FeNiCo propylene glycol hyperthermia

Oxide    

Fe O

SiO , TiO MRI, photokilling agents

dextran, DMSA MRI

Au, Ag MRI, immunosensor, photothermal therapy

Fe O
SiO MRI, biolabelling

polymers MRI, biolabelling, drug delivery, optical imaging

MnFe O polymers and organic acids MRI

CoFe O
polymers and organic acids MRI, drug delivery, hyperthermia

Au + PNA oligomers biosensors, genomics

NiFe O
polymers and organic acids drug delivery, hyperthermia

polysaccharides MRI

MnO

Au MRI

polymers and organic acids MRI

SiO biolabelling

Because the relaxation process involves an interaction between the protons and their immediate molecular environment, it

is possible to administer MRI contrast agents that alter the magnetic characteristics within specific tissues or anatomical

regions and improve the image contrast . Those contrast agents are individual molecules or particles with

unpaired electrons (paramagnetic metal–ligand complexes or magnetic particles) that produce inhomogeneities in the

magnetic field causing a rapid dephasing of nearby protons and change in their relaxation rate. Contrast agents can be

divided into those that shorten the longitudinal recovery time, resulting in a brighter image, i.e., positive or T1 agents, and

those that shorten the transversal decay time, i.e., negative or T2 agents. The principle of MRI and the use of contrast

agents is shown in Figure 1. Contrast agents are used in 40–50% of all MRI examinations.

Figure 1. Schematic representation of the principle behind the MRI contrast agents.

The first paramagnetic complex approved in 1987 for use in cancer patients to detect brain tumours was gadolinium(III)

diethylenetetraamine pentaacetic acid (GdDTPA) . With rising concerns over the safety of Gd complexes, which have

been found to remain in the body after multiple MRI scans, the World Health Organization (WHO) issued a series of

restrictions on their use as contrast agents in 2009 . This stimulated intense interest in creating responsive

superparamagnetic T2 agents that show higher biocompatibility and safety. Currently, the majority of T2 contrast agents

are iron oxide based superparamagnetic NPs (SPIONs) coated with dextran, silicates, or other polymers with variable T2

relaxivities . Recent studies investigating the transformation of SPIONs into T1 contrast agents have generated

some promising results, but effective contrast enhancement is still lacking, due to the unknown relaxation mechanisms,
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and nanoparticulate T1 contrast agents have yet to be approved for clinical use . This flexibility makes iron

oxide NPs attractive for detecting specific biological tissues, but their relatively large sizes still impede cell penetration and

delivery, while lower values of their magnetic moments require increased clinical uptake to compensate for the poor

contrast obtained when compared to gadolinium-based agents. Low efficacy has led to a discontinuation of a number of

prominent iron oxide contrast agents in recent years , and currently, only ultrasmall particles (USPIONs)

remain in clinical use. Superparamagnetic iron–platinum mNPs have been reported to have significantly better T2

relaxivities than SPIONs and USPIONs , while iron mNPs offer an order of magnitude greater susceptibility at room

temperature . As a result, these are currently agents of significant interest and the topic of much investigation,

together with cobalt mNPs, whose very high saturation magnetisation (1422 emu/cm  for cobalt compared to 395

emu/cm  for iron oxide at room temperature) offers a larger effect on proton relaxation, promising improved MRI contrast

whilst allowing smaller particle cores to be used without compromising sensitivity .

1.1.2. Magnetic Hyperthermia

Hyperthermia, in terms of medical treatments, is defined as a moderate increase in temperature (to 40–45 °C) sufficient to

cause death of tumorous cells whose vulnerability towards heat originates from the poor blood flow and insufficient

oxygenation in the affected region . Initially, hyperthermia treatments used water baths; later, conventional

therapies proceeded to noncontact external devices for transfer of thermal energy either by irradiation or by

electromagnetic waves (microwave, radiofrequency, ultrasound, or laser sources). However, the realisation of the full

clinical potential of hyperthermia treatments was limited due to the inability of heat sources to target tumorous cells

efficiently and locally. As the effectiveness reduces steeply with the distance from the source, targeted regions were not

receiving enough thermal energy, while maximal temperature gradient was obtained on the body’s surface. However, the

biggest shortcoming was the dissipation of energy that was causing serious damage in the healthy tissue situated near

the main path of the radiation beam. Altogether, conventional hyperthermia showed no discrimination between targeted

tissue and surrounding environment. The growing usage of magnetic nanosystems initiated an efficient solution, where

the problem of an external source could now be circumvented by the intravenous administration of magnetic NPs,

followed by the use of an alternating magnetic field that results in the localised transformation of electromagnetic energy

into heat by means of NP relaxation mechanisms. This targeted approach allows local heating of tumorous cells with

minimal impact on the surrounding tissues. The principle of magnetic nanoparticle hyperthermia is presented in Figure 2.

