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Abstract

:

Magnetic nanoparticles (MNPs) represent an advanced tool in the medical field because they can be modified according to biomedical approaches and guided by an external magnetic field in the human body. The first objective of this review is to exemplify some promising applications in the medical field, including smart drug-delivery systems, therapies against cancer cells, radiotherapy, improvements in diagnostics using magnetic resonance imaging (MRI), and tissue engineering. Complementarily, the second objective is to illustrate the mechanisms of action and theoretical foundations related to magnetoresponsive materials.
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1. Introduction


Magnetic nanoparticles (MNPs) are nanoscale particles (1–100 nm) that can be guided through an external magnetic field due to their superparamagnetic, ferrimagnetic, and ferromagnetic properties, which may provide features for biomedical applications. MNPs with superparamagnetic properties are of special interest because they exhibit strong magnetic interactions under an external magnetic field, which disappear once the external magnetic field is removed. This property allows for the design of ferrofluids, since MNPs can be stabilized in solutions because they do not present magnetic interactions when the external magnetic field is switched off; and allows for in vivo performance, as in (i) cell marking [1], (ii) drug systems guided by a magnetic field [2], (iii) image contrast agents [3], and (iv) as heat generators in hyperthermia treatments [4].



MNPs generally contains two main parts: the core and the coating. The core presents a predominant quantum effect, which commonly incorporates magnetic elements such as Fe, Ni, or Co as well as their corresponding oxides, while the coating is responsible for stabilizing and protecting the core from the chemical effects of the medium [5]. The coating also plays an essential role since it provides specific properties and functions to the nucleus; for example, biocompatible natural polymers, such as chitosan or cellulose, work as cargo vectors of therapeutic agents to release in a controlled manner (Figure 1). Due to these characteristics, biomedical device synthesis has shown great interest in low toxic superparamagnetic MNPs, to avoid embolization or other secondary effects for the patient at the molecular or cellular level [6].




2. Synthesis of Magnetic Nanoparticles


The synthesis of nanoparticles (NPs) can be classified into three strategies: these are chemical, physical, and biological; chemical and physical classifications are widely used due to the significant number of synthesis methods that vary from precipitation to advanced methods and complex. Some of the most used synthesis methods are microemulsions [7], hydrothermal reactions [8], hydrolysis [9], sonolysis [10], thermolysis [11], electrochemistry [12], flow injection [13,14], electrospray [15], reduction [16], micellar [17], and gamma rays [18]; each of these methods are carried out in unique synthesis conditions that modify the physicochemical properties of MNPs, and therefore produce changes in their magnetic properties [19].



Precipitation and coprecipitation methods are widely used to obtain MNPs with a varied composition, such as Fe3O4 and γ-Fe2O3, as well as other NPs using a single element in their composition, such as Fe, Co, and Ni. However, some MNPs with medical applications have varied compositions, including metal and alloys such as Fe-Pd [20], Mn-Zn-Gd-ferrite [21], and lanthanides, for example, Ln(III):Fe3O4 (Sm, Eu, Gd) [22]. This methodology has also allowed for the synthesis of bioactive ferrimagnetic glass-ceramic MNPs with a layer of apatite similar to bone, which allow for the binding of proteins and drugs, providing adequate orientation to the affected tissue [23].



2.1. Precipitation and Coprecipitation


Precipitation and coprecipitation are easy and versatile methods that are widely used in the synthesis of MNPs with magnetic metal oxide nuclei from the corresponding salts in a basic medium, inert atmosphere, and at room or higher temperature, with the method being highly reproducible once the reaction conditions are adjusted, and therefore allowing for the size dispersion to be reduced [24]. This method’s most common example of MNPs synthesized are Fe3O4 or γ-Fe2O3 NPs, obtained from Fe2+/Fe3+. The synthesis of this type of MNPs depends mainly on the sources of metal ions and factors such as temperature, pH, and ionic strength of the reaction medium. These MNPs presented low stability to environmental conditions, oxidizing or dissolving in the acid medium. Fe3O4 or γ-Fe2O3 MNPs can be oxidized as part of their synthesis by treating them with Fe3+ solution, resulting in stable MNPs in acidic and basic media.



