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Abstract

:

The remarkable multimodal functionalities of magnetic nanoparticles, conferred by their size and morphology, are very important in resolving challenges slowing the progression of nanobiotechnology. The rapid and revolutionary expansion of magnetic nanoparticles in nanobiotechnology, especially in nanomedicine and therapeutics, demands an overview of the current state of the art for synthesizing and characterizing magnetic nanoparticles. In this review, we explain the synthesis routes for tailoring the size, morphology, composition, and magnetic properties of the magnetic nanoparticles. The pros and cons of the most popularly used characterization techniques for determining the aforementioned parameters, with particular focus on nanomedicine and biosensing applications, are discussed. Moreover, we provide numerous biomedical applications and highlight their challenges and requirements that must be met using the magnetic nanoparticles to achieve the most effective outcomes. Finally, we conclude this review by providing an insight towards resolving the persisting challenges and the future directions. This review should be an excellent source of information for beginners in this field who are looking for a groundbreaking start but they have been overwhelmed by the volume of literature.
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1. Introduction


Advancement of nanotechnology has extensively expedited the emergence of novel magnetic nanostructures by reducing the dimensions to 2D nanomaterials, such as thin films and supperlattices, or 1D nanomaterials, such as magnetic nanowires (MNWs), and even 0D, such as spherical magnetic nanoparticles. The excellent quantum efficiency achieved using these nanomaterials has made them useful building blocks for diverse research areas, including medical treatment [1,2,3,4,5], environmental science [6,7], and quantum devices [8,9,10,11]. These magnetic nanostructures have opened numerous opportunities for scientists in different disciplines such as nanomedicine, molecular biology [12,13,14], applied physics, and nanostructured materials [15,16,17,18,19,20].



Among all magnetic nanostructures, the low dimension magnetic nanostructures, 0D and 1D magnetic nanoparticles, have attracted huge attention over the last few decades as they provide multimodal functionality priming multitude aspects of the nanomedicine and therapeutics applications. As the magnetic nanoparticles’ dimensions and size are reduced, due to the competition between the magnetic energies, in addition to their composition, the magnetic nanoparticles present different magnetic behaviors, such as ferromagnetic, superparamagnetic, and ferrimagnetic (see Figure 1). The ferromagnetic and superparamagnetic nanoparticles are opposite, as the former ones have long range ordered magnetic moment leading to have non-zero magnetization at zero fields, while the latter do not possess a stable magnetic moment, due to thermal fluctuations, leading in zero magnetization at zero fields. Note that ferrimagnetic nanoparticles are an intermediate state between these two states where they would be superparamagnetic if their sizes are sufficiently small so that no domain walls can be formed.



The multimodal functionality of the magnetic nanostructures requires an accurate and precise characterization of these nanostructures, which may inhibit or enhance their use depending on the application. Unfortunately, the high yielding nanofabrication processes for magnetic nanoparticles do not allow perfectly identical production, leading to variation in their magnetic characteristics and functionalities, ultimately inefficient for the proposed application. Consequently, in order to suppress this persistent challenge, it is important to understand the strengths and weaknesses of the synthesis processes as they are fundamental for producing identical magnetic nanoparticles with unique properties. Furthermore, understanding the reliability and validity ranges of the diverse characterization techniques is crucial for determining the most effective synthesis process for achieving magnetic nanoparticles with desired properties for a particular bio-application. In this review, we briefly provide details regarding the most commonly used synthesis processes to realize the most effective approach for tailoring magnetic nanoparticles. We then explain the diverse techniques used for characterizing the size, morphology, composition, and magnetic properties of these magnetic nanoparticles. Finally, we provide objective recommendations for selecting the most effective synthesis approach for producing magnetic nanoparticles for specific applications.




2. Synthesis Processes


Magnetic nanoparticles can be divided into two groups based on their dimensions: 0D and 1D. Each category can be further divided into sub-categories based on their shapes or aspect ratios, defined as the ratio of the longitudinal size to the lateral size. For example, 1D magnetic nanoparticles include nanodiscs, which are particles with aspect ratios equal or smaller than one and nanowires with aspect ratios larger than five. The magnetic properties of the magnetic nanoparticles determine the best synthesis path. For example, the 1D ferromagnetic magnetic nanoparticles are mainly fabricated using either the template-assisted method or template-free methods. In both categories, the flux of ions can be produced using several methods, such as chemical vapor deposition, physical vapor deposition, atomic layer deposition, laser pulse deposition, and electrochemical deposition. Except for electrochemical deposition, other techniques are not very common in the fabrication of the magnetic nanowires because they require high energy and vacuum pressure that are costly. Furthermore, in addition to the very low yields of these techniques, they also suffer from uniform growth of the magnetic nanowire, especially if high aspect-ratio magnetic nanoparticles over 1000, such as in template-assisted electrodeposition of magnetic nanowires, are desired. Therefore, here we focus on the electrochemical deposition technique that requires a template for synthesis. To date, numerous methods for synthesizing the magnetic nanoparticles have been proposed and successfully employed for the fabrication of diverse magnetic nanoparticles. Considering the cost and controllability of size/shape, all these synthetic methods can be categorized into two main categories according to the used solvent: aqueous or non-aqueous solvents [21]. The aqueous-based magnetic nanoparticles are relatively cheap; however, controlling their sizes and shapes is very challenging. The non-aqueous-based methods provide good control of the size and shape while they are relatively more expensive compared to the aqueous-based methods. Here, we provide a brief review of the most popular synthetic methods.



2.1. Co-Precipitation


Co-precipitation is the most commonly used approach that can be done at room temperature or elevated temperature (Figure 2). The solution consists of mixing ferrous and ferric ions in a molar ratio of 2:1 protected using an inert gas. In this method, the solution pH is a very important factor as a lower pH is desirable for nucleation of the Fe3O4 nucleus while the higher pH facilitates the growth of the Fe3O4 nucleus. The capability of this method for mass-production of magnetic nanoparticles has placed in a central position leading to several attempts to modify this method to enhance the magnetic nanoparticles’ magnetic properties and morphology [22]. For example, Wu et al. employed ultrasonic-assisted chemical co-precipitation to achieve magnetic nanoparticles with a nominal size of 15 nm with high purity [23]. Another example is the work by Pereira et al. where they synthesized magnetic nanoparticles with a nominal size of 5 nm using a one-step aqueous co-precipitation that employs alkanolamines [24]. These two examples represent a significant technological development as they are capable of mass producing magnetic nanoparticles with reduced average size while enhancing the magnetization moment. The size and shape control of the magnetic nanoparticles using this technique is very challenging, and furthermore, the presence of multi-phase magnetic nanoparticles is a common limitation [25]. The mass production of magnetic nanoparticles with large magnetization saturation usually suffers from particle aggregation. To overcome this limitation, a coating is essential, which was shown to readily be done using Ag and Au or introducing ligands.




2.2. High-Temperature Thermal Decomposition


The thermal decomposition approach overcomes the size and morphology disparities limitation of the co-precipitation method. Generally speaking, the magnetic nanoparticles synthesized at higher temperatures provide more uniform size distributions [27]. The high-temperature decomposition also provides a route towards more crystalline magnetic nanoparticles (Figure 3). The main advantage of this method over co-precipitation is that it decouples the nucleation and growth of the magnetic nanoparticles leading to monodisperse, narrow size distribution, and highly crystalline magnetic nanoparticles [21]. It is possible to incorporate the inexpensive and non-toxic iron chloride to produce monodisperse magnetic nanoparticles without the need for size selection processes [28]. This approach also has the ability to control the crystallinity in ways suitable for producing various shapes, such as nano-cubic and nano-octahedral shapes [29]. Nevertheless, the magnetic nanoparticles synthesized using the thermal decomposition technique, especially those synthesized on aqueous media, tend to degrade in long term which makes their clinical applications debatable.




2.3. Hydrothermal and Solvothermal Synthesis


Hydrothermal and solvothermal syntheses employ various wet-chemical techniques to form crystalline magnetic nanoparticles. Figure 4 shows a schematic of the hydrothermal method, where the process is carried out in high-pressure reactors or autoclaves to reach high pressures at high temperatures. This method uses either aqueous or non-aqueous solutions at high temperatures under high pressures to avoid the growth of dislocations in single crystal magnetic nanoparticles [30]. As a result, this method is suitable for the growth of crystalline phases that are unstable around their melting temperature. Furthermore, this method facilitates the growth of the magnetic nanoparticles that have a very high vapor pressure at their melting points while maintaining good control over the magnetic nanoparticles’ compositions [31]. This method is especially beneficial for the synthesis of hollow and controlled shape magnetic nanoparticles [32] including nanotubes and nanorings. It should be mentioned that this technique is very sensitive to the synthesis temperature as it can dramatically impact the reaction kinetics and nucleation rate [33].




2.4. Sol.-Gel and Polyol Methods


Sol-gel and polyol methods use essentially the same process but in a different direction, in which the sol-gel process is an oxidation reaction whereas the polyol process is a reduction reaction. The sol-gel synthetic approach is a well-known and widely used method in material science for the fabrication of metal oxides. This method usually starts with a colloidal solution acting as a precursor for either discrete nanoparticles or network polymers. Typically, a sol is a stable dispersion of colloidal nanoparticles or polymers in a solvent. Similarly, the gel could be either a colloidal gel, a network built from the agglomeration of colloidal nanoparticles, or a polymer gel, in which the nanoparticles have a polymeric sub-structure made by aggregation of sub-colloidal nanoparticles. Sol-gel processes usually are done at room temperature and the heat treatment can be done if high crystalline structures are desired [34]. The sol stage plays a critical role in the quality of the final nanoparticles made through this approach because the final size and saturation magnetization of the nanoparticles highly depends on the sol stage. The shape and crystallinity of the nanoparticles produced by this method are very sensitive to the type of precursors of the initial colloidal solution. As a result, this method is capable of producing nanospheres, hollow nanocages, and nanorods by controlling the water to acid ratio. Further adjustment on the temperature, pressure, and hydrous state can be done to tailor the phase of the nanoparticles [35].



In the polyol method, on the other hand, the polyols serve as both solvent and reduction agent and it applies stabilizers to prevent nanoparticles aggregation while controlling the growth of nanoparticles. The polyol method is done at high temperatures, the boiling temperature of the solution, but it does not require to be done at high pressure as it is required by the hydrothermal methods. This method can be done using different polyol solvents, for example, triethylene glycol (TREG), with high uniformity of morphology and colloidal stability nanoparticles. The magnetic nanoparticles produced by the sol-gel and polyol methods contain hydrophilic ligands on the surface that enhance their colloidal stability in the aqueous and non-aqueous solvent, an advantage compared to the magnetic nanoparticles produced by the co-precipitation method. Regardless of the high cost and safety issues associated with the sol-gel and polyol methods compared to the co-precipitation method, the sol-gel and polyol methods result in magnetic nanoparticles with significantly higher crystallinity and saturation magnetization [30].




2.5. Microemulsion Methods


Microemulsions are isotropic, stable, and clear mixtures of water, oil, and a surfactant [26]. The most commonly used microemulsion approaches for the synthesis of the magnetic nanoparticles are reverse, in which water dispersed in oil (w/o), and direct, in which oil dispersed in water (o/w) [21]. The surfactant could be a monolayer molecule with a hydrophilic tail dissolved in the water and a hydrophobic head dissolved in the oil, or vice versa.



Figure 5 schematically shows the microemulsion method, where the blue circles (also known micelles) are the magnetic nanoparticles precursors surrounded by surfactant molecules. The initial concentration and form of the surfactants are the keys to the final size and growth of the magnetic nanoparticles. For example, Darbandi et al. reported highly uniform size distribution and crystalline magnetic nanoparticles using the microemulsion method at room temperature [36]. It was shown that the presence of the surfactant residuals on the magnetic nanoparticles provides high molecular bonding affinity that makes this method highly desirable for producing magnetic nanoparticles for the detection and purification of the proteins in a solution as well as delivering vitamins [37].




2.6. Sonolysis or Sonochemical Methods


Sonolysis or sonochemical methods employ high-intensity ultrasound irradiation to take advantage of the chemical effects induced by the acoustic cavitation for forming novel magnetic nanoparticle structures [38,39]. The ultrasonic irradiation creates bubbles that undergo continuous compression and expansion leading the oscillation of the bubbles (Figure 6). The oscillating bubbles accumulate the ultrasonic energy that continuously increases until causing the collapse and releasing the stored energy in the bubbles. Once the bubbles collapse, a highly localized energy burst is released that significantly increases the temperature and pressure at an extremely short time. In general, ultrasound-based irradiation is an excellent pathway for producing nanocomposites, such as dispersed magnetic nanoparticles in reduced graphene oxides or magnetic nanoparticle-loaded latex beads [40]. Even though the sonolysis or sonochemical method are promising for the fabrication of magnetic nanoparticles with desired sizes and excellent magnetic saturation properties, this method suffers from the dispersity and controllability of the magnetic nanoparticles’ shapes. Furthermore, the magnetic nanoparticles synthesized using this technique are usually amorphous, porous, and agglomerated [41].