Figure 2. Schematic representation of the principle of magnetic nanoparticle hyperthermia for liver cancer.

The magnetic hyperthermia nanoagents implemented thus far are mostly magnetite and maghemite NPs 

. However, despite the promising results of preclinical trials, there are many ongoing challenges in making magnetic

nanoparticle hyperthermia a universal cancer treatment, including the establishment of optimal limits on the strength and

frequency of the applied magnetic field, their correlation with the duration of the treatment, and determination of sufficient

NP concentrations . As the magnetic gradient decreases with the distance from the source of the

applied magnetic field, restrictions on the human-safe magnetic field strengths impose challenges in obtaining the

necessary gradients to control the residence time of NPs in the desired area. Additionally, estimates of the magnetic field

strengths and gradients based on the hydrodynamic conditions of vascular vessels have shown that the highest

effectiveness of magnetic targeting is in the regions of slower blood flow, which are usually near the surface .

Research on the internal magnets implanted in the vicinity of the targeted tissue using minimally invasive surgery is

ongoing, and several studies have succeeded in simulating the interaction between an implant and a magnetic agent 

. In terms of the amount of NPs that can be incorporated in a single living cell, the admissible intake is of the

order of a few picograms . This limit makes it essential that the nanoparticular agents have high magnetic
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moments, because a relatively small number of particles (between 10  and 10 ) has to be capable of increasing the

intracellular temperature by several degrees, where mNPs have an important advantage over the relatively weak

magnetic moments of iron oxides. There are several excellent reviews in the literature on the principles and requirements

of magnetic nanoparticle hyperthermia .

Nanoparticle hyperthermia can also be combined with other therapies to form multimodality treatments and provide a

superior therapy outcome . One possibility is to merge it with chemotherapy, where heat can enhance the cytotoxicity

of chemotherapeutic drugs or assist the drug uptake by increasing the local blood supply and tissue oxygenation 

. Besides the synergy with chemotherapy, the combination of unique magnetic and optical properties in a single NP

system leads to multimodal photothermal and thermal photodynamic treatments . In nano-

photodynamic therapy, mNPs act as photosensitiser carriers that under the irradiation with visible (VIS) and/or near-

infrared (NIR) light generate reactive oxygen species (ROS) able to cause tumour degradation. Multiple studies on

glioblastoma have shown that the combination of nanoparticulate hyperthermia and photodynamic treatments is quite

effective to treat this type of cancer . In nano-photothermal therapy, a nanosized photothermal agent is stimulated by

both specific band light and vibrational energy/heat release to selectively target abnormal tissues. A number of magnetic

nanomaterials with appropriate optical characteristics have been developed by bringing together a magnetic core and, for

example, gold coatings, carbon nanotubes, or graphene, all of which show strong optical absorbance in the NIR optical

transparency window of biological tissues. The major advantage of the combined electron–phonon and magnetic

relaxations is the significant reduction in the laser power density required for efficient therapies . Recently, a pilot

study on the initial evaluation of nano-photothermal agents based on gold nanoshells in the treatment of prostate cancer

confirmed the clinical safety of this combined therapy .

1.1.3. Targeted Drug Delivery

One of the most rapidly developing areas of modern pharmacology is targeted drug delivery, with the aim to reduce the

drug intake per dose and prevent exposure of healthy tissue to chemically active analytes. In 1906, Paul Ehrlich

introduced the term magic bullet, describing the drug capable of locating the causative agent of the disease and providing

the adequate treatment without further distribution to unaffected areas . Several decades later, the first drug delivery

systems were developed, containing active medical substances attached to the surface of a carrier or encapsulated within

the carrier which possesses specific cell affinity contained within molecular vectors and would disintegrate and release the

capsulated drug upon contact with diseased cells . Organic nanosystems (liposomes, micelles, polymer NPs)

 together with carbon nanotubes and fullerene NPs  are the most often employed drug carriers,

while different hormones, enzymes, peptides, antibodies, and viruses often serve as molecular vectors .

Thus far, the available carriers and capsules for targeted drug delivery have each shown several disadvantages, from

limited chemical and mechanical stability of organic NPs, over the questionable toxicity of carbon-based systems, to the

general susceptibility to microbiological attack, lack of control over the carrier movement and the rate of drug release, and,

finally, high cost . Hence, the search for an optimal carrier has shifted direction towards utilising the

magnetically induced movement of magnetic nanosystems. Their main advantages are simple visualisation (based on the

principles of MRI), easy guidance and retention in the desired area by externally applied magnetic field, and controllable

drug detachment triggered by heat released in the variable magnetic field (based on the principles of magnetic

hyperthermia). In addition, it is possible to engineer magnetic NPs to either avoid or interact with the immune system in

specific ways .