However, despite the challenge of promoting uniform nucleation of the MNPs, the real task consists of controlling the particle size to obtain a narrow size distribution in a slow nuclei growth. One of the most important factors controlling nuclei growth is temperature since this can lead to the formation of a wide range of NP sizes since this synthesis method tends to produce quite polydisperse NPs. However, obtaining NPs with low dispersity is possible once the synthesis conditions are standardized and adequately controlled.



Currently, precipitation and coprecipitation methods include several additives in the NPs synthesis process, which have the main function of stabilizing them, and in addition, can act as a reducing agent promoting nucleation. Some compounds used as stabilizing or reducing agents are polyvinyl alcohol (PVA), poloxamers, poloxamines, oleic acid, and derivatives of poly(ethylene glycol) (PEG) or even liposomes [25]. For example, the concentration of PVA and citric acid in the synthesis of MNPs can modify the size and shape of the NPs [26]. However, chelation of metal ions can affect nucleation, promoting the formation of larger particles due to the low availability of nuclei in the reaction system and resulting in a massive growth of the available nuclei, with the synthesis system being dominated by the particle growth. Moreover, the adsorption of additives on the nuclei as coatings can decrease the growth rate, favoring the formation of smaller NPs.




2.2. Thermal Decomposition


The synthesis of NPs by thermal decomposition consists of the heating decomposition of organometallic compounds in organic solvents (with a high boiling point) and in the presence of stabilizing agents (i.e., surfactants) [27,28]. Some of the organometallic precursors of NPs are, for example, those synthesized with acetylketonates, N-nitrosophenylhydroxylamine (cupferronates), carbonyls, among others having as metallic centers Fe2+,3+, Mn2+,3+, Co2+,3+, Ni2+,3+, and using fatty acids, oleic acids, and hexadecylamine as stabilizing agents are some examples [29]. The type of NPs that can be obtained will depend on the organometallic compound used as a source; for example, if the organometallic compound contains metallic centers with a zero-oxidation state (i.e., Fe(CO)5), it will take place the formation of metallic NPs. On the other hand, organometallic compounds with cationic metal centers will form metal oxide NPs such as Fe3O4, from [Fe(acac)3] used as a precursor [30,31]. Furthermore, metal precursors can be combined in the reaction system, resulting in NPs with magnetic alloys such as CoPt3 [32] and FePt [33]. These types of MNPs present a high anisotropy and magnetic susceptibility as well as large coercivities [34].



This synthesis method allows for the size and shape of the NPs to be controlled, mainly by the ratios of the reagents; that is, the source of metal ions, stabilizing agent, solvent, reaction time, and temperature, which modify the reaction rate, morphology, and size of the NPs. Another variable to consider is the type of stabilizer used. For example, the chain length of fatty acids as stabilizers modifies the reactivity of metal precursors; that is, by reducing the alkyl chain of fatty acids, the reaction rate increases. Some of these variables were used by Jana et al., who synthesized different types of metal oxide MNPs such as Fe3O4, Cr2O3, MnO, Co3O4, and NiO, controlling the size and shape through concentration and reactivity. For example, iron oxide MNPs were synthesized from metal fatty acid salts, obtaining almost monodispersed NPs with an adjustable size between 6–50 nm and shapes that included points and cubes with increasing reaction time [35].



On the other hand, water-soluble magnetite NPs were also synthesized using a straightforward synthesis consisting of FeCl3·6H2O as an iron source and 2-pyrrolidone as a coordination solvent [36]. The size of the NPs was controlled by the reaction time, giving the following sizes 4, 12, and 60 nm for the times of 1, 10, and 24 h, respectively. The reaction time also modified the morphology of the NPs, changing from spherical at an early stage to cubic over longer times. The same group recently developed a one-step synthesis of water-soluble MNPs using similar reaction conditions by adding a dicarboxyl-terminated PEG as a surface-protecting agent [37]. MNPs showed potential application as magnetic resonance imaging (MRI) contrast agents for diagnosing cancerous tissue.