2.7. Microwave-Assisted Synthesis


Microwave radiation forces molecules to reorient and oscillate with the electric field of the microwave signal (Figure 7). The strong oscillation at microwave frequencies results in intense internal heating that not only reduces the synthesis time but also significantly reduces the costs for nucleation and growth of the resulting magnetic nanoparticles [43,44]. The homogeneous excitation of the molecules using microwave signals have made this approach a strong tool for preparing the magnetic nanoparticles with controllable shape and size. One of the main advantages of the microwave-assisted synthesis is that this method can produce magnetic nanoparticles with different phases with an instantaneous coating that are desired for many applications, such as biomedical applications [30]. Furthermore, the microwave-assisted method is capable of producing magnetic nanoparticles with high colloidal stability that can be readily dispersed in water without any costly and complicated procedures for purification and ligand exchange [45]. These capabilities have made the microwave-assisted synthesis competitive to the thermal decomposition method for the mass production of magnetic nanoparticles. This method has been used for synthesizing magnetic nanoparticles as small as 6 nm up to 1000 nm and saturation magnetization comparable to the bulk values, where the crystallinity enhances with the increasing temperature of microwave heating [46].




2.8. Electrochemical Deposition


The template-assisted electrochemical deposition has been broadly used in the synthesis of the magnetic nanowires as this method provides a highly controllable route for achieving precise dimension and compositions [48] (Figure 8). The template-assisted method can be divided into two categories depending on the template utilized, polymeric templates or anodic templates. The most commonly used polymer for synthesizing magnetic nanowires is polycarbonate because of its cost-effective approach, biocompatibility, and hydrophilic properties achieved by coating the polycarbonate templates. The hydrophilic property is the key for the fabrication of uniform and high aspect-ratio magnetic nanowires [49]. The polycarbonate templates are produced by ion irradiation of the row polycarbonate temples followed by a chemical etching process for opening the pores, which determines the final pore diameter. Due to the randomness of the ion irradiation, the distribution of the nanopores in polycarbonate templates is non-uniform. This features of polycarbonate templates have been used to synthesize interconnected networks of magnetic nanowires [50]. The aluminum anodic oxide templates, on the other hand, are relatively more expensive compared to the polycarbonate templates but they provide magnetic nanowires with very uniform diameters. The anodic aluminum oxides are prepared using both one-step anodization and two-step oxidation process after patterning an aluminum foil, where the two-step anodization leads to a significantly uniform distribution of the nanoporous [51,52]. A distinct advantage of anodic aluminum templates is that they provide flexibility to engineer the diameter along the porous leading to fabricate multi-diameters or tapper magnetic nanowires [53]. Particularly, electrochemical deposition is a strong tool for the synthesis of the magnetic nanowires as multi-segmented and/or multi-component, such as alloys.



It should be mentioned that electrochemical deposition has been also used for synthesizing non-cylindrical magnetic nanoparticles, such as nanospheres [55]. Despite the high costs associated with the electrochemical synthetic approach, this method is very useful compared to other methods if very high purity products with controlled size and shape are demanded. The electric field distribution within the electrodes plays a critical role in the magnetic nanoparticle size and aggregation during the synthesis. A challenge during the synthesis of magnetic nanoparticles using the electrochemical methods is the formation of the metallic Fe. To overcome this challenge, one should apply a more anodic potential over a long time, which makes this method unfavorable compared to the other synthetic methods [56] for mass-production.




2.9. Biosynthesis Methods


The biosynthesis method employs a microbial enzyme or a plant phytochemical with reducing properties that make this method eco-friendly. Traditionally, magnetotactic bacteria and iron-reducing bacteria are used to synthesize magnetic nanoparticles [57]. This method was shown promise for doping iron oxide magnetic nanoparticles with cobalt with improved magnetization properties [58]. More recently, several attempts have been put forth to employ human stem cells to synthesize re-magnetized magnetic nanoparticles [59]. The type of the bacteria and the synthesis conditions (aerobic or anaerobic), determine the phase of the resulting magnetic nanoparticles. For example, maghemite magnetic nanoparticles with superparamagnetic characteristics can be produced using Actinobacter bacteria under aerobic conditions [60]. In general, the mechanism of the biosynthesis of magnetic nanoparticles has not been well understood in order to clarify the controlling parameters of the shape and sizes while maintaining the desired saturation magnetization of the magnetic nanoparticles [61].




2.10. Other Techniques


In addition to the aforementioned syntheses that are chemical approaches, magnetic nanoparticles have been also produced using physical methods. The physical techniques are in their majority top-down processes where a bulk magnetic material is decomposed into magnetic nanoparticles. A few well-known examples of physical techniques are mechanical milling [26], electrical explosion of wires [62], and laser target evaporation [63]. Even though the physical approaches have higher production yield, up to 200 g/hr, they form almost 10% of magnetic nanoparticles for diverse applications. This is because the physical approaches have relatively high power consumption and controlling the shape and size distributions is difficult.





3. Different Shapes


3.1. Sphere, Cubic, Octahedral, and Rhombohedral


The final morphology of the magnetic nanoparticles not only depends on the synthetic method used, but also on the solution composition, temperature, and pressure [30]. For example, the precipitation of an iron (II) salt in alkaline media in the presence of a mild oxidant such as potassium nitrate results in magnetic nanocubes [64] rather than nanospheres. This is because the aforementioned parameters accelerate crystal growth over specific facets while hindering the growth over other facets by slowing it down. Aside from the aforementioned parameters, the ratio of the compounds in the solution is the most critical parameter determining the shape of the magnetic nanoparticles. For example, when the Fe (II):OH− ratio gets close to 0.77, the achieved magnetic nanoparticles are cubic, while the shape changes to octahedral as the ratio approaches 1.65. It should be noted that the crystal growth at different facets is also controllable by precise adjusting the pH during the synthesis. At low pH, the OH− concentration is negligible thus the growth takes place mainly by aggregation, where the growth kinetics are much faster. In another words, the primary nanoparticles are not repelling each other because they are not sufficiently charged and the aggregation is followed by subsequent recrystallization leading to octahedral nanoparticles with a broad range of sizes, from a few nanometers to micrometers [65,66].



As mentioned, thermal decomposition is able to differentiate the nucleation and growth process during the synthesis. By changing the precursors, it is possible to obtain octahedral magnetic nanoparticles using a thermal decomposition method. For example, the decomposition of iron (II) oleate in tetracosane in the presence of oleylamine results in octahedral nanoparticles nucleated by the selective binding of oleylamine to {111} facets [67]. Interestingly, the heating rate of the solution also was found to lead to octahedral nanoparticles. A synthetic strategy laying between the aqueous and organic media consists of the hydrolysis of Fe (II) acetate in the presence of oleylamine dissolved in xylene. Heating the reaction mixture followed by a fast injection of water triggers the hydrolysis of the Fe-oleylamine complex leading to nanocubes as well.



Recently, a three-step approach was reported for the synthesis of the rhombohedral magnetic nanoparticles [68] through a three-step synthetic approach: (1) synthesis of antiferromagnetic nanoparticles, (2) nanoparticle coating, and (3) subsequent reduction of the core material to magnetite. This approach comprises the generation of hematite nanoparticles, further encapsulation in silica and final reduction to magnetite, in which the first step is crucial for the growth of rhombohedral scaffolding and it is achievable by solvothermal synthesis.




3.2. Nanodiscs


The easiest synthetic approach for the fabrication of the nanodiscs is the precise control of the deposited charge during the electrochemical deposition. Since the length, or thickness in the case of nanodiscs, can be accurately controlled using the applied potential and deposition time, the electrochemical deposition is the strongest tool for achieving this morphology. However, if nanodiscs of a very small size are desired, this technique becomes costly compared to the other synthetic approaches, even for small volumes of magnetic nanoparticles. Alternatively, both one-step and two-step synthetic approaches, such as the solvothermal technique, become a good alternative [69]. For the one-step synthetic techniques, a promising approach must delay the nucleation of the nanoparticles. The nucleation can be delayed in the absence of the water during the formation of the common nanoparticles, such as nanospheres [65]. In the aforementioned aquatic-based synthesis techniques, water acts as an accelerating agent, which increases of the thickness while suppressing the diameter growth. Reducing the size of nanodiscs while maintaining the aspect ratio is also possible through two-step synthesis approaches [70]. Moreover, it was reported that hematite nanodiscs can be achieved by the hydrolysis of iron (II) chloride in a mixture of water/ethanol in the presence of sodium acetate [71]. In this approach, the diameter and thickness of the hematite nanoparticles can be controlled by the amount of water in the solvent and sodium acetate.




3.3. Elongated Nanoparticles


The elongated nanoparticles are the results of hindering the crystal growth rate at a specific direction while accelerating the growth rate at other facets. This can be done by incorporating precursors during the synthesis of the template-free synthetic approaches or simply using a template during the synthesis. The elongated nanoparticles are technically the 1D magnetic nanoparticles which are described in the literature with different names such as nanowhiskers [72] or nanorods [73], nanorices [74], nanobelts [75], nanospindles [76], and nanowires [77]. The different terms are attributed to their final morphology, the geometry of the edges, and the axial ratios of the lateral dimension to the longitudinal dimension. Recently, numerous attempts were taken place to achieve a one-step direct synthesis of elongated nanoparticles as opposed to the conventional methods as they require templates for controlling the morphology. Comparatively, the final properties, such as crystallinity, of the elongated nanoparticles highly depend on the synthetic approach used [65]. The template-free synthetic approaches are mainly limited to magnetic nanoparticles with small aspect-ratios [78], on the order of 3–10. For example, the hydrolysis and oxidation of the iron (II) sulphate in water in the presence of carbonate ions was shown to result in magnetic nanoparticles with an aspect ratio of 3 to 4 at room temperature [74]. In this approach, the concentration of the iron (II) sulphate and carbonate, air flow rate and reaction time, additive precursors, and pressure are all influencing factors.



The strongest synthetic approach for elongated nanoparticles, especially with a broad range of aspect ratios in order of 1 to 1 × 104, is template-assisted electrochemical deposition [77]. By adjusting the potential and deposition time, the aspect ratio can be easily controlled. The final aspect ratio depends on the ratio of the template pore diameter to thickness. As mentioned, the main advantage of the electrochemical deposition is that it can synthesize multi-compounds and multi-segmented elongated nanoparticles. The length uniformity can be controlled by applying step potentials, additive precursors, and the solution temperature.





4. Characterization


Similar to other types of nanoparticle, precisely characterizing of the magnetic nanoparticles is very important as it determines the reproducibility of the results. Characterization of magnetic nanoparticles in terms of their size, shape and composition is particularly substantial as their magnetic properties are significantly influenced by those parameters. For example, if the size of a magnetic nanoparticle shrinks sufficiently such that it no longer can hold a domain wall, the coherence between the spins results to superb magnetic properties. Similarly, the shape of the magnetic nanoparticles causes magnetic inhomogeneity leading to quantum effects that cannot be achieved in the bulk states. In nanobiotechnologies, particularly in biosensing, the accurate characterization of the composition and surface coating is vital because their biocompatibility and sensitivity are highly relied on these characterizations. In this section, we briefly explain the highly characterization techniques that have been utilized to demonstrate their functionalities in diverse applications, from quantum storage to nanomedicine.



4.1. Shape, Size, and Composition


4.1.1. Transmission Electron Microscopy (TEM)


TEM is a microscopy technique that exploits the interaction between a uniform flux of electrons and the nanoparticles under study. The interaction of electron flux leads to a part of it being transmitted through the nanoparticles while the rest are scattered, where the interaction depends on the size, shape, and elemental composition of the nanoparticles. TEM is the most popular technique to measure nanoparticles’ shape, size, and homogeneity because it provides direct images of the nanoparticles. Recent advances in TEM imaging, such as liquid-phase TEM, not only directly characterizes magnetic nanoparticles size and morphology but also characterizes the interparticle distances in a solution [79,80], which was shown to be a critical parameter for the magnetic response of the magnetic nanoparticles. Interestingly, TEM facilitates the real-time imaging for demonstrating the dynamic transformation in nanoparticles over time [81]. For example, TEM was used to visualize the biodegradation of the coating of nanoparticles in the presence of biological entities, such as bacteria. It also was found to be a very strong approach for real-time monitoring of the dynamic growth of the magnetic nanoparticles in suspension [82]. Nevertheless, TEM is very costly and slow for the characterization of nanoparticle assemblies if there are a large number of them with polydispersity. Furthermore, due to high absorption of the electron energy with liquid molecules, this technique is very tedious to measure the size and shape of the magnetic nanoparticles in suspensions. In these cases, the other methods, such as nanoparticle tracking analyzer (NTA) or dynamic light scattering (DLS), are more efficient [83].




4.1.2. Dynamic Light Scattering (DLS)


Dynamic light scattering (DLS) is a commonly used technique to find the size of particles suspended in colloidal solutions (Figure 9). DLS uses the Stoke-Einstein law to relate the light scattered from the nanoparticles in a colloidal solution to their hydrodynamic diameter. It is beneficial to have solutions with low concentration to avoid simultaneous multiple scattering events in order to achieve a more accurate analysis. The DLS technique has been used to realize the influence of the nanoparticle shapes, size, concentration, and surface coating on the colloidal stability of the magnetic nanoparticles [83]. For middle-size magnetic nanoparticles, the DLS technique provides accurate results for determining the size that was shown to match with the results derived from TEM and SEM images. However, for small size magnetic nanoparticles, the DLS technique does not match the TEM results due to the radius of curvature effects. The DLS is not a good technique for analyzing the magnetic nanoparticles if the heterogeneity and poly-disparities are high [84]. That is because the larger nanoparticles scatter substantially more light obscuring the detection of the scattered lights from the small nanoparticles. Furthermore, the DLS requires transformative analysis with several assumptions, especially when the nanoparticles are non-spherical or the polydisparity is high, which diminishes its accuracy [81].