In common with the previous two applications, most attention has been devoted to iron oxide NPs . However,

limitations of magnetic drug delivery have promoted the search for materials of higher magnetic moments  due to the

decrease in the magnetic gradients connected to the distance from the source as well as to the fluid hydrodynamics

correlating with the depth of the affected tissue—i.e., the same drawbacks as in hyperthermia treatments. So far, a

combination of relatively strong magnetic fields with SPION drug carriers has been shown to reach an effective depth of

10–15 cm in the body . Other restrictions relate to the acceptable size of the NPs; first, they have to be below the

critical size for optimal magnetic properties, which is a prerequisite to avoid magnetic memory and agglomeration once

the magnetic field is removed, and second, they have to be small enough such that after the attachment of drug

molecules on their surface they can still effectively pass through narrow barriers . The small size implies a reduced

magnetic response and hence requires materials of high magnetisation, such as mNPs, rather than metal oxides.

Recently, 5–25 nm diameter cobalt–gold mNPs with a core–shell structure and tailorable morphology were synthesised for

the purpose of obtaining high-magnetisation drug carriers . The major advantage of the implementation of cobalt

within the mNP core is that it has a magnetic moment nearly twice that of iron oxides.
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2. Features of mNPs
2.1. Electronic and Magnetic Properties of mNPs

The proper functionality of mNPs for specific applications depends on their magnetic properties, as well as their

biophysical behaviour under physiological conditions. While the latter is most efficiently captured by in vivo experiments,

insight into the dependence of magnetic properties of nanometre-scale particles on their size, composition, and

morphology can be reliably obtained by computer modelling techniques.

Magnetic properties of mNPs can be classified as intrinsic or extrinsic. The former are more important since they are

derived from the interactions on an atomic length scale and highly depend on chemical composition and grain size, shape,

and crystal microstructure. Additionally, they are much more affected by surface effects and therefore give rise to specific

manifestations, such as superparamagnetism, that can only be found at the nanoscale level. These properties include

magnetic saturation, anisotropy, and the Curie temperature.

Intrinsically, classification of mNPs based on the ordering of their magnetic moments corresponds to the classes of bulk

metallic materials, and hence there are paramagnetic and ferromagnetic mNPs. Those that are paramagnetic exhibit no

collective magnetic interactions and they are not magnetically ordered; however, in the presence of a magnetic field, there

is a partial alignment of the atomic magnetic moments in the direction of the field, resulting in a net positive magnetisation.

mNPs belonging to the ferromagnetic class exhibit long-range magnetic order below a certain critical temperature,

resulting in large net magnetisation even in the absence of the magnetic field. If the diameter of the mNP is larger than the

critical value, D , coupling interactions cause mutual spin alignment of adjacent atoms over large volume regions called

magnetic domains. Domains are separated by domain walls, in which the direction of magnetisation of dipoles rotates

smoothly from the direction in one domain towards the direction in the next. Once the diameter falls under the critical

value (typically between 3 and 50 nm), mNPs can no longer accommodate a wall and each of them becomes a single

domain. Additionally, since each domain is also a separate particle, there can be no interactions or ordering of domains

within a sample, and particles do not retain any net magnetisation once the external field has been removed. This

phenomenon is known as superparamagnetism. Superparamagnetic mNPs are, as the name suggests, much alike

paramagnetic mNPs apart from the fact that this property arises from ferromagnetism. Their normal ferromagnetic

movements combined with very short relaxation times enable the spins to randomly flip direction under the influence of

temperature or to rapidly follow directional changes in the applied field. The temperature above which the thermal energy

will be sufficient to suppress ferromagnetic behaviour is called the blocking temperature, T . Below T , the magnetisation

is relatively stable and shows ferromagnetic behaviour, while for T > T , the spins are as free as in a paramagnetic system

and particles behave superparamagnetically. Blocking temperatures for most mNPs are below 100 K , and

their behaviour is therefore paramagnetic, as for most temperatures they are only magnetised in the presence of the

external field, but their magnetisation values are in the range of ferromagnetic substances. Moreover, the strength of the

external field needed to reach the saturation point of superparamagnetic mNPs is comparable to that of ferromagnetic

mNPs.

The highest magnetisation that mNPs can obtain when exposed to a sufficiently large magnetic field is called the

saturation magnetisation, M . It is the maximum value of the material’s permeability curve, where permeability, μ, is the

measure of magnetisation that a material obtains in response to an applied magnetic field (total magnetisation of material

per volume). It is often correlated with the ratio of magnetisation to the intensity of an applied magnetic field H, which is

known as the magnetic susceptibility, χ, and describes whether a material is attracted into or repelled out of a magnetic

field. The magnitude of saturation is a function of temperature; once it is reached, no further increase in magnetisation can

occur even by increasing the strength of the applied field. The unique temperature limit at which ferromagnetic mNPs can

maintain permanent magnetisation is the Curie temperature, T . Notably, when the mNP size is reduced from multidomain

to a single domain, the magnitude of M  decreases due to the increment in the spin disorder effect at the surface; thus,

the M  value is also directly proportional to the size of mNPs.