Although metal oxide NPs are the most synthesized by thermal decomposition, it is also possible to obtain metal NPs using suitable metal carbonyl sources. The metallic NPs, in comparison with the NPs of their corresponding oxides, show a higher magnetization, being of particular interest not only in the medical area but also in the technological area, mainly in data storage. Some of the MNPs synthesized using carbonyl complexes are, for example, Fe MNPs, which were synthesized using Fe(CO)5 as an iron source in the presence of polyisobutene in decalin under an inert nitrogen atmosphere at 170 °C [38], giving a particle size range of 2–10 nm and a polydispersity of 10%, depending on the Fe(CO)5/polyisobutene ratio. In the case of cobalt MNPs, [Co2(CO)8] was used as the cobalt source in the presence of aluminum alkyl compounds (AlR3); the Co MNPs ranged from 3–11 nm by controlling the size of the alkyl (R) chain length. In addition, these particles showed strong oxidation under air atmosphere, requiring a subsequent treatment to inhibit oxidation; such treatments were coatings with polymers, resulting in stable MNPs in air, being more attractive due to their easy handling, storage, and applications in oxidizing media.




2.3. Microemulsion


Microemulsions are produced by dispersing one immiscible liquid in another (commonly water), forming droplets between 1 and 50 nm, which are stabilized by a surfactant [39]. Microemulsions are used as a nanoreactor capable of forming NPs due to the formation of microdroplets that contain the desired reagents. These droplets collide and merge in the reaction system, mixing the reagents and carrying out the formation of NPs. However, this method’s drawbacks are polydispersity, low yield of NPs, large volumes of solvents required, and poor versatility in metal precursors compared to coprecipitation and thermal decomposition synthesis methods. Therefore, microemulsion would be a complicated method of synthesizing NPs.



Despite the drawbacks of the microemulsion method, various NPs have been synthesized, such as Fe3O4 NPs or MFe2O4 alloys with Co, Cu, Ni, Cd, etc., modifying their magnetic properties by incorporating these elements. For example, MnFe2O4-type alloyed NPs with sizes between 4–15 nm were synthesized by reverse micelles using sodium dodecylbenzenesulfonate as a surfactant [40], and the results showed that the size of the MNPs was related to the ratio between the water and solvent. Similarly, Fe3O4 nanorods were synthesized using reverse micelles as sol–gel method and FeCl3·6H2O as metal source. The studies in the synthesis showed that the phase of nanorods can be controlled through the reaction conditions such as temperature, atmosphere, and hydration degree of the gels. On the other hand, MNPs alloyed with CoFe2O4 were obtained by mixing FeCl3 and Co(AcO)2, in the presence of sodium dodecyl sulfate. The size of the MNPs was controlled by the concentrations of the metal sources and the surfactant. The average size of the MNPs varied from 2 to 5 nm, with a high polydispersity from 30 to 35% [41].




2.4. Coatings of MNPs


In the last decade, the synthesis of MNPs has made significant progress [42]; however, some problems remain, such as maintaining the stability of the NPs for long periods of storage, since uncoated MNPs are not stable in aqueous media, forming aggregates that later precipitate, a behavior that has also been studied in blood. In addition, once the MNPs enter the body they begin to be absorbed by proteins to finally be phagocytosed by macrophages [43]. Therefore, one approach to overcome these drawbacks in MNPs is a necessary coating to eliminate or minimize their aggregation in a physiological environment and phagocytosis, which can be generated in situ or as a post-synthesis [44,45].



Amphiphilic polymers are generally used to coat the surface of MNPs; some examples are poloxamers, poloxamines, and PEG derivatives or even liposomes, which have also given encouraging results in the assemble of magnetoliposomes [25]. One of the most widely used polymers as coatings is PEG, which produces biocompatible coatings that confer several other properties to NPs, such as high stability and dispersion in aqueous solutions and a prolonged circulation time in the blood. On the other hand, the adequate functionalization of PEG chains can allow bioconjugation with different ligands or therapeutic agents, expanding its possible applications in the biomedical area [46,47,48]. However, one of the drawbacks of the coatings is the modification of the final diameter of the MNPs and their thickness, which can significantly affect the relaxation and distribution capacity in vivo [49]. Consequently, it is critical to provide NPs with an amphiphilic polymer coating of appropriate molecular weight and ratio when designing MNP-bearing probes for imaging and targeted therapy.



Despite significant advances in developing MNPs, some obstacles remain, mainly in developing coatings that can stabilize MNPs and provide a chemically functional surface for bioconjugation with "probe" ligands. In addition, several of the ligands and polymers used to stabilize MNPs show weak interactions, allowing for their easy separation under physiological and storage conditions (Table 1). On the other hand, the degree of success of the MNPs depends mainly on the magnetic properties of the MNPs, which are entirely linked to their morphology, structure, and crystal uniformity, as well as the orientation of the MNPs given by conjugation with biomolecules. Another factor to consider is the size distribution, being preferable to a size less than 100 nm, allowing for the decrease in phagocytosis [50,51].