4.1.3. Nanoparticles Tracking Analyzer (NTA)


NTA takes advantage of both the light scattering and Brownian motion properties of the nanoparticles in a solution to determine the size distribution at a lower concentration limit compared to the DLS technique [85] (Figure 10). The main advantage of the NTA over DLS is that its results are not biased by the aggregation of larger nanoparticles. As a result, the literature shows that NTA provides more accurate results for both monodisperse and polydisperse samples compared to DLS [86]. The main difference between the NTA and DLS is that NTA tracks single nanoparticles while DLS analyzes an ensemble of nanoparticles with a high bias towards the larger nanoparticles. This different operation mode causes the NTA to be relatively slower with a more complex operation procedure than DLS. However, since NTA is also capable of preedictingt the magnetic nanoparticle concentrations [87], it has received a huge amount of attention over the last few years.




4.1.4. X-ray Diffraction


Undoubtedly, X-ray diffraction is one of the key tools that has been extensively used to characterize both magnetic and non-magnetic nanoparticles. The X-ray diffraction technique provides detailed information regarding the phases, lattice parameters, crystalline grain size, and crystalline structures [81]. The composition, crystal structures and the nature of the phases can be determined by comparing the position and intensity of the X-ray peaks with the available reference database while the crystalline grain size can be determined using the broadening of the peaks [88]. Aside from the amorphous nanoparticles, the broadening of the X-ray peaks is mainly due to the nanoparticle/crystalline size and lattice strains. Practically, if the magnetic nanoparticles are big enough to hold more than one crystal boundary, the X-ray cannot distinguish between the boundaries leading in the misrepresentation of the crystalline grain sizes [89].



Numerous modifications have been applied to the X-ray diffraction to enhance its capability beyond demonstrating the chemical composition and/or crystallinity. For example, X-ray absorption includes both extended absorption fine structure and X-ray absorption near edge structure capable to measure the surface binding energy and density of states [90]. Another example is X-ray photoelectron spectroscopy that has been widely used for surface chemical analysis, electronic structures, elemental composition and oxidation state of the elements [90].




4.1.5. Fourier Transform Infrared Spectroscopy


Fourier transform infrared spectroscopy (FTIR) is another technique for determining the structure, size, and composition of magnetic nanoparticles. FTIR measures the absorption of electromagnetic radiation with wavelengths within the mid-infrared region. By comparing the FTIR spectra of pure magnetic nanoparticles or their modified versions, such as after adding a surface coating, one can quantify the composition (Figure 11). Once a molecule is excited with IR radiation, its dipole moment gets aligned and oscillates accordingly. Thus, the recorded spectrum gives the position of the bands related to the strength and the nature of the bonds providing information regarding the molecular structure and inter-molecule interactions [91]. FTIR is usually combined with differential electrochemical mass spectroscopy to further detect the volatile reactants. For example, Shukla et al. employed this method to illustrate the surfactant bonding on iron platinum (FePt) nanoparticles stabilized in a non-polar solution [92]. They showed that FTIR is capable of detecting the types of the bonding, either monodentate or bidentate, on the FePt magnetic nanoparticles. The relative low cost and high throughput of this technique have resulted in several attempts to push its limit to analyze magnetic nanoparticles of a few nanometers in size. For example, it was shown that FTIR can determine the crystallinity of magnetic nanoparticles with the average size below 15 nm [93].




4.1.6. Nuclear Magnetic Resonance (NMR) Spectroscopy


NMR spectroscopy is an analytical method for the quantitative determination of magnetic nanoparticle structures. NMR spectroscopy is based on magnetic resonance of the nanoparticles’ nucleii under a strong magnetic field that induces an energy difference between the down and up spins. Even though NMR spectroscopy is a useful method for studying superparamagnetic nanoparticles, it fails to characterize ferromagnetic nanoparticles, such as nickel or cobalt magnetic nanowires, because their strong magnetization can cause a reduction of the relaxation time while drastically shifting the signal frequency and local magnetic field [94]. The NMR method has been used for characterizing the surface coating of the magnetic nanoparticle as it is very sensitive to electronic structures and molecular bonding on the surfaces [95] if they are sufficient to be detected. Practically, the NMR technique has sensitivity on the order of a few nanogram that can be enhanced to a few picograms [96].




4.1.7. Mass Spectroscopy (MS)


Mass spectroscopy (MS) is known as a powerful and reliable tool for the analytical characterization of magnetic nanoparticles. The common MS tools have a sensitivity that is on the order of a few picograms, which is better than the conventional NMR technique [97]. This technique not only provides elemental information regarding the composition, chemical states, and structures of the magnetic nanoparticles but also quantifies the surface bioconjugations for targeting biomolecules [81]. Aside from the simplicity and universality of MS, it is a highly sensitive technique that can be coupled with separation techniques for real-time sorting applications. For example, the inductively coupled plasma MS (ICP-MS) is a robust, highly sensitive technique with a wide dynamic range for elemental analysis of the magnetic nanoparticles [98]. Another example is the single-particle operation mode ICP-MS those improvements on the identification of the concentration and size distribution of magnetic nanoparticles [99].




4.1.8. Thermal Gravimetric Analysis (TGA)


Even though FTIR provides information regarding the presence of binding on the surface and its type, it does not provide volumetric information, such as mass to mass ratio of the magnetic nanoparticles to its coating. This limitation can be addressed using thermal gravimetric analysis (TGA), which provides information about the composition and mass of the coating [100,101,102]. This technique increases the sample temperature while monitoring the mass change of the sample as it changes due to the degradation of components. As a result, this technique is not only capable to quantitatively determine the mass of the coating of the magnetic nanoparticles but also determines the compositional purity and the thermal stability of the coating [103]. For example, Ziegler-Borowska et al. conducted TGA experiments in both air and nitrogen where they showed the modified chitosan has low thermal stability; however, once this coating thermally degrades, its degradation products form a stable surface layer [104]. The drawback of this method is its destructive analysis and the minimum initial nanoparticle mass [81].





4.2. Magnetic Characterization


4.2.1. Hysteresis Loop Measurement


As the size of the magnetic materials decreases towards the nanoscale, they exhibit substantially different magnetic properties compared to their bulk state. This change in the magnetic properties is due to two facts. First, the magnetic nanoparticles can no longer hold multiple domains to balance their magnetiostatic energy and exchange energy [105]. Second, the number of the atoms on the surface becomes comparable to the number of atoms in the volume. The former means that they behave as a single domain nanoparticle, where they behave like superparamagnetic if the thermal fluctuations become significant compared to the energy barrier. The latter means that, at a few nanometer size, the unpaired electrons become more dominant leading to additional anisotropies, such as surface anisotropy. The major hysteresis loop measurement is the key technique to measure the basic hysteretic information of any magnetic nanoparticle. The hysteresis loops can be measured using a superconducting quantum interface device (SQUID) or vibrating sample magnetometry (VSM), in which the SQUID has a significantly higher resolution. The major hysteresis loop provides the saturation magnetization, remanence magnetization, and the coercivity. These parameters are sufficient to describe the magnetic response of isolated-single domain magnetic nanoparticles, or those with negligible magnetic interactions, with respect to a magnetic field. However, if further characterization is required or the interaction fields among the magnetic nanoparticles are not negligible, more advanced magnetic characterization techniques are needed [106,107,108]. Importantly, the hysteresis loops are unable to discriminate between the different phases if there are more than one in magnetic nanoparticle assemblies.




4.2.2. Mössbauer Spectroscopy


Mössbauer spectroscopy (Figure 12), is a powerful analytical technique to evaluate the oxidation state, spin states, and spin ordering of Mössbauer-active elements (such as Fe) for the identification of magnetic phases [109,110]. Mössbauer spectroscopy can also provide insight into the quantification of the thermal blocking/unblocking (superparamagnetic response) and magnetic anisotropy energy if the measurements are conducted as a function of temperature. The Mössbauer spectroscopy shift is an important parameter that arises from the nuclear-energy shift that is caused by the Coulombic interaction between the nucleus and the electron density at the site of the nucleus [81]. As an example, Oh et al. used Mössbauer spectra as a probe to quantitatively study the local state of electrons on the surface of the FeCo nanoparticles [111]. They investigated the process parameters on the magnetic properties of the FeCo nanoparticles using Mössbauer spectroscopy. Furthermore, Lange and et al. showed that Mössbauer spectra can be used to determine the hyperfine interactions between nuclei and their surroundings because this method is very sensitive to the local structural and chemical environment of the Mössbauer-active elements [112]. In this direction, Tiano and co-workers utilized Mössbauer spectroscopy and SQUID to draw the relation between the magnetic properties and the composition of several magnetic nanoparticles, such as Mg, Fe, Co, and Ni [113]. The Mössbauer isomer shift is not technically a probe for determining the oxidation number of the dopant atoms because it only determines the charge state on the nucleus [114]. Therefore, if both Fe2+ and Fe3+ species persist in a Fe-doped nanoparticles, the electron redistribution from the dopant sites to the crystal matrix leads a very similar shifts for both species.




4.2.3. Ferromagnetic Resonance (FMR)


FMR is a spectroscopic technique probing the nanoparticle magnetization induced by the magnetic moments of the dipolar coupled of unpaired electrons. The width of the FMR peak was shown to be related to the size, shape, defects density, and surface anisotropy. For example, Diehl et al. conducted FMR spectroscopy experiments on both crystalline and imperfect magnetic nanoparticles revealing that this technique is able to illustrate the coherence of the lattice drastically impacts the magnetic inhomogeneity and anisotropic properties of nanoparticles [115]. The same authors also reported that surface defects can be detected at low temperatures using FMR. It was shown that decreasing the temperature or increasing the magnetic nanoparticle size causes a shift in the resonance field leading to enhancement of the FMR peak asymmetry and broadening [115]. It should be mentioned that FMR usually predicts the size of the nanoparticles smaller than the actual values measured by TEM due to the presence of the magnetically disordered layer on the surface.




4.2.4. Magnetic Susceptibility


Magnetic susceptibility is defined as the ratio of the magnetization to the applied field indicating how strongly whether a nanoparticle is repelled by or attracted into a magnetic field. This technique is able to quantify the magnetic nanoparticles coated with polymeric or organic/inorganic materials. Consequently, this technique has been used to determine the mass of the surface coatings to the magnetic mass of nanoparticles [116,117]. Magnetic susceptibility also has been used to acquire the size and size distribution of magnetic nanoparticles, and a good agreement was observed by comparing to the TEM results [117]. The field-dependent magnetic susceptibility was shown to provide information regarding the magnetocrystalline anisotropy of the magnetic nanoparticles. Due to the limited dynamic range of the susceptometers, this technique most often used over a range of temperature rather than frequencies that provides insight into the heating efficiency of the magnetic nanoparticles for certain applications.




4.2.5. Electron Holography


Electron holography is a holographic technique using electron waves for imaging. This technique uses a high spatial and temporal coherence of an electron beam to acquire holographic imagery. The main advantage of electron holography is that this technique provides direct information regarding the internal magnetic structures rather than via the stray fields or only the surface magnetization states (Figure 13). Among the several different holography configurations, the off-axis and in-line configurations are the most commonly used techniques in imaging nanoparticles. For example, Ortega et al. reported the off-axis electron holography under Lorentz microscopy conditions to observe the magnetization distribution and to determine the saturation magnetization of multi-segmented FeGa/Cu nanowires [118]. They showed the presence of an antiferromagnetic configuration along the FeGa/Cu nanowires even though the magnetic nanowires are ferromagnetically coupled. Electron holography was also shown to be useful for visualizing the magnetic domain walls and/or domain wall pinning in magnetic nanoparticles with high resolution compared to other magnetic imaging techniques, such as magnetic force microscopy. For example, Biziere et al. reported on observation of the magnetic domain walls in magnetic nanowires leading to illustrating the presence of two types of domain walls transferring to each other by manipulating the diameter [119].




4.2.6. Remanence Curves Technique


The remanence curves technique has been widely used to qualitatively determine the nature of the interaction fields among magnetic nanoparticles in assemblies. The remanence curves technique characterizes magnetic nanoparticles by subtracting isothermal remanence and DC demagnetization curves and comparing the results with the Stoner-Wohlfarth model, also known as Henkel plots. The isothermal remanence measures the remanence by applying and removing an ascending field to initially demagnetized nanoparticles [121], while the DC demagnetization measures the remanence by applying and removing a descending field to initially saturated nanoparticles [122]. For non-interacting nanoparticles, both curves are identical, meaning there is no interaction. However, the curves deviate for interacting nanoparticles, where the sign and strength of the deviation qualitatively determine the interaction fields. Recently, several attempts have been made to use this technique for quantitative analysis of the interaction fields [123,124]. For example, Huerta et al. used it to study the interaction fields between arrays of magnetic nanowires where the authors showed interaction fields are dominated by dipole-fluctuation effects [123]. In their approach, they used the difference between the field where the DC demagnetization curve is zero and isothermal remanence curve is 0.5 to quantify the interaction fields. In another example, Moya et al. used the remanence curves technique combined with the ZFC/FC to quantify the interaction fields [125].



This technique also has been proposed to probe the spin disorder in magnetic nanoparticles [126]. For example, Toro et al. reported that the dips in the DeltaM plots, calculated by subtracting the remanence curves, are not necessarily due to the interaction fields as they could be due to spin disorder, an inhomogeneity of spin distributions in the magnetic nanoparticles [127]. Despite the simplicity and straightforward measurements and analysis of the remanence curves technique, this technique is limited to magnetic nanoparticles having strong magnetic anisotropy, in which their coercivity is larger than the interaction fields [128]. As a result, it is unable to determine the interaction fields among the superparamagnetic nanoparticles, or even the ferromagnetic nanoparticles if the interaction fields are comparable to the coercivity. An interesting comparative analysis on this was given by Zamani Kouhpanji et al., where the authors compared the results of the hysteresis loops, remanence curves, first-order reversal curves (FORC), and projection method to assess the reliability and validity range these techniques for magnetic characterizing of nanoparticles [107].