In almost all cases, magnetic materials contain some type of anisotropy that affects their magnetic behaviour. The most

common types of anisotropy are (a) magneto-crystalline anisotropy (MCA), (b) surface anisotropy, (c) shape anisotropy,

(d) exchange anisotropy, and (e) induced anisotropy (by stress, for example), where MCA and shape anisotropy are the

most important in mNPs. Magneto-crystalline anisotropy is the tendency of the magnetisation to align along a specific

spatial direction rather than randomly fluctuate over time. It arises from spin–orbit interactions and energetically favours

alignment of the magnetic moments along the so-called easy axis. Factors affecting the MCA are the type of material,

temperature, and impurities, whereas it does not depend on the shape and size of the mNP. Morphology effects are

included in the shape anisotropy. Stress anisotropy implies that magnetisation might change with stress, for example

when the surfaces are modified through ligand adsorption, which means that the surface structure can significantly
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influence the total anisotropy. Hence, due to the large ratio of surface to bulk atoms, the surface anisotropy of mNPs could

be very significant, and the coating of mNPs can therefore have a strong influence on their magnetic anisotropies.

Different types of anisotropy are often expressed simply as magnetic anisotropy energy (MAE), which determines the

stability of the magnetisation by describing the dependence of the internal energy on the direction of spontaneous

magnetisation. It has a strong effect on the values of extrinsic properties.

Extrinsic properties of mNPs are not as essential as the intrinsic. They are derived from long-range interactions and

include magnetic coercivity and remnant magnetisation (remanence), which are dependent on microstructural factors,

such as the orientation of intermetallic phases.

Magnetic coercivity, H , can be described as a resistance of a magnetic material to changes in magnetisation, and it is

equivalent to the magnitude of the external magnetic field needed to demagnetise material that has previously been

magnetised to its saturation point. Ferromagnetic mNPs that have reached saturation cannot return to zero magnetisation

in the same direction once the applied field has been removed, and the magnetic field is therefore applied in the opposite

direction. This process leads to the creation of a loop known as hysteresis. Hysteresis loops indicate the correlation

between the magnetic field and the induced flux density (B/H curves). Superparamagnetic mNPs each have only one

domain, and no hysteresis loop is obtained when the applied field is reversed. Remnant magnetisation, M , is

magnetisation left after the magnetic field has been removed. Once the saturation has occurred and a magnetic field is no

longer applied, ferromagnetic mNPs will produce an auxiliary magnetic field and resist sudden change to remain

magnetised. In contrast, superparamagnetic mNPs will behave as paramagnets with instant need for demagnetisation and

negligible M . This property allows for ferromagnetic mNPs to gain magnetic memory.

2.2. Biomedically Desired Properties of mNPs

Specifics of the application of interest govern the desired properties of materials used, as was described briefly for the

diagnostics and therapy methods in the previous section. In biomedicine, the safety of the treatment towards a patient is

the highest priority, and hence superparamagnetic mNPs are preferred because they are magnetised only under the

influence of an external magnetic field and quickly demagnetise otherwise, which makes them safer for the human body.

This implies that no coercive forces or remanence exist, preventing magnetic interactions between particles and their

aggregation, which could lead to adverse problems derived from the formation of clots in the blood circulation system.

Saturation magnetisation is also a substantial factor for two reasons: (1) mNPs with high M  show a more prominent

response to the external magnetic field; (2) high M  makes the movements of mNPs more controllable and guarantees

efficient response to the magnetic field, implying reduced time of residence and lower required dosages of mNPs. M  is

dependent on the mNP magnetic moment, size, and distribution, and it is thus important to take them into consideration.

An increase in size yields higher M , but above the critical diameter, mNPs become ferromagnetic and show undesired

behaviour due to the formation of agglomerates and magnetic memory. Moreover, very small diameter sizes are highly

desirable to reach regions of limited access; in order to cross the blood–brain barrier, for example, a magnetic core size of

d ≈ 12 nm or less is required. Thus, a suitable balance should be found between the size distribution and magnetic

properties. Since mNP-based therapies work by directing the mNPs to a target site using an external magnetic field,

magnetic anisotropy is also a very important factor.

Alongside these general requirements that are applicable to all biomedical applications, to enhance the performance of

mNPs within MRI diagnostics and hyperthermia therapy it is essential to gain insight into the inherent mechanisms behind

their magnetic processes and assess the properties of mNPs and external magnetic field parameters for optimal treatment

results.
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