3. Magnetic Drug-Delivery System (MDDS)


Currently, the conventional way of administering drugs to patients is partially inefficient because only part of the drug reaches the site of interest. Therefore, the conventional ways of consuming drugs may be ineffective and even harm the human body caused by their poor selectivity to the diseased area. The benefit of MNPs combined with superconductors is their application in magnetic drug-delivery systems (MDDS), which have effectively transported and delivered drugs with greater precision in the required area. In general terms, the development and research of MDDS began in the 1970s, when there was a need for magnets capable of generating an appropriate magnetic field to systematically guide drug-loaded superparamagnetic NPs to a specific region to treat or give therapy to a disease. Recently, MDDS has become a fundamental method of therapy that uses a superconducting magnet with a magnetic field capable of guiding MNPs to a specific organ or tissue and subsequently administering a drug with a high concentration, allowing the high levels to be eradicated or reduce toxicity within normal tissue, providing promising advances in drug-delivery systems (DDS) [74]. Therefore, the need for drug vectors with superparamagnetic properties at the nanometric level has become essential for carrying out these treatments.



Another essential characteristic of MNPs, in addition to the magnetic properties of the nucleus, is the chemical functionalization of the surface, binding molecules of biological interest on their surface and allowing them to interact with cellular and subcellular structures, as well as with molecules, helping to increase their selectivity with sick tissues [75]. In this sense, MDDS can have various potential applications, highlighting the treatment of cancerous tissues because the drug is concentrated only in the affected tissue, increasing its efficacy and minimizing its side effects. The first clinical tests in treatments against cancer cells using MDDS showed effective results when tested in the affected areas [76].



The MDDS process initially involves introducing the MNPs into the bloodstream and then directed to the affected area through an external magnetic field, for finally concentrate the MNPs near to a magnet placed on the body surface. In this process, the blood flow plays a fundamental role since it distributes the MNPs throughout the body and then concentrates them using a magnetic field, as shown in Figure 2 [77]. Therefore, MNPs must meet a specific size to reach diseased tissue because they must pass through the pulmonary capillaries and avoid phagocytosis. It is recommended that the MNPs have a size of less than 100 nm to achieve this goal, reducing pain in the surrounding tissue when concentrated. However, if the MNPs are too small, they will not be able to show the proper magnetic behavior to be directed adequately with an external magnetic field [78]. Ideally, MNPs should present a high magnetization at body temperature, and once the magnetic field is removed, they should not retain the magnetization, avoiding the formation of aggregates capable of forming emboli and facilitating their elimination from the body.



One of the main challenges of external magnets applied in targeted drugs is their limited or relative application to superficial body targets, since deeply located tissues are difficult to treat because the magnetic force is reduced with distance, decreasing its effectiveness in manipulating and accumulating the MNPs conjugated with therapeutic agents [79]. Unfortunately, magnetic fields from large magnets used in internal tissue do not solve the problem as they present a low-gradient magnetic field, which reduces the retention capacity of MNPs [80]. Furthermore, since the magnetic force of magnets is proportional to the product of the gradient of their magnetic field, strong magnetic fields with a wide gradient are needed to overcome the hydrodynamic drag force produced by the bloodstream; otherwise, a build-up will occur with a limited number of MNPs as has been shown with some Halbach arrays, which have only been able to trap some magnetic microbubbles [81].



For this reason, the scientific community has devoted significant efforts to developing superconducting magnets that provide better results in the accumulation of MNPs in internal tissues; since the MNPs have a size of less than 100 nm, they have a markedly decreased magnetic susceptibility [82]. As a result, superconducting magnets capable of producing strong magnetic fields are needed to control MNPs from outside the body. In particular, bulk superconducting magnets are the most desirable for solving MNPs addressing problems in MDDS [83]. In this way, several researchers have designed new MDDS strategies using rotating magnetic fields in the desired area with high-temperature superconducting (HTS) magnets (magnets that work at temperatures above 77 K), allowing for an adequate accumulation of MNPs in deep tissue without invading other parts of the body.