4.2.7. Magneto-Optic Kerr Effect (MOKE) Microscopy


MOKE microscopy is an optical imaging technique that utilizes the interaction between the magnetization and optical waves to image the magnetization state on the surface of nanostructures (Figure 14). The MOKE measurements are categorized into four groups depending on the relative direction of the light polarization and the magnetization direction. The MOKE technique has been used to study the angular dependence of the magnetization demonstrating the anisotropy and the reversal mechanism of the magnetic nanoparticles [129]. For example, Palmero et al. reported on the coercivity mechanisms in multi-diameter magnetic nanowires illustrating the fundamentals for controlling the propagation of the single domain wall in the magnetic nanowires [130]. In another example, Bran et al. reported on capturing the Barkhausen jumps inside the magnetic/non-magnetic multi-segmented nanowires using the MOKE technique [131]. They showed that the magnetization can be pinned at the interface between the magnetic and non-magnetic segments that can be engineering using the ratio of the segments.




4.2.8. Magnetic Force Microscopy (MFM)


The MFM technique is a form of scanning probe microscopy that measures the magnetic forces applied on the probe for imaging. In the MFM, a nanoscale probe is coated with a few tens of nanometers of magnetic material to capture the magnetic stray fields of the magnetic nanoparticles. The main advantage of the MFM is that it can image the magnetic domains indicating the magnetization direction. As an example, Mohammed reported on controlling the spin-torque driven domain wall motion in staggered magnetic nanowires using MFM [133]. Furthermore, it has been widely used to indicate the interaction fields among the magnetic nanoparticles [134]. Because of the high sensitivity of this technique, it has also been used to quantify the amount of magnetic nanoparticle internalized into the cells where optical imaging, such as fluorescence imaging is not feasible [135]. The MFM technique was originally proposed to measure the remanence magnetization in the absence of an external field, in other words, it used to only measure the remanence magnetization. However, recently several attempts were taken that enabled the whole hysteresis loop measurement using MFM in the presence of an external field. For example, Coisson et al. reported on implementing the MFM to probe the magnetic vortex chirality of magnetic nanodisc using the MFM technique [136].




4.2.9. Minor Hysteresis Loops


Minor hysteresis loop measurements are performed at fields smaller than the saturation field of the magnetic nanoparticles. These measurements are very useful to describe the magnetization response of the magnetic nanoparticles that do not experience full saturation during the implementation of a cyclic magnetic field, such as during hyperthermia or nanowarming experiments. For example, Shore et al. conducted minor hysteresis loop measurements to demonstrate the heating efficiency of the magnetic nanowires for nanowarming applications [137]. Since the minor hysteresis loops are measured at not full saturation, the overall shape of the hysteresis loops highly depends on the initial magnetization state of the nanoparticle. As a result, the minor hysteresis loops technique has been used to study the reversal mechanism not only in magnetic nanoparticles but also in complex magnetic nanostructures.




4.2.10. Zero-Field-Cooled/Field-Cooled (ZFC/FC) Magnetization Curves


The ZFC/FC technique measures the magnetization at different temperatures to determine the transmission from ferri/ferromagnetic response to superparamagnetic response [138]. In ZFC, the nanoparticles are cooled to the lowest temperature in the absence of an applied field. Then, the magnetization is recorded at a finite field while the temperature increases (Figure 15).



Initially, the magnetization increases with the temperature before it starts decreasing at a certain temperature, which is called the blocking temperature. The FC part of the measurement records the magnetization as the temperature is returned to the initial value. The blocking temperature has been widely used to determine the anisotropy of the magnetic nanoparticles. For example, Nemati et al. investigated the shape and size effects of nanospherical and nanocubic nanoparticles on their magnetic anisotropy and heating efficiency using the ZFC/FC technique [29]. In another example, Das et al. used the ZFC/FC technique as a probe for illustrating the structural transition of magnetic nanorods [139].




4.2.11. Angular-Dependent Coercivity


The angular-dependent coercivity technique measures the hysteresis loop at different angles between the applied field and the easy axis of the magnetic nanowires. Intuitively, it is only applicable to magnetic nanoparticles having a strong shape anisotropy, such as magnetic nanowires or nanorods. The variation of the coercivity in terms of the angle determines the reversal mechanism in the nanoparticles, which can occur via a coherent rotation or a domain wall propagation [105]. It was shown that the reversal mechanism can changes from the coherent rotation to a domain wall at some angles, where there is a sharp reduction in the coercivity after an initial increase [141]. This technique also has been used to determine the energy barrier and magnetic anisotropy in nanoparticles [142]. In general, since this technique is unable to directly measure the interaction field and subtract its effects from the coercivity, this technique is not well-suited for characterizing the magnetic nanoparticles when the interaction fields are not negligible [143].




4.2.12. First-Order Reversal Curve (FORC)


The first-order reversal curve (FORC) technique is one of the most powerful techniques that has been widely utilized for quantitative and qualitative description of complex magnetic nanostructures [144]. Figure 16 provides an example of the FORC data and heat-maps for analyzing the types and volume ratios of magnetic nanowires combination.



The FORC technique scans the whole area of the hysteresis loop leading to collecting detailed information regarding the interaction fields and intrinsic magnetic properties of the magnetic nanoparticles [145]. For example, Ramazani et al. utilized this technique to quantify the interaction fields and coercivity distribution of magnetic nanowire arrays [146]. In another example, Zamani Kouhpanji reported on the application of the FORC technique for demultiplexing the magnetic nanowires embedded inside the biological species [143]. Regardless of the complex data processing of the FORC [147,148,149], this technique is significantly slower than the other magnetic characterization techniques because it requires scanning the whole area of the hysteresis loop to a detailed analysis [107,108,129]. In this direction, several works have been done to enhance the measurements by introducing modifications to the standard protocol of the FORC technique. In a significant technological development, Zamani Kouhpanji et al. introduced a novel modification into the FORC protocol indicating only a narrow region of the hysteresis loop is required to fully characterize the magnetic nanoparticle assemblies [108]. They showed the interaction fields and coercivity of the magnetic nanoparticles can be comprehensively and reliably measured by a factor of at least 50×–100× faster than the standard FORC protocol [54,107].




4.2.13. AC Field Technique


The AC field technique measures the hysteresis loops of magnetic nanoparticles at high frequencies. The AC field technique was first proposed to characterize the applied field rate effects on the coercivity, a critical parameter for proper designing magnetic recording media. This technique became a very important characterization for understanding the heating efficiency of the magnetic nanoparticles, especially the superparamagnetic nanoparticles because they have zero-coercivity at static field that increases with the frequency of the applied field. The coercivity of the superparamagnetic nanoparticles is linearly proportional to the frequency of the applied fields for low frequencies while it behaves nonlinearly at high frequencies. This frequency dependence of the coercivity of the superparamagnetic nanoparticles was found as a great source of heat generation for biomedical applications, such as hyperthermia [58,150,151] or nanowarming [152]. For example, Nemati et al. reported on the shape and size effects on the heat generation of magnetic nanoparticles using the AC field where it was shown the magnetic nanodiscs have relatively larger heating efficiency compared to the nanospherical nanoparticles [70]. Elsewhere, Das et al. reported on the enhanced heating efficiency of elongated magnetic nanoparticles using the AC field [139], where they showed the shape anisotropy induced by elongation is the key for tuning the heating efficiency of the magnetic nanoparticles. The requirement of a high heating generation rate for special applications, such as nanowarming of cryopreserved organs, the AC field technique became a strong technique for characterizing the magnetic nanowires, as they are capable to generate much higher heats granted to their shape anisotropy [137,153].






5. Applications


5.1. Drug Delivery


In traditional drug delivery approaches, either intravascular injection or oral ingestion, the blood circulation distributes the medication throughout the body. This drug delivery mechanism causes only a small portion of the medicine to reach the targeted tissue or organ while the majority of the drug is distributed to healthy sites. Due to the small therapeutic windows for effectiveness of a drug, this mechanism of drug delivery is not efficient as it requires injection of high doses to assure the effectiveness of the drug, which can cause side-effects on healthy tissues/organs. In this particular application, the magnetic nanoparticles are highly desired as they can be controlled and directed to the targeted sites using an external field [154] (Figure 17). The movement of the magnetic nanoparticles can be controlled using either a static magnetic field or an alternating magnetic field. Considering the costs and maneuvering flexibility, the static field is significantly cheaper but less accurate compared to the alternating field approach. Another advantage of magnetic nanoparticles in drug delivery is their capability for generating heat. In order to control the drug dissociation or activation, the loaded drugs on the magnetic nanoparticles will not be released unless temperature increases sufficiently to activate it [155]. As an example, Kennedy et al. reported in magnetic regulation of drug delivery using the ferrogels [156]. The authors showed that the stimulation of biphasic ferrogels using an optimized magnetic signal can control the drug release rates of multiple drugs at different frequencies.



Magnetic nanoparticles must have high magnetization and anisotropy to induce sufficiently large electromotive power to overcome the drag forces imposed by the blood. In this prospect, the elongated magnetic nanoparticles, especially the magnetic nanowires, have superiority over the other magnetic nanoparticles, such as nanospheres [157]. The magnetic nanowires with large magnetic moment and anisotropy were shown to penetrate deeply into the tissues targeting favorable sites. For example, Pondman and co-authors reported on non-toxic drug delivery using the magnetic nanowires that were surface functionalized in oleic acid [155]. In another study, Alsharif et al. proposed using the surface functionalized core-shell iron-iron oxide nanowire using BSA for drug delivery [158]. The larger magnetic moment of the core-shell iron-iron oxide improved the controlling the magnetic nanowires; however, due to the larger magnetic interactions, these magnetic nanowires show larger degrees of aggregation leading to reducing the drug delivery efficiency.




5.2. Cancer Therapy: Thermal or Mechanical


One of the most interesting applications of magnetic nanoparticles is cancer therapy [159]. Magnetic nanoparticles have shown great promise in destroying cancerous cells via both thermal damage and mechanical damage. In thermal damage, also known as hyperthermia, three mechanisms are used to destroy the cancer cells: (1) Brownian mechanism, (2) Neel mechanism, and (3) hysteresis loss (Figure 18).



The Brownian mechanism damages the cancer cells by heat generation as a result of mechanical rotation and/or vibration, also known as external friction. The Neel mechanism damages cancer cells using the heat generation induced by the movement of the magnetic domains, which can be a result of the electromagnetic wave stimulus. The hysteresis loss, on the other hand, damages cancer cells using the heat generation induced by the switching the magnetic moment, as a result of an external magnetic field. Comparing the Neel mechanism and hysteresis loss, the hysteresis loss has significant advantage over the Neel mechanism as it can generate much higher heat rate. Comparing the Brownian mechanism and hysteresis loss, the hysteresis loss is practically more favorable because of its high selectivity for damaging the cancer cells with minimal damage to healthy ones compared to the Brownian mechanism [160].



In this particular application, the anisotropy and saturation magnetization of the nanoparticles play a critical role on their efficiency [150]. As a result, it was shown that the nanocubes, nanoflakes, nano-octahedra, elongated and nanodisc nanoparticles have significantly higher hyperthermia efficiency compared to nanospheres [162,163]. For example, Goiriena-Goikoetxea et al., reported on high yield synthesis of permalloy nanodiscs with zero remanence and high magnetic moment for cancer therapy [164], where the authors used the hole-mask colloidal lithography method to cost-effectively and uniformly produce nanodiscs. Larger hysteresis loss can be achieved by the nanoparticles with larger hysteresis area, such as electrodeposited ferromagnetic nanowires. For hysteresis loss, the external magnetic field must be sufficiently larger to meet the coercivity of the nanoparticles [77]. Since ferromagnetic nanowires have very large coercivities, they require a very large external field to generate heat. Superparamagnetic nanoparticles, on the other hand, have zero coercivity at static fields while it increases as the frequency of the external magnetic field increases [29]. Thus, even though the ferromagnetic nanowires have a significant higher heating efficiency, the superparamagnetic nanoparticles provide more flexibility for designing a more effective hyperthermia cancer therapy because the magnetic field and frequency cannot exceed the biological safety limits, as they can cause severe damage to the healthy cells/tissues.




5.3. Cryopreservation


Cryopreservation is another form of heat generation using magnetic nanoparticles; however, in contrast to the hyperthermia, it involves heat generation from cryogenic temperatures up to the melting temperature of the cryopreservation agent. In contrast to hyperthermia, the only heat generation mechanism is the hysteresis loss because the magnetic nanoparticles are not able to produce any mechanical rotation or vibration as they are fixed at cryogenic temperatures. The main challenge in this application is generating enough heat over a short time leading to a high heat generation rate. If the heat generation rate is not sufficiently large to meet the critical warming rate of the cryopreservation agent, large thermal stresses will form across the tissue/organ. These thermal stresses induce large the mechanical stresses that can cause mechanical cracks, and ultimately destroying the cryopreserved tissue/organ [165,166]. Spherical superparamagnetic nanoparticles have shown promising results as they meet the critical warming rate of VS55, a commonly used cryopreservation agent. Since VS55 is toxic, low concentrations are highly desirable to minimize its side-effects after transplanting. The lower concertation of the VS55 requires a higher heat generation rate that is very challenging to be met. In this case, other magnetic nanoparticles, especially ferromagnetic nanowires, are superb candidates [137] as they are able to generate heat at significantly higher rates. General speaking, since the ferromagnetic nanowires have large coercivities, they require large external magnetic field which makes their implementation problematic because at large magnetic fields the eddy currents cause extremely non-uniform heat distributions. This particular application of magnetic nanoparticles has been recently proposed and still much efforts are needed to elucidate the most effective nanoparticles, especially in the case of large cryopreserved tissues/organs that required very uniform temperature increase.




5.4. MRI Imaging


MRI images are captured using a strong magnetic field, magnetic field gradient, and radio waves. The main advantage of the MRI imaging is that this technique does not require X-rays or ionizing radiation compared to CT scans and PET scans. However, it is very challenging to take MRI images from tissues/organs with similar magnetic properties [165]. In these cases, magnetic nanoparticles have been used as contrast agents to distinguish those tissues/organs by manipulating the relaxivities, transverse (T2) and/or longitudinal (T1), of their molecules. The T1 and T2 relaxation times indicate the path that molecules/tissues return to their equilibrium state, transverse to the static magnetic field and parallel to the static magnetic field, respectively. The magnetic nanoparticles were found to be a promising candidate, especially for manipulating the T2 relaxation time that was found to be more effective compared to manipulating the T1 relaxation time, due to their non-zero magnetic moment. The most favorable T2 relaxation time can be achieved using the magnetic nanoparticles with highest local magnetic inhomogeneities. Thus, elongated nanoparticles, such as nanorods and nanowires, are good candidates for this application as they have higher magnetic inhomogeneity because of their high surface to volume ratio [167]. For example, Smolensky et al. reported a trend of increased T1 relaxation time with increasing the diameter of the nanospheres [168]. In another example, Zhou and co-authors reported on magnetic nanodiscs with enhanced T1 relaxation times compared to magnetic nanospheres [169]. In this direction, Shore et al. introduced Fe/Au multi-segmented magnetic nanowires where they observed the shorter segments with larger diameters have significant improved T2 relaxation time [167]. More recently, Martinez-Banderas et al. introduced core-shell iron-iron oxide magnetic nanowires with excellent T2 relaxation time suitable for cell tracking [170]. The authors varied the oxidization level of their electrodeposited Fe nanowires and they showed the oxide thickness can be adjusted to tailor the transverse relaxation time.




5.5. Tissue Engineering


Tissue engineering is one of the major biomedical applications that has benefitted drastically from the capability of magnetic nanoparticles for being remotely actuated and/or controlled [171,172]. It was shown that engineering the texture of the tissues can successively improve nerve growth or cause cancer cell proliferation and migration to cease [173]. Traditionally, the fibrils of collagen-based tissues were oriented by applying a large magnetic field because the collagen is diamagnetic and it reorients perpendicular to the applied field direction [174]. Due to the requirement of very large magnetic field, in order of several thousand Oersted, this method is limited to a very small volume of the tissue. To overcome this limitation, Sharma et al. proposed crosslinking the collagen fibrils with surface functionalized magnetic nanowires prior to gelation. Using this technique, they showed that one-step bi-directional alignment of the collagen fibrils using only a few hundred Oersted [175] (Figure 19).



Magnetic nanoparticles are also incorporated into hydrogels for producing ferrogels by chemically crosslinking the magnetic nanoparticles to the hydrogels. Ferrogel-based magnetic composites have attracted special attention, particularly in biosensing applications. An interesting work on the synthesis and comprehensive characterization of ferrogels was reported by Blyakhman et al. [177]. The authors synthesized and fully characterized two different series of ferrogels based on polyacrylamides with different chemical network densities. In another example, Safronov et al. reported on the synthesis of magnetically enriched polyacrylamide ferrogels by free radical polymerization using large aspect ratio magnetic nanowires, where they showed that large volume homogeneous magnetically enriched ferrogel-based tissues are feasible [5].



In addition to taking advantage of the remote actuation characteristics of magnetic nanoparticles for engineering regenerative tissues, magnetic nanoparticles also have been used in this particular application for inducing cells and delivering drugs promoting neuroregeneration. For example, Yuan et al. recently developed Au-coated superparamagnetic iron oxide nanoparticles to stimulate the nerve growth factor with low toxicity [176]. They showed that the coated magnetic nanoparticles provided higher neuronal growth and controlled orientation if they are stimulated under a dynamic magnetic field compared to a static magnetic field. Another interesting study was done by Polakka-Kanthikeel et al., where they showed that the surface functionalized magnetic nanoparticles are able to pass through the blood brain barrier to promote brain tissue repair [178]. Further information regarding the application and impacts of the magnetic nanoparticles in tissue engineering can be found in [173].




5.6. Enrichment


Magnetic nanoparticles are promising enrichment agents compared to optical nanoparticles [2,179]. This is because the magnetically enriched biological entities, such as cells, can be rapidly and cost-effectively separated and isolated from the whole population using a simple magnet [160] (Figure 20).



This can be readily done using a simple magnetic stand as opposed to costly, slow, and high complex optical systems. Magnetic nanospheres, nanocubes, and nano-octahedra have been widely used for this application because they can be mass produced cheaply. Furthermore, their rounded geometry, compared to the elongated nanoparticles, promotes their circulation inside capillaries with lower risk of blocking. However, there are two main challenges with these nanoparticles. First, they have relatively very small magnetic moment compared to ferromagnetic nanowires that makes it difficult to fully collect them. Second, ferromagnetic nanowires have shown a higher internalization yield that makes them superior for effective collect specific RNA/DNA and exosomes from targeted cells. For example, Hultgren et al. showed that nickel magnetic nanowires have an internalization yield of 35% larger than those of iron oxide nanospheres [180,181]. In another example, Sharma et al. observed high internalization of the gold-tipped nickel nanowires into osteosarcoma cells showing high cell activities and proliferation even after internalization of the magnetic nanowires [182,183]. In this direction, Nemati et al. enriched canine osteosarcoma cells (OSCA 8, 32, and 40) using iron-gold multi-segmented nanowires and they successfully collected the cancer-derived exosomes with a yield competitive to the commercialized methods [4].




5.7. Multiplexing/Demultiplexing Biolabels


Multiplexing/demultiplexing is crucial for many diseases, and tumors in particular, as they are often inhomogeneous. Multiplexing/demultiplexing can ensure both successful diagnosis and phenotyping of the discovered tumor [143]. Numerous attempts have been made to conjugate fluorophore molecules with magnetic nanoparticles to provide multiplexing. Since the multiplexing/demultiplexing of magnetic nanoparticles relies on the optical molecules, they inherently suffer the limitations of optical molecules [185]. The magnetic anisotropy of magnetic nanoparticles is a key for this application because it produces different magnetic signatures in different directions. Elongated magnetic nanoparticles, and in particular electrodeposited nanowires, exhibit a superior advantage over all other magnetic nanoparticles. That is because the electrodeposition technique provides much more flexibility to tailor the magnetic anisotropy via electrodepositing multi-segmented, multi-component, and multi-diameter magnetic nanowires with high-aspect ratios. For example, Sharma at al. electrodeposited multi-segmented magnetic nanowires for barcoding the cancer cells [183,184,186]. They used the hysteresis loop for detecting the barcodes, which suffers from low specificity [187]. Hysteresis loops only measure the saturation magnetization and the coercivity, which does not provide flexibility to generate multitude of unique detection.



As an alternative, Wen et al. designed a ferromagnetic resonance system to detect the resonance frequency of the magnetic nanowires as biolabels [188]. The two main limitations of this approach are: (1) the magnetic nanowires must be in contact with a co-planar waveguide, a condition which cannot be met in practical applications, and (2) the magnetic nanowires must be aligned as their ferromagnetic signature changes in different directions. More recently, Zamani Kouhpanji et al. proposed an approach that suppresses the former limitations, as it can detect the magnetic nanowires regardless of its location in the biological tissue [143]. Using FORC measurements and proposing a novel approach for demultiplexing the overlap magnetic signatures, they were able to successfully quantify the magnetic nanowires with high precision competitive to optical techniques. In another significant technological development, Zamani Kouhpanji et al. introduced a novel approach to significantly speed up the measurement while collecting more accurate data than FORC technique to more precisely quantify the magnetic nanowires in complex combinations [54] (Figure 21).




5.8. Biosensing and Biosensors


Magnetic nanoparticles have broadly used in diverse nanosensors, especially biosensors [189]. The surface functionalization of the magnetic nanoparticles, such as aptamer-modified magnetic nanoparticles, is a critical key in biosensing as it not only enhances their biocompatibility but also their specificity [190]. The magnetic interaction between the magnetic nanoparticles is the basis of their application in biosensors granted to their large surface to volume ratio leading to very high binding affinity [191]. These interaction forces substantially decrease the time response of these nanosensors. In the majority of biosensors, the magnetic nanoparticles are suspended in a solution and there are surface functionalized to detect the target molecules (Figure 22). An early report of using the magnetic nanoparticles for sensing was by Wang at al. who utilized magnetic nanoparticles to detect DNA with high selectivity and sensitivity [192]. More recent studies, for example Tavallaie et al., reported on sensing the RNA with extremely low concentration, as low as 1 × 10−17M, using magnetic nanoparticles [193].



For this particular application, Maruyama et al. reported on a fully automated biosensors using biomagnetic nanoparticles [195]. The authors were able to detect and identify two types of somatic mutations of epidermal growth factor receptor gene in lung cancer in a limited time. Their results are interesting as they indicate a very low mutation rate could be detected using magnetic nanoparticles. The giant magnetoimpedance biosensors and giant magnetoresistance biosensors have been widely used for detection in biomedical applications [196]. A pioneering work on giant magnetoresistance biosensors was reported by Baselt et al. [197]. In this work, the authors were able to measure intermolecular force binding, such as DNA-DNA, ligand-receptor, and antibody-antigen, using their portable giant magnetoresistance biosensors. Blyakhman et al. developed a giant magnetoimpedance sensor prototype for studying ferrogels [176]. These forms of biosensors are very promising for dispersed magnetic nanoparticles in solutions or ferrogels. However, detecting the magnetic nanoparticles incorporated into living entities, such as cells or biological tissues, is extremely difficult and it still not properly understood.





6. Summary/Outlook


In this review, we have provided a short, but still comprehensive review, of the synthesis and characterization techniques of magnetic nanoparticles. The main focus of this review was to understand the most effective approach for synthesizing and characterizing magnetic nanoparticles suitable for specific bio-applications, particularly biosensing and nanomedicine. The sensitivity of a particular bio-application on the monodispersity or polydispersity of the magnetic property is the key to choosing the most efficient route for synthesis and characterizing the required magnetic nanoparticles. For example, in biosensing applications, the magnetic nanoparticles do not necessarily need to have an identical morphology. However, the final achievable magnetic moment and size, which determine the magnetic nanoparticles binding affinity, and costs for mass-production are the keys determining the synthesis technique. On the other hand, for a bio-application such as multiplexing where the identical magnetic property is in high demand, the synthesis technique must be capable of precisely tuning the magnetic properties. As another example, for drug delivery and tissue engineering applications it is critical to have magnetic nanoparticles with a strong magnetic moment to assure their controllability in addition to a large surface area to load a sufficient amount of drugs. In this particular application, the elongated magnetic nanoparticles, especially electrodeposited magnetic nanowires, are of great interest as they generally have a strong magnetic moment with a larger surface area. The same situation is valid for selecting the most appropriate characterization technique. For example, in hyperthermia cancer therapy and cryopreservation applications, the heating efficiency of the magnetic nanoparticles is the key that must be adequately characterized and verified using AC field, zero-field cooling/field cooling (ZFC/FC), and magnetic susceptibility measurements. Particularly for biosensing applications, the characterization techniques such as Fourier transform infrared spectroscopy (FTIR) or thermal gravimetric analysis (TGA) are very useful as they provide valuable information regarding the amount and types of the coatings. To date, even though the magnetic nanoparticles have been proposed as promising multimodal nanoparticles in diverse nanobiotechnology applications, there are still numerous broken connections among those that must be addressed to realize the multimodality of the magnetic nanoparticles.