Using permanent magnets or electromagnets to direct MNPs from an initial position to the desired tissue area is widely used [84]. However, permanent magnets have some disadvantages despite not requiring a power supply since it is difficult to adjust the magnetic field, unlike an electromagnet, which allows its magnetic field to be controlled through the operating current. Unfortunately, electromagnets can only generate a limited magnetic field, presenting complex handling due to their large sizes with low heat dispersion capacity (i.e., NbTi and Nb3Sn coils), making them unsuitable for most cases of MDDS applications.



On the other hand, permanent magnets have been successfully exploited in MDDS [83], and HTS-type superconducting magnets are currently being tested, as is the case of Gd-Ba-Cu-O superconducting magnets capable of generating a 4.5 T magnetic field. These Gd-Ba-Cu-O magnets were used to direct magnetoliposomes as drug carriers through tap water and pig blood by placing the magnet at 50 mm and 25 mm, respectively, achieving excellent navigation in both cases and suggesting that the systems can be effective in vivo applications [85,86].



Likewise, a C60-based solid could produce a strong magnetic field at low temperatures, 17 T at 29 K [87]; similarly, Gd-Ba-Cu-O, 3 T at 77 K [86]. For example, SmBaCuO and YBaCuO-type HTS were used as external magnetic field sources to drive 100 nm MNPs through a Y-shaped glass tube with blood flow. The results indicated a 90% accumulation of the NPs due to the magnetic force of the superconducting magnet at 20 mm (Figure 3). These experimental results indicate that MNPs can target and accumulate in a controlled manner, even at a flow rate of 100 mms−1 [88].




4. Magnetic Hyperthermia


The concept of hyperthermia refers to an increase in temperature inside the body [89]. A classic treatment approach based on hyperthermia involves subjecting the patient to a local or total temperature increase in a range of 44–47 °C, a temperature considered optimal in cancer therapy.



In this sense, the process of thermoablation of cancer cells can be achieved through a discharge of electromagnetic waves generated by an electrode implanted in the pathological area at a radio frequency of between 0.1 and 1 MHz, thus activating various mechanisms of cell degradation and causing the death of cancer cells [90]. A less invasive system involves a series of external resonant microdevices that transfer energy to the tissues through radiation with light or electromagnetic waves and lasers. Various advanced techniques such as ultrasound, radiofrequency, or microwaves are currently being used to treat hyperthermia [91]. However, they may have some disadvantages, such as damage to healthy tissue surrounding cancer cells, limited heat infiltration into cancer tissue, and insufficient heat to treat some types of cancer tissue. Fortunately, all these limitations can be overcome by magnetic hyperthermia, which consists of MNPs in cancerous tissue and an external magnetic field with a high frequency, where the MNPs generate heat through the oscillation of their magnetic pulse [92].



Hyperthermia treatments can be classified into three types:




	
Local hyperthermia: consists of an increase in temperature in a specific area of the tissue.



	
Regional hyperthermia: an increased temperature is applied over large tissue areas, such as an organ or limb.



	
Whole-body hyperthermia: is mainly used to treat pathogenic tissue spread throughout the body, such as metastatic cancer.








Among all types of hyperthermia, the most complicated to perform is local or regional hyperthermia due to the area of tissue that requires treatment. In this sense, magnetic hyperthermia offers a better solution for the selective treatment of cancer cells since the MNPs can be guided by an external magnetic field towards the cancerous tissue and subsequently initiate hyperthermia therapy employing magnetic pulses, thus reducing the doses of other treatments such as chemotherapy and radiotherapy [93].



The increase in temperature of MNPs is mainly due to the conversion of magnetic energy, determined by the specific absorption rate (SAR), which is defined as the rate of electromagnetic energy absorbed by biological tissue. The SAR depends on the amplitude, magnetic field frequency, and magnetic relaxation mechanisms of the MNPs, which depend on their morphology, size, and intrinsic magnetic parameters. With this technique, localized heat can be generated, reaching temperatures between 42 and 45 °C, a temperature at which it is possible to destroy cancer cells without causing damage to normal cells. Therefore, a significant challenge in hyperthermia therapy using MNPs is to ensure that their heating is properly controlled when transferred to the biological environment. However, this specificity is only achieved as long as specific targeting is achieved through the biofunctionalization of MNPs with molecules (i.e., coupling to antibodies) that direct them to the target of cancer cells [94,95].