Author Contributions


Conceptualization, M.R.Z.K. and B.J.H.S.; Writing-Original Draft Preparation, M.R.Z.K.; Writing-Review & Editing, M.R.Z.K. and B.J.H.S.; Supervision, B.J.H.S.; Funding Acquisition, B.J.H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Science Foundation (NSF), grant number CMMI-1762884.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Salati, A.; Ramazani, A.; Almasi Kashi, M. Tuning hyperthermia properties of FeNiCo ternary alloy nanoparticles by morphological and magnetic characteristics. J. Magn. Magn. Mater. 2020, 498, 166172. [Google Scholar] [CrossRef]

	



Shore, D.E.; Dileepan, T.; Modiano, J.F.; Jenkins, M.K.; Stadler, B.J.H. Enrichment and Quantification of Epitope-Specific CD4+ T Lymphocytes Using Ferromagnetic Iron-Gold and Nickel Nanowires. Sci. Rep. 2018, 8, 15696. [Google Scholar] [CrossRef]

	



Alonso, J.; Khurshid, H.; Sankar, V.; Nemati, Z.; Phan, M.H.; Garayo, E.; García, J.A.; Srikanth, H. FeCo Nanowires with Enhanced Heating Powers and Controllable Dimensions for Magnetic Hyperthermia. J. Appl. Phys. 2015, 117, 17D113. [Google Scholar] [CrossRef]

	



Nemati, Z.; Um, J.; Zamani Kouhpanji, M.R.; Zhou, F.; Gage, T.; Shore, D.; Makielski, K.; Donnelly, A.; Alonso, J. Magnetic Isolation of Cancer-Derived Exosomes Using Fe/Au Magnetic Nanowires. ACS Appl. Nano Mater. 2020, 3, 2058–2069. [Google Scholar] [CrossRef]

	



Safronov, A.P.; Stadler, B.J.H.; Um, J.; Zamani Kouhpanji, M.R.; Alonso Masa, J.; Galyas, A.G.; Kurlyandskaya, G.V. Polyacrylamide Ferrogels with Ni Nanowires. Materials 2019, 12, 2582. [Google Scholar] [CrossRef] [PubMed]

	



Cui, H.; Shi, J.; Yuan, B.; Fu, M. Synthesis of Porous Magnetic Ferrite Nanowires Containing Mn and Their Application in Water Treatment. J. Mater. Chem. A 2013, 1, 5902–5907. [Google Scholar] [CrossRef]

	



Chio, D.S.; Park, J.; Kim, S.; Gracias, D.H.; Cho, M.K.; Kim, Y.K.; Fung, A.; Lee, S.E.; Chen, Y.; Khanal, S.; et al. Hyperthermia with Magnetic Nanowires for Inactivating Living Cells. J. Nanosci. Nanotechnol. 2008, 8, 2323–2327. [Google Scholar] [CrossRef]

	



Huang, X.; Tan, L.; Cho, H.; Stadler, B.J.H. Magnetoresistance and spin transfer torque in electrodeposited Co/Cu multilayered nanowire arrays with small diameters. J. Appl. Phys. 2009, 105, 1–4. [Google Scholar] [CrossRef]

	



Maqableh, M.M.; Huang, X.; Sung, S.; Reddy, K.S.M.; Norby, G.; Victora, R.H.; Stadler, B.J.H. Low-Resistivity 10 Nm Diameter Magnetic Sensors. Nano Lett. 2012, 12, 4102–4109. [Google Scholar] [CrossRef]

	



Parkin, S.; Yang, S.-H. Memory on the Racetrack. Nat. Nanotechnol. 2015, 10, 195–198. [Google Scholar] [CrossRef]

	



Parkin, S.S.P.; Hayashi, M.; Thomas, L. Magnetic Domain-Wall Racetrack Memory. Science 2008, 320, 190–195. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, Y.; Myers, D.R.; Lam, W.A. The Biophysics and Mechanics of Blood from a Materials Perspective. Nat. Rev. Mater. 2019, 4, 294–311. [Google Scholar] [CrossRef]

	



Zhu, H.; Zhang, L.; Tong, S.; Lee, C.M.; Deshmukh, H.; Bao, G. Spatial Control of in Vivo CRISPR-Cas9 Genome Editing via Nanomagnets. Nat. Biomed. Eng. 2019, 3, 126–136. [Google Scholar] [CrossRef] [PubMed]

	



Peng, F.; Setyawati, M.I.; Tee, J.K.; Ding, X.; Wang, J.; Nga, M.E.; Ho, H.K.; Leong, D.T. Nanoparticles Promote in Vivo Breast Cancer Cell Intravasation and Extravasation by Inducing Endothelial Leakiness. Nat. Nanotechnol. 2019, 14, 279–286. [Google Scholar] [CrossRef]

	



Lau, Y.; Betto, D.; Rode, K.; Coey, J.M.D.; Stamenov, P. Spin-Orbit Torque Switching without an External Field Using Interlayer Exchange Coupling. Nat. Nanotechnol. 2016, 11, 758–762. [Google Scholar] [CrossRef] [PubMed]

	



Tsymbal, E.Y.; Kohlstedt, H. Tunneling Across a Ferroelectric. Science 2006, 313, 181–184. [Google Scholar] [CrossRef]

	



Baumgartner, M.; Garello, K.; Mendil, J.; Avci, C.O.; Grimaldi, E.; Murer, C.; Feng, J.; Gabureac, M.; Stamm, C.; Acremann, Y.; et al. Spatially and Time-Resolved Magnetization Dynamics Driven by Spin-Orbit Torques. Nat. Nanotechnol. 2017, 12, 980–986. [Google Scholar] [CrossRef]

	



Koyama, T.; Chiba, D.; Ueda, K.; Kondou, K.; Tanigawa, H.; Fukami, S.; Suzuki, T.; Ohshima, N.; Ishiwata, N.; Nakatani, Y.; et al. Observation of the Intrinsic Pinning of a Magnetic Domain Wall in a Ferromagnetic Nanowire. Nat. Mater. 2011, 10, 194–197. [Google Scholar] [CrossRef]

	



Brataas, A.; Kent, A.D.; Ohno, H. Current-Induced Torques in Magnetic Materials. Nat. Mater. 2012, 11, 372–381. [Google Scholar] [CrossRef]

	



Bauer, U.; Emori, S.; Beach, G.S.D. Voltage-Controlled Domain Wall Traps in Ferromagnetic Nanowires. Nat. Nanotechnol. 2013, 8, 411–416. [Google Scholar] [CrossRef]

	



Dadfar, S.M.; Roemhild, K.; Drude, N.I.; von Stillfried, S.; Knüchel, R.; Kiessling, F.; Lammers, T. Iron Oxide Nanoparticles: Diagnostic, Therapeutic and Theranostic Applications. Adv. Drug Deliv. Rev. 2019, 138, 302–325. [Google Scholar] [CrossRef] [PubMed]

	



Sajid, M.; Płotka-Wasylka, J. Nanoparticles: Synthesis, Characteristics, and Applications in Analytical and Other Sciences. Microchem. J. 2020, 104623. [Google Scholar] [CrossRef]

	



Wu, S.; Sun, A.; Zhai, F.; Wang, J.; Xu, W.; Zhang, Q.; Volinsky, A.A. Fe3O4 Magnetic Nanoparticles Synthesis from Tailings by Ultrasonic Chemical Co-Precipitation. Mater. Lett. 2011, 65, 1882–1884. [Google Scholar] [CrossRef]

	



Pereira, C.; Pereira, A.M.; Fernandes, C.; Rocha, M.; Mendes, R.; Fernández-García, M.P.; Guedes, A.; Tavares, P.B.; Grenèche, J.-M.; Araújo, J.P.; et al. Superparamagnetic MFe2O4 (M = Fe, Co, Mn) Nanoparticles: Tuning the Particle Size and Magnetic Properties through a Novel One-Step Coprecipitation Route. Chem. Mater. 2012, 24, 1496–1504. [Google Scholar] [CrossRef]

	



Petcharoen, K.; Sirivat, A. Synthesis and Characterization of Magnetite Nanoparticles via the Chemical Co-Precipitation Method. Mater. Sci. Eng. B 2012, 177, 421–427. [Google Scholar] [CrossRef]

	



Alonso, J.; Barandiarán, J.M.; Fernández Barquín, L.; García-Arribas, A. Magnetic Nanoparticles, Synthesis, Properties, and Applications. In Magnetic Nanostructured Materials; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–40. [Google Scholar] [CrossRef]

	



Unni, M.; Uhl, A.M.; Savliwala, S.; Savitzky, B.H.; Dhavalikar, R.; Garraud, N.; Arnold, D.P.; Kourkoutis, L.F.; Andrew, J.S.; Rinaldi, C. Thermal Decomposition Synthesis of Iron Oxide Nanoparticles with Diminished Magnetic Dead Layer by Controlled Addition of Oxygen. ACS Nano 2017, 11, 2284–2303. [Google Scholar] [CrossRef]

	



Lee, N.; Hyeon, T. Designed Synthesis of Uniformly Sized Iron Oxide Nanoparticles for Efficient Magnetic Resonance Imaging Contrast Agents. Chem. Soc. Rev. 2012, 41, 2575–2589. [Google Scholar] [CrossRef]

	



Nemati, Z.; Alonso, J.; Rodrigo, I.; Das, R.; Garaio, E.; García, J.Á.; Orue, I.; Phan, M.H.; Srikanth, H. Improving the Heating Efficiency of Iron Oxide Nanoparticles by Tuning Their Shape and Size. J. Phys. Chem. C 2018, 122, 2367–2381. [Google Scholar] [CrossRef]

	



Wu, W.; Wu, Z.; Yu, T.; Jiang, C.; Kim, W.-S. Recent Progress on Magnetic Iron Oxide Nanoparticles: Synthesis, Surface Functional Strategies and Biomedical Applications. Sci. Technol. Adv. Mater. 2015, 16, 023501. [Google Scholar] [CrossRef]

	



Laudise, R.A. Hydrothermal Synthesis of Crystals 50 Years Progress in Crystal Growth; Elsevier: Amsterdam, The Netherlands, 2004. [Google Scholar] [CrossRef]

	



Chen, Y.; Xia, H.; Lu, L.; Xue, J. Synthesis of Porous Hollow Fe3O4 Beads and Their Applications in Lithium Ion Batteries. J. Mater. Chem. 2012, 22, 5006. [Google Scholar] [CrossRef]

	



Torres-Gómez, N.; Nava, O.; Argueta-Figueroa, L.; García-Contreras, R.; Baeza-Barrera, A.; Vilchis-Nestor, A.R. Shape Tuning of Magnetite Nanoparticles Obtained by Hydrothermal Synthesis: Effect of Temperature. J. Nanomater. 2019, 2019, 1–15. [Google Scholar] [CrossRef]

	



Dippong, T.; Cadar, O.; Levei, E.A.; Bibicu, I.; Diamandescu, L.; Leostean, C.; Lazar, M.; Borodi, G.; Tudoran, L.B. Structure and Magnetic Properties of CoFe2O4/SiO2 Nanocomposites Obtained by Sol-Gel and Post Annealing Pathways. Ceram. Int. 2017, 43, 2113–2122. [Google Scholar] [CrossRef]

	



Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.; Muller, R.N. Magnetic Iron Oxide Nanoparticles: Synthesis, Stabilization, Vectorization, Physicochemical Characterizations, and Biological Applications. Chem. Rev. 2008, 108, 2064–2110. [Google Scholar] [CrossRef] [PubMed]

	



Darbandi, M.; Stromberg, F.; Landers, J.; Reckers, N.; Sanyal, B.; Keune, W.; Wende, H. Nanoscale Size Effect on Surface Spin Canting in Iron Oxide Nanoparticles Synthesized by the Microemulsion Method. J. Phys. D Appl. Phys. 2012, 45, 195001. [Google Scholar] [CrossRef]

	



Praça, F.G.; Viegas, J.S.R.; Peh, H.Y.; Garbin, T.N.; Medina, W.S.G.; Bentley, M.V.L.B. Microemulsion Co-Delivering Vitamin A and Vitamin E as a New Platform for Topical Treatment of Acute Skin Inflammation. Mater. Sci. Eng. C 2020, 110, 110639. [Google Scholar] [CrossRef] [PubMed]

	



Argüelles-Pesqueira, A.I.; Diéguez-Armenta, N.M.; Bobadilla-Valencia, A.K.; Nataraj, S.K.; Rosas-Durazo, A.; Esquivel, R.; Alvarez-Ramos, M.E.; Escudero, R.; Guerrero-German, P.; Lucero-Acuña, J.A.; et al. Low Intensity Sonosynthesis of Iron Carbide@iron Oxide Core-Shell Nanoparticles. Ultrason. Sonochem. 2018, 49, 303–309. [Google Scholar] [CrossRef]

	



Yadav, R.S.; Kuřitka, I.; Vilcakova, J.; Jamatia, T.; Machovsky, M.; Skoda, D.; Urbánek, P.; Masař, M.; Urbánek, M.; Kalina, L.; et al. Impact of Sonochemical Synthesis Condition on the Structural and Physical Properties of MnFe2O4 Spinel Ferrite Nanoparticles. Ultrason. Sonochem. 2020, 61, 104839. [Google Scholar] [CrossRef]

	



Thickett, S.C.; Teo, G.H. Recent Advances in Colloidal Nanocomposite Design via Heterogeneous Polymerization Techniques. Polym. Chem. 2019, 10, 2906–2924. [Google Scholar] [CrossRef]

	



Majidi, S.; Sehrig, F.Z.; Farkhani, S.M.; Soleymani Goloujeh, M.; Akbarzadeh, A. Current Methods for Synthesis of Magnetic Nanoparticles. Artif. Cells Nanomed. Biotechnol. 2016, 44, 722–734. [Google Scholar] [CrossRef]

	



Teo, B.M.; Chen, F.; Hatton, T.A.; Grieser, F.; Ashokkumar, M. Novel One-Pot Synthesis of Magnetite Latex Nanoparticles by Ultrasound Irradiation. Langmuir 2009, 25, 2593–2595. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.; Yu, J.C.; Gong, J.; Li, Q.; Li, G. α-Fe2O3 Nanorings Prepared by a Microwave-Assisted Hydrothermal Process and Their Sensing Properties. Adv. Mater. 2007, 19, 2324–2329. [Google Scholar] [CrossRef]

	



Kezuka, Y.; Yoshida, M.; Tajika, M. Template-Free Fabrication of Single-Crystalline Calcite Nanorings during Crystal Growth in Water. Cryst. Eng. Comm. 2020, 22, 9–13. [Google Scholar] [CrossRef]

	



Liu, S.; Lu, F.; Jia, X.; Cheng, F.; Jiang, L.-P.; Zhu, J.-J. Microwave-Assisted Synthesis of a Biocompatible Polyacid-Conjugated Fe3O4 Superparamagnetic Hybrid. CrystEngComm 2011, 13, 2425. [Google Scholar] [CrossRef]

	



Aivazoglou, E.; Metaxa, E.; Hristoforou, E. Microwave-Assisted Synthesis of Iron Oxide Nanoparticles in Biocompatible Organic Environment. AIP Adv. 2018, 8, 048201. [Google Scholar] [CrossRef]

	



Qiu, G.; Huang, H.; Genuino, H.; Opembe, N.; Stafford, L.; Dharmarathna, S.; Suib, S.L. Microwave-Assisted Hydrothermal Synthesis of Nanosized α-Fe2O3 for Catalysts and Adsorbents. J. Phys. Chem. C 2011, 115, 19626–19631. [Google Scholar] [CrossRef]

	



Piraux, L. Magnetic Nanowires. Appl. Sci. 2020, 10, 1832. [Google Scholar] [CrossRef]

	



Reddy, S.M.; Park, J.J.; Na, S.-M.; Maqableh, M.M.; Flatau, A.B.; Bethanie, J.H. Electrochemical Synthesis of Magnetostrictive Fe-Ga/Cu Multilayered Nanowire Arrays with Tailored Magnetic Response. Adv. Funct. Mater. 2011, 21, 4677–4683. [Google Scholar] [CrossRef]

	



Araujo, E.; Encinas, A.; Velázquez-Galván, Y.; Martínez-Huerta, J.M.; Hamoir, G.; Ferain, E.; Piraux, L. Artificially Modified Magnetic Anisotropy in Interconnected Nanowire Networks. Nanoscale 2015, 7, 1485–1490. [Google Scholar] [CrossRef]

	



Lee, W.; Ji, R.; Ross, C.A.; Gösele, U.; Nielsch, K. Wafer-Scale Ni Imprint Stamps for Porous Alumina Membranes Based on Interference Lithography. Small 2006, 2, 978–982. [Google Scholar] [CrossRef]

	



Um, J.; Zamani Kouhpanji, M.R.; Liu, S.; Nemati, Z.; Kosel, J.; Stadler, B. Fabrication of Long-Range Ordered Aluminum Oxide and Fe/Au Multilayered Nanowires for 3D Magnetic Memory. IEEE Trans. Magn. 2020, 56, 1–6. [Google Scholar] [CrossRef]

	



Sulka, G.D.; Brzózka, A.; Liu, L. Fabrication of Diameter-Modulated and Ultrathin Porous Nanowires in Anodic Aluminum Oxide Templates. Electrochim. Acta 2011, 56, 4972–4979. [Google Scholar] [CrossRef]

	



Kouhpanji, M.R.Z.; Stadler, B.J.H. Projection Method as a Probe for Multiplexing/Demultiplexing of Magnetically Enriched Biological Tissues. RSC Adv. 2020, 10, 13286–13292. [Google Scholar] [CrossRef]

	



Cabrera, L.; Gutierrez, S.; Menendez, N.; Morales, M.P.; Herrasti, P. Magnetite Nanoparticles: Electrochemical Synthesis and Characterization. Electrochim. Acta 2008, 53, 3436–3441. [Google Scholar] [CrossRef]

	



Rodríguez-López, A.; Paredes-Arroyo, A.; Mojica-Gomez, J.; Estrada-Arteaga, C.; Cruz-Rivera, J.J.; Elías Alfaro, C.G.; Antaño-López, R. Electrochemical Synthesis of Magnetite and Maghemite Nanoparticles Using Dissymmetric Potential Pulses. J. Nanoparticle Res. 2012, 14, 993. [Google Scholar] [CrossRef]

	



Li, X.; Xu, H.; Chen, Z.-S.; Chen, G. Biosynthesis of Nanoparticles by Microorganisms and Their Applications. J. Nanomater. 2011, 2011, 1–16. [Google Scholar] [CrossRef]

	



Marcano, L.; Muñoz, D.; Martín-Rodríguez, R.; Orue, I.; Alonso, J.; García-Prieto, A.; Serrano, A.; Valencia, S.; Abrudan, R.; Fernández Barquín, L.; et al. Magnetic Study of Co-Doped Magnetosome Chains. J. Phys. Chem. C 2018, 122, 7541–7550. [Google Scholar] [CrossRef]

	



Walle, A.V.D.; Sangnier, A.P.; Abou-Hassan, A.; Curcio, A.; Hémadi, M.; Menguy, N.; Lalatonne, Y.; Luciani, N.; Wilhelm, C. Biosynthesis of Magnetic Nanoparticles from Nano-Degradation Products Revealed in Human Stem Cells. Proc. Natl. Acad. Sci. USA 2019, 116, 4044–4053. [Google Scholar] [CrossRef]

	



Bharde, A.A.; Parikh, R.Y.; Baidakova, M.; Jouen, S.; Hannoyer, B.; Enoki, T.; Prasad, B.L.V.; Shouche, Y.S.; Ogale, S.; Sastry, M. Bacteria-Mediated Precursor-Dependent Biosynthesis of Superparamagnetic Iron Oxide and Iron Sulfide Nanoparticles. Langmuir 2008, 24, 5787–5794. [Google Scholar] [CrossRef]

	



Bazylinski, D.A.; Frankel, R.B. Magnetosome Formation in Prokaryotes. Nat. Rev. Microbiol. 2004, 2, 217–230. [Google Scholar] [CrossRef]

	



Kotov, Y.A. Electric Explosion of Wires as a Method for Preparation of Nanopowders. J. Nanoparticle Res. 2003, 5, 539–550. [Google Scholar] [CrossRef]

	



Safronov, A.P.; Beketov, I.V.; Komogortsev, S.V.; Kurlyandskaya, G.V.; Medvedev, A.I.; Leiman, D.V.; Larrañaga, A.; Bhagat, S.M. Spherical Magnetic Nanoparticles Fabricated by Laser Target Evaporation. AIP Adv. 2013, 3, 052135. [Google Scholar] [CrossRef]

	



Vergés, M.A.; Costo, R.; Roca, A.G.; Marco, J.F.; Goya, G.F.; Serna, C.J.; Morales, M.P. Uniform and Water Stable Magnetite Nanoparticles with Diameters around the Monodomain–Multidomain Limit. J. Phys. D Appl. Phys. 2008, 41, 134003. [Google Scholar] [CrossRef]

	



Roca, A.G.; Gutiérrez, L.; Gavilán, H.; Brollo, M.E.F.; Veintemillas-Verdaguer, S.; Morales, M.D.P. Design Strategies for Shape-Controlled Magnetic Iron Oxide Nanoparticles. Adv. Drug Deliv. Rev. 2019, 138, 68–104. [Google Scholar] [CrossRef]

	



Kovalenko, M.V.; Bodnarchuk, M.I.; Lechner, R.T.; Hesser, G.; Schäffler, F.; Heiss, W. Fatty Acid Salts as Stabilizers in Size- and Shape-Controlled Nanocrystal Synthesis: The Case of Inverse Spinel Iron Oxide. J. Am. Chem. Soc. 2007, 129, 6352–6353. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Ogawa, T.; Hasegawa, D.; Takahashi, M. Synthesis and Magnetic Properties of Monodisperse Magnetite Nanocubes. J. Appl. Phys. 2008, 103, 07D526. [Google Scholar] [CrossRef]

	



Gavilán, H.; Posth, O.; Bogart, L.K.; Steinhoff, U.; Gutiérrez, L.; Morales, M.P. How Shape and Internal Structure Affect the Magnetic Properties of Anisometric Magnetite Nanoparticles. Acta Mater. 2017, 125, 416–424. [Google Scholar] [CrossRef]

	



Yang, Y.; Liu, X.; Lv, Y.; Herng, T.S.; Xu, X.; Xia, W.; Zhang, T.; Fang, J.; Xiao, W.; Ding, J. Orientation Mediated Enhancement on Magnetic Hyperthermia of Fe3O4 Nanodisc. Adv. Funct. Mater. 2015, 25, 812–820. [Google Scholar] [CrossRef]

	



Nemati, Z.; Salili, S.M.; Alonso, J.; Ataie, A.; Das, R.; Phan, M.H.; Srikanth, H. Superparamagnetic Iron Oxide Nanodiscs for Hyperthermia Therapy: Does Size Matter? J. Alloys Compd. 2017, 714, 709–714. [Google Scholar] [CrossRef]

	



Chen, L.; Yang, X.; Chen, J.; Liu, J.; Wu, H.; Zhan, H.; Liang, C.; Wu, M. Continuous Shape- and Spectroscopy-Tuning of Hematite Nanocrystals. Inorg. Chem. 2010, 49, 8411–8420. [Google Scholar] [CrossRef]

	



Palchoudhury, S.; An, W.; Xu, Y.; Qin, Y.; Zhang, Z.; Chopra, N.; Holler, R.A.; Turner, C.H.; Bao, Y. Synthesis and Growth Mechanism of Iron Oxide Nanowhiskers. Nano Lett. 2011, 11, 1141–1146. [Google Scholar] [CrossRef]

	



Geng, S.; Yang, H.; Ren, X.; Liu, Y.; He, S.; Zhou, J.; Su, N.; Li, Y.; Xu, C.; Zhang, X.; et al. Anisotropic Magnetite Nanorods for Enhanced Magnetic Hyperthermia. Chem. Asian J. 2016, 11, 2996–3000. [Google Scholar] [CrossRef] [PubMed]

	



Rebolledo, A.F.; Bomatí-Miguel, O.; Marco, J.F.; Tartaj, P. A Facile Synthetic Route for the Preparation of Superparamagnetic Iron Oxide Nanorods and Nanorices with Tunable Surface Functionality. Adv. Mater. 2008, 20, 1760–1765. [Google Scholar] [CrossRef]

	



Wiogo, H.; Lim, M.; Munroe, P.; Amal, R. Understanding the Formation of Iron Oxide Nanoparticles with Acicular Structure from Iron(III) Chloride and Hydrazine Monohydrate. Cryst. Growth Des. 2011, 11, 1689–1696. [Google Scholar] [CrossRef]

	



Ozaki, M.; Kratohvil, S.; Matijević, E. Formation of Monodispersed Spindle-Type Hematite Particles. J. Colloid Interface Sci. 1984, 102, 146–151. [Google Scholar] [CrossRef]

	



Nana, A.B.A.; Marimuthu, T.; Kondiah, P.P.D.; Choonara, Y.E.; Toit, L.C.D.; Pillay, V. Multifunctional Magnetic Nanowires: Design, Fabrication, and Future Prospects as Cancer Therapeutics. Cancers 2019, 11, 1956. [Google Scholar] [CrossRef]

	



Tang, B.; Wang, G.; Zhuo, L.; Ge, J.; Cui, L. Facile Route to α-FeOOH and α-Fe2O3 Nanorods and Magnetic Property of α-Fe2O3 Nanorods. Inorg. Chem. 2006, 45, 5196–5200. [Google Scholar] [CrossRef]

	



Kim, B.H.; Yang, J.; Lee, D.; Choi, B.K.; Hyeon, T.; Park, J. Liquid-Phase Transmission Electron Microscopy for Studying Colloidal Inorganic Nanoparticles. Adv. Mater. 2018, 30, 1703316. [Google Scholar] [CrossRef]

	



Sandler, S.E.; Fellows, B.; Mefford, O.T. Best Practices for Characterization of Magnetic Nanoparticles for Biomedical Applications. Anal. Chem. 2019, 91, 14159–14169. [Google Scholar] [CrossRef]

	



Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization Techniques for Nanoparticles: Comparison and Complementarity upon Studying Nanoparticle Properties. Nanoscale 2018, 10, 12871–12934. [Google Scholar] [CrossRef]

	



Liao, H.-G.; Cui, L.; Whitelam, S.; Zheng, H. Real-Time Imaging of Pt3Fe Nanorod Growth in Solution. Science 2012, 336, 1011–1014. [Google Scholar] [CrossRef]

	



Kato, H.; Suzuki, M.; Fujita, K.; Horie, M.; Endoh, S.; Yoshida, Y.; Iwahashi, H.; Takahashi, K.; Nakamura, A.; Kinugasa, S. Reliable Size Determination of Nanoparticles Using Dynamic Light Scattering Method for in Vitro Toxicology Assessment. Toxicol. Vitr. 2009, 23, 927–934. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.; Yeap, S.P.; Che, H.X.; Low, S.C. Characterization of Magnetic Nanoparticle by Dynamic Light Scattering. Nanoscale Res. Lett. 2013, 8, 381. [Google Scholar] [CrossRef] [PubMed]

	



Hole, P.; Sillence, K.; Hannell, C.; Maguire, C.M.; Roesslein, M.; Suarez, G.; Capracotta, S.; Magdolenova, Z.; Horev-Azaria, L.; Dybowska, A.; et al. Interlaboratory Comparison of Size Measurements on Nanoparticles Using Nanoparticle Tracking Analysis (NTA). J. Nanoparticle Res. 2013, 15, 2101. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Zhang, W.; Qiu, X.; Mei, Q.; Luo, Y.; Fu, W. Rapid and Sensitive Exosome Detection with CRISPR/Cas12a. Anal. Bioanal. Chem. 2020, 412, 601–609. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, L.N.; de Couto, V.M.; Fraceto, L.F.; de Paula, E. Use of Nanoparticle Concentration as a Tool to Understand the Structural Properties of Colloids. Sci. Rep. 2018, 8, 982. [Google Scholar] [CrossRef]

	