Néel and Brownian relaxation are the main phenomena responsible for heating the MNPs. The Néel relaxation is determined by the rotation time of the magnetic moment and the return time to the equilibrium magnetization of the MNPs [96]. The magnification of the easy axes of the MNPs is blocked under conditions of high anisotropy, favoring a lower-magnetic-energy direction. Therefore, the Néel relaxation is defined as the fluctuation from the magnetic jumps from the easy axes (Figure 4). On the other hand, Brownian relaxation is based on the physical rotation of MNPs and their rotation from magnetic viscosity [97]. Figure 5 shows the magnetic relaxation components of a MNP capable of dissipating heat [98]. However, the relative heat contributions have not yet been evaluated, and since Brownian relaxation heat dissipation depends on the local environment, magnetic particles that dissipate heat by Néel relaxation [2], are preferred in clinical trials. This principle has been applied in suspensions of MNPs that have been used to treat patients with prostate and brain cancer with promising results [99].



Various research studies on the mechanism of heat generation have shown that the size of MNPs strongly affects the rate of heating [98]. Furthermore, due to the Brownian and Néel relaxation, time constants are modified depending on the particle. However, the SAR is the main parameter to determine the tissue heating rate. In general, the SAR is expressed in units of watts per kilogram (W/kg) and is proportional to the rate of temperature rise (ΔT/Δt) for the adiabatic case, as shown by the following equation (Equation (1)):


  S A R = 4.1868  P   m e    =  C e    d T   d t    



(1)




where   P   is the electromagnetic wave energy absorbed by the sample, me is the mass of the sample, and Ce is the specific heat capacity of the sample.



The SAR can be affected by the electrical properties of the tissue, such as electrical permeability and conductivity, as it is when performing hyperthermia therapy with external magnetic antennas with a high irradiation frequency, which causes the formation of hot spots when carrying performed regional hyperthermia therapy [100]. Therefore, to avoid such phenomena, it is necessary to first dope the tissue with a ferrofluid followed by low-frequency irradiation (100–400 kHz).



SAR variability is also influenced by the nature of the MNPs and the volume ratio of particles in the tissue, with greater efficiency being achieved when the MNPs are concentrated only in the treatment area and are irradiated at a low enough frequency to avoid intracellular ion interactions with the electromagnetic field, avoiding raising the temperature in surrounding tissue areas and damaging healthy tissue.



To achieve an effective magnetic fluid-based hyperthermia treatment, continuous research is required on (i) magnetic particle synthesis, (ii) heat dissipation of MNPs, and (iii) heat diffusion, to know the necessary concentration of MNPs for obtaining a temperature greater than 43 °C in the treatment area while the surrounding tissue regulates the temperature.



There are four methods for placing MNPs in cancerous tissue in hyperthermia treatment:




	
Arterial injection: a magnetic fluid is injected into the arterial stream of the cancerous tissue as the route of administration (Figure 6) [101].



	
Direct injection: a magnetic fluid is injected directly into the cancerous tissue, with the NPs localizing mainly in the interstitial space. Thus, heat is mainly generated outside the cells when the magnetic pulses are applied. In addition, direct injection of functionalized MNPs with cancer-specific antibodies can be applied [102], decreasing uptake by normal cells (differential endocytosis) and increasing retention of MNPs in cancer tissue.



	
In situ implant formation: this strategy uses in situ gelation systems, which are injected forming gels directly in the cancerous tissue, trapping the MNPs and consequently improving the focal concentration [103].



	
Active targeting: the method consists of the surface functionalization of the MNPs with specific antibodies against cancer cells [95], which are injected into the bloodstream, and subsequently accumulated in the desired area through the attraction exerted by an external magnetic field, where the functionalized MNPs end up binding to cancer cells through cancer-cell-specific receptors and antibodies present on MNPs. However, despite these efforts in the active targeting of MNPs with antibodies, excellent results have not been achieved to date in the accumulation of MNPs in the damaged area, preventing successful hyperthermic treatment.









5. MNPs in MRI


Nuclear magnetic resonance is mainly applied in the medical field to obtain anatomical and physiological MRI of organs, tissues, bones, and various other internal structures of the body. MRI techniques focus on magnetic field gradients generated by superconducting magnets, making them suitable to replace other diagnostic techniques, including positron emission tomography, myelography, computed tomography, angiography, and subtraction digital radiography, among others. MRI can be used as a tool to examine the soft tissues of the kidney, brain, and liver, as well as for high-magnetic-field evaluations such as chemical biopsy, and can be used preventively due to its ability to detect the magnetic field of paramagnetic deoxyhemoglobin, thereby measuring blood flow to detect future events such as stroke. However, the sensitivity of magnetic resonance devices is reduced when molecular and cellular imaging is used [104].



Generally, to obtain a magnetic scan on a scale of 100 μm through targeted biomarkers, a device equipped with superconducting magnets generates a strong magnetic field T and frequencies below 500 MHz. HTS has been used to fabricate radiofrequency receiving coils used in experimental MRI. However, HTS has several disadvantages due to cryogenic systems and the higher expenses required. Among other shortcomings, HTS materials lack manipulability due to their geometry and length, as well as a suboptimal operation. Consequently, more research is needed to create a feasible HTS MRI to replace standard materials.



In this sense, to improve magnetic resonance by taking maximum advantage of HTS, magnetic compounds capable of improving the quality, contrast, and amplification of the signal have been investigated. Clinically approved compounds include Gd3+ and Mn2+ compounds due to their strong effect on T1 shortening (longitudinal relaxation), relatively low contrast effects, and minimal retention time in vivo. However, toxicity and biocompatibility have not yet been adequately studied [105]. However, MNPs are more effective as MRI contrast agents because they are better promoters of T2 relaxation (transverse relaxation) than Gd compounds, modifying their magnetic properties by the core size and coating [106].



On the other hand, MNPs have shown their ability as contrast agents to generate soft-tissue images with high resolution and outstanding contrast, showing anatomical details, tissue morphology, and providing therapy against various ailments when loaded or functionalized with therapeutic agents, such as antibodies, peptides, and sugars, among others, providing a possible active targeting towards the affected area. MNPs also stand out for their null or lack of appreciable toxicity and present longer blood retention times in most cases [107], increasing their capacity for diagnosis and therapy against diseased cells. For example, MNPs functionalized with epithelial growth factors and peptides of the Arg-Gly-Asp type, among others, have been widely proposed as diagnostic agents in different types of cancer [108].



The functionalization of the MNPs not only provides the mentioned advantages but also acts as a coating to improve the operative in vivo; for example, PEG coating is commonly used in iron oxide MNPs [109], which without a coating tend to form aggregates that considerably decrease their magnetic properties in addition to a rapid capture by the cells of the reticular endothelial system.



Some MNPs targeted for MRI were synthesized from Fe3O4 cores and subsequently functionalized, thus improving their properties in vivo. For example, Sun et al. synthesized MNPs coated initially with PEG followed by chlorotoxin and Cy5.5 molecules, which are molecules with near-infrared fluorescent properties (Figure 7). MRI and fluorescence microscopy results showed that MNPs could bind effectively to glioma cells, acting as an imaging contrast and as part of diagnosis [110,111]. Similarly, Anbarasu et al. functionalize Fe3O4 NPs with monoclonal antibodies, presenting possible active targeting and showing excellent efficacy in MRI [112]. Other MNPs were doped with elements such as Mn and Zn, improving their magnetic properties and increasing the T2 relaxation time, improving MRI contrast [113]. Chee et al. [114] designed iron oxide MNPs functionalized with bisphospholytic peptides, providing high biocompatibility and cell adhesion and showing an improvement in MRI compared with commercial contrast agents.




6. NPs in Radioterapy Treatment


As previously mentioned, cancer is currently one of the main diseases affecting humanity globally; therefore, the rate of new treatments for this condition has been increasing [115]. Treatments include radiation therapy, which is given to kill cancer cells while sparing healthy tissue. The radiotherapy technique makes use of electron accelerators or beams of ionized particles instead of X-rays, capable of generating powerful radiation energy, which is delivered and directed at cancerous tumors [116,117].



The development of superconducting magnets plays a fundamental role in developing hadronic therapy [118]. Therefore, the application of high-field superconducting cyclotrons represents a critical option for creating compact accelerators with low operating and infrastructure costs since their magnetic design and configuration are equivalent to cyclotrons based on resistive magnets. In addition, other innovations have been made in the design of synchrocyclotrons, showing compact designs without iron in the core, resulting in light coils with a homocentric field capable of generating powerful rays by high acceleration. Furthermore, despite the possible complications of the operation, these synchrocyclotrons and cyclotrons can include various types of ions in a controlled manner that can be applied in appropriate treatments for the patient [119].



Conventional radiotherapy treatments emit beams capable of penetrating tissues, allowing for their application in treating tumors located deep in the body. However, the main complication is the lack of selectivity between tumor cells and healthy cells, limiting the application of these treatments. Future challenges for the development of radiotherapies include targeting radiation doses only to cancerous tissue while enhancing beneficial biological properties. Nanotechnology has provided a crucial advance in cancer treatment. The addition of NPs of elements with high atomic numbers (Z), for example, Pt (Z = 78) and Au (Z = 79), has been shown to reduce radiation damage to healthy tissues in vitro and in vivo [120,121] and increase the yield of free radicals in the area. The probable mechanisms could be explained by a photoelectric effect, releasing X-rays, and short-range Auger-type electron beams, which have an energy lower than 5 keV, energy sufficient to damage DNA and ionize water molecules in medium (Figure 8) [122] and thus expanding the interactions with lower-energy photons at higher atomic numbers [123,124]. The combination of radiotherapy-NPs is an innovative proposal to improve selectivity towards cancer tissue and treatment procedures through an adequate coating of NPs, increasing their circulation time and active direction.




7. MNPs in Magnetoencephalography (MEG)


Magnetoencephalography (MEG) is a fundamental noninvasive imaging procedure in clinical neuroscience research. It allows for detailed brain-activity mapping by recording high magnetic fields caused by electrical-neuronal currents [125]. MEG operates via high-Tc superconducting quantum interference devices (SQUID), which use liquid nitrogen instead of liquid helium for cooling. MEG can track magnetic brain waves to identify cognitive degeneration such as Alzheimer’s disease or seizures [126]. The clear advantage of MEG technology compared to an electroencephalogram and functional MRI is that MEG includes identifying temporal features of brain activation within a thousandth of a second.



The use of MNPs has been reported to improve the efficiency and accuracy of MEG analysis, as SQUID sensors can detect magnetic fields generated by these moving or premagnetized particles [127]. In addition, the results obtained from the investigation helped obtain MEG-type topological maps, which indicate a spatial correlation between the sample’s location and the sensor’s response. Therefore, these results open the possibility of using MEG to place MNPs inside living organisms.




8. Conclusions


MNPs, in combination with superconducting magnets, have begun to play an essential role in advances in areas such as MDDS, MRI, and hyperthermia, among other fields. Therefore, it is crucial to continue the synthesis of MNPs and developing new superconducting magnets, especially HTS, to better differentiate between the affected and healthy tissue, which is crucial to reaching an optimal complementary therapy.
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Figure 1. Structure of functionalized MNP for medical applications. 
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Figure 2. Pathway for a drug to reach a diseased part using MDDS. 
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Figure 3. Schematic representation of an MDDS operated under the influence of external magnetic field. 
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Figure 4. Evolution of the magnetic energy with the tilt angle between the easy axes. 
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Figure 5. Néel relaxation is the rotation of magnetic moment inside a stationary MNP. Brownian relaxation is the rotation of entire MNP along with the magnetic moment. 
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Figure 6. Scheme of therapeutic strategy using MNPs. Functionalized MNPs accumulate in the tumor tissue, then start with the hyperthermia treatment. 
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Figure 7. Schematic illustration of MNPs functionalized with clorotoxin and Cy5.5. 
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Figure 8. Schematic depiction of increased generation of reactive species by the emission of photoelectrons and Auger electrons from AuNPs in the presence of ionizing radiation. 
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Table 1. Coatings of NPs with possible medical applications.
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	Coating
	Advantages
	Medical Application





	PEG [52,53]
	Enhanced water solubility, reduced phagocytosis, and increased blood circulation time
	MRI, tumor diagnosis, and treatment



	Polyethylenimine [54,55,56]
	Good biocompatibility
	Gene and vectors



	PVA [57,58,59]
	Elevated stability, reducing the particle aggregation
	MRI, vectors, and bioseparation



	Glucan [60,61,62,63,64]
	Excellent stability and extended blood circulation time
	Vectors, MRI



	Liposome [65,66,67,68]
	Good biocompatibility
	Tumor treatment, thermotherapy, and MRI



	Chitosan [69,70,71]
	Good biocompatibility, essential small-molecule vitamin for the human body
	Vector, thermotherapy, and radiotherapy



	White blood cells [72,73]
	Biomimetic properties, excellent biocompatibility
	Vector, nanovaccines, and treatment
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