Upadhyay, S.; Parekh, K.; Pandey, B. Influence of Crystallite Size on the Magnetic Properties of Fe3O4 Nanoparticles. J. Alloys Compd. 2016, 678, 478–485. [Google Scholar] [CrossRef]

	



Li, W.; Zamani, R.; Rivera Gil, P.; Pelaz, B.; Ibáñez, M.; Cadavid, D.; Shavel, A.; Alvarez-Puebla, R.A.; Parak, W.J.; Arbiol, J.; et al. CuTe Nanocrystals: Shape and Size Control, Plasmonic Properties, and Use as SERS Probes and Photothermal Agents. J. Am. Chem. Soc. 2013, 135, 7098–7101. [Google Scholar] [CrossRef]

	



Sharma, S.K. Complex Magnetic Nanostructures. Sharma, S.K., Ed.; Springer: Cham, Switzerland, 2017. [Google Scholar] [CrossRef]

	



Blanco, A.C. Sodium Carbonate Mediated Synthesis of Iron Oxide Nanoparticles to Improve Magnetic Hyperthermia Efficiency and Induce Apoptosis. Ph.D. Thesis, University College London, London, UK, January 2014; p. 600. [Google Scholar]

	



Shukla, N.; Liu, C.; Jones, P.M.; Weller, D. FTIR Study of Surfactant Bonding to FePt Nanoparticles. J. Magn. Magn. Mater. 2003, 266, 178–184. [Google Scholar] [CrossRef]

	



Tzitzios, V.; Basina, G.; Gjoka, M.; Alexandrakis, V.; Georgakilas, V.; Niarchos, D.; Boukos, N.; Petridis, D. Chemical Synthesis and Characterization of Hcp Ni Nanoparticles. Nanotechnology 2006, 17, 3750–3755. [Google Scholar] [CrossRef]

	



Lu, L.T. Water-Dispersible Magnetic Nanoparticles for Biomedical Applications: Synthesis and Characterisation. Ph.D. Thesis, University of Liverpool, Liverpool, UK, January 2011. [Google Scholar]

	



Nan, A.; Suciu, M.; Ardelean, I.; Şenilă, M.; Turcu, R. Characterization of the Nuclear Magnetic Resonance Relaxivity of Gadolinium Functionalized Magnetic Nanoparticles. Anal. Lett. 2020, 1–16. [Google Scholar] [CrossRef]

	



Mompeán, M.; Sánchez-Donoso, R.M.; de la Hoz, A.; Saggiomo, V.; Velders, A.H.; Gomez, M.V. Pushing Nuclear Magnetic Resonance Sensitivity Limits with Microfluidics and Photo-Chemically Induced Dynamic Nuclear Polarization. Nat. Commun. 2018, 9, 108. [Google Scholar] [CrossRef]

	



Silva Elipe, M.V. Advantages and Disadvantages of Nuclear Magnetic Resonance Spectroscopy as a Hyphenated Technique. Anal. Chim. Acta 2003, 497, 1–25. [Google Scholar] [CrossRef]

	



Andjelković, L.; Jeremić, D.; Milenković, M.R.; Radosavljević, J.; Vulić, P.; Pavlović, V.; Manojlović, D.; Nikolić, A.S. Synthesis, Characterization and in Vitro Evaluation of Divalent Ion Release from Stable NiFe2O4, ZnFe2O4 and Core-Shell ZnFe2O4@NiFe2O4 Nanoparticles. Ceram. Int. 2020, 46, 3528–3533. [Google Scholar] [CrossRef]

	



Harkness, K.M.; Cliffel, D.E.; McLean, J.A. Characterization of Thiolate-Protected Gold Nanoparticles by Mass Spectrometry. Analyst 2010, 135, 868. [Google Scholar] [CrossRef] [PubMed]

	



Mortazavi-Manesh, A.; Bagherzadeh, M. Synthesis and Characterization of Molybdenum (VI) Complex Immobilized on Polymeric Schiff Base-coated Magnetic Nanoparticles as an Efficient and Retrievable Nanocatalyst in Olefin Epoxidation Reactions. Appl. Organomet. Chem. 2020, 34. [Google Scholar] [CrossRef]

	



Pourjavadi, A.; Kohestanian, M.; Streb, C. PH and Thermal Dual-Responsive Poly(NIPAM-Co-GMA)-Coated Magnetic Nanoparticles via Surface-Initiated RAFT Polymerization for Controlled Drug Delivery. Mater. Sci. Eng. C 2020, 108, 110418. [Google Scholar] [CrossRef] [PubMed]

	



Karimi-Chayjani, R.; Daneshvar, N.; Nikoo Langarudi, M.S.; Shirini, F.; Tajik, H. Silica-Coated Magnetic Nanoparticles Containing Bis Dicationic Bridge for the Synthesis of 1,2,4-Triazolo Pyrimidine/Quinazolinone Derivatives. J. Mol. Struct. 2020, 1199, 126891. [Google Scholar] [CrossRef]

	



Rudolph, M.; Erler, J.; Peuker, U.A. A TGA–FTIR Perspective of Fatty Acid Adsorbed on Magnetite Nanoparticles–Decomposition Steps and Magnetite Reduction. Colloids Surfaces a Physicochem. Eng. Asp. 2012, 397, 16–23. [Google Scholar] [CrossRef]

	



Ziegler-Borowska, M.; Chełminiak, D.; Kaczmarek, H. Thermal Stability of Magnetic Nanoparticles Coated by Blends of Modified Chitosan and Poly(Quaternary Ammonium) Salt. J. Therm. Anal. Calorim. 2015, 119, 499–506. [Google Scholar] [CrossRef]

	



Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials; John Wiley & Sons: Hoboken, NJ, USA, 2009. [Google Scholar]

	



Kouhpanji, M.R.Z.; Stadler, B.J.H. Quantitative Description of Complex Magnetic Nanoparticle Arrays. arXiv 2019, arXiv:1911.12480. [Google Scholar]

	



Kouhpanji, M.R.Z.; Stadler, B.J.H. Assessing the Reliability and Validity Ranges of Magnetic Characterization Methods. arXiv 2020, arXiv:2003.06911. [Google Scholar]

	



Kouhpanji, M.R.Z.; Visscher, P.B.; Stadler, B.J.H. Underlying Magnetization Responses of Magnetic Nanoparticles in Assemblies. arXiv 2020, arXiv:2002.07742. [Google Scholar]

	



Tadic, M.; Milosevic, I.; Kralj, S.; Hanzel, D.; Barudzija, T.; Motte, L.; Makovec, D. Surface-Induced Reversal of a Phase Transformation for the Synthesis of ε-Fe2O3 Nanoparticles with High Coercivity. Acta Mater. 2020, 188, 16–22. [Google Scholar] [CrossRef]

	



Bououdina, M.S.; Manoharan, C. Dependence of Structure/Morphology on Electrical/Magnetic Properties of Hydrothermally Synthesised Cobalt Ferrite Nanoparticles. J. Magn. Magn. Mater. 2020, 493, 165703. [Google Scholar] [CrossRef]

	



Oh, S.-J.; Choi, C.-J.; Kwon, S.-J.; Jin, S.-H.; Kim, B.-K.; Park, J.-S. Mössbauer Analysis on the Magnetic Properties of Fe–Co Nanoparticles Synthesized by Chemical Vapor Condensation Process. J. Magn. Magn. Mater. 2004, 280, 147–157. [Google Scholar] [CrossRef]

	



Bystrzejewski, M.; Grabias, A.; Borysiuk, J.; Huczko, A.; Lange, H. Mössbauer Spectroscopy Studies of Carbon-Encapsulated Magnetic Nanoparticles Obtained by Different Routes. J. Appl. Phys. 2008, 104, 054307. [Google Scholar] [CrossRef]

	



Tiano, A.L.; Papaefthymiou, G.C.; Lewis, C.S.; Han, J.; Zhang, C.; Li, Q.; Shi, C.; Abeykoon, A.M.M.; Billinge, S.J.L.; Stach, E.; et al. Correlating Size and Composition-Dependent Effects with Magnetic, Mössbauer, and Pair Distribution Function Measurements in a Family of Catalytically Active Ferrite Nanoparticles. Chem. Mater. 2015, 27, 3572–3592. [Google Scholar] [CrossRef]

	



Xiao, J.; Kuc, A.; Pokhrel, S.; Mädler, L.; Pöttgen, R.; Winter, F.; Frauenheim, T.; Heine, T. Fe-Doped ZnO Nanoparticles: The Oxidation Number and Local Charge on Iron, Studied by 57 Fe Mößbauer Spectroscopy and DFT Calculations. Chem. A Eur. J. 2013, 19, 3287–3291. [Google Scholar] [CrossRef]

	



Diehl, M.R.; Yu, J.-Y.; Heath, J.R.; Held, G.A.; Doyle, H.; Sun, S.; Murray, C.B. Crystalline, Shape, and Surface Anisotropy in Two Crystal Morphologies of Superparamagnetic Cobalt Nanoparticles by Ferromagnetic Resonance. J. Phys. Chem. B 2001, 105, 7913–7919. [Google Scholar] [CrossRef]

	



Herrling, M.P.; Fetsch, K.L.; Delay, M.; Blauert, F.; Wagner, M.; Franzreb, M.; Horn, H.; Lackner, S. Low Biosorption of PVA Coated Engineered Magnetic Nanoparticles in Granular Sludge Assessed by Magnetic Susceptibility. Sci. Total Environ. 2015, 537, 43–50. [Google Scholar] [CrossRef]

	



Kitamoto, Y.; He, J.-S. Chemical Synthesis of FePt Nanoparticles with High Alternate Current Magnetic Susceptibility for Biomedical Applications. Electrochim. Acta 2009, 54, 5969–5972. [Google Scholar] [CrossRef]

	



Ortega, E.; Reddy, S.M.; Betancourt, I.; Roughani, S.; Stadler, B.J.H.; Ponce, A. Magnetic Ordering in 45 Nm-Diameter Multisegmented FeGa/Cu Nanowires: Single Nanowires and Arrays. J. Mater. Chem. C 2017, 5, 7546–7552. [Google Scholar] [CrossRef]

	



Biziere, N.; Gatel, C.; Clochard, M.C.; Wegrowe, J.E.; Snoeck, E. Imaging the Fine Structure of a Magnetic Domain Wall in a Ni Nanocylinder. Nano Lett. 2013, 13, 2053–2057. [Google Scholar] [CrossRef]

	



Cantu-Valle, J.; Betancourt, I.; Sanchez, J.E.; Ruiz-Zepeda, F.; Maqableh, M.M.; Mendoza-Santoyo, F.; Stadler, B.J.H.; Ponce, A. Mapping the Magnetic and Crystal Structure in Cobalt Nanowires. J. Appl. Phys. 2015, 118, 024302. [Google Scholar] [CrossRef] [PubMed]

	



Robertson, D.J.; France, D.E. Discrimination of Remanence-Carrying Minerals in Mixtures, Using Isothermal Remanent Magnetisation Acquisition Curves. Phys. Earth Planet. Int. 1994, 82, 223–234. [Google Scholar] [CrossRef]

	



Kelly, P.E.; O’Grady, K.; Mayo, P.L.; Chantrell, R.W. Switching Mechanisms in Cobalt-Phosphorus Thin Films. IEEE Trans. Magn. 1989, 25, 3881–3883. [Google Scholar] [CrossRef]

	



Huerta, J.M.M.; De La Torre Medina, J.; Piraux, L.; Encinas, A. Self Consistent Measurement and Removal of the Dipolar Interaction Field in Magnetic Particle Assemblies and the Determination of Their Intrinsic Switching Field Distribution. J. Appl. Phys. 2012, 111. [Google Scholar] [CrossRef]

	



Araujo, E.; Martínez-Huerta, J.M.; Piraux, L.; Encinas, A. Quantification of the Interaction Field in Arrays of Magnetic Nanowires from the Remanence Curves. J. Supercond. Nov. Magn. 2018, 31, 3981–3987. [Google Scholar] [CrossRef]

	



Moya, C.; Iglesias, Ó.; Batlle, X.; Labarta, A. Quantification of Dipolar Interactions in Fe3-XO4 Nanoparticles. J. Phys. Chem. C 2015, 119, 24142–24148. [Google Scholar] [CrossRef]

	



Del Bianco, L.; Spizzo, F.; Barucca, G.; Marangoni, G.; Sgarbossa, P. Glassy Magnetic Behavior and Correlation Length in Nanogranular Fe-Oxide and Au/Fe-Oxide Samples. Materials 2019, 12, 3958. [Google Scholar] [CrossRef]

	



De Toro, J.A.; Vasilakaki, M.; Lee, S.S.; Andersson, M.S.; Normile, P.S.; Yaacoub, N.; Murray, P.; Sánchez, E.H.; Muñiz, P.; Peddis, D.; et al. Remanence Plots as a Probe of Spin Disorder in Magnetic Nanoparticles. Chem. Mater. 2017, 29, 8258–8268. [Google Scholar] [CrossRef]

	



Che, X.; Neal Bertram, H. Phenomenology of ΔM Curves and Magnetic Interactions. J. Magn. Magn. Mater. 1992, 116, 121–127. [Google Scholar] [CrossRef]

	



Gräfe, J.; Schmidt, M.; Audehm, P.; Schütz, G.; Goering, E. Application of Magneto-Optical Kerr Effect to First-Order Reversal Curve Measurements. Rev. Sci. Instrum. 2014, 85. [Google Scholar] [CrossRef] [PubMed]

	



Palmero, E.M.; Bran, C.; del Real, R.P.; Vázquez, M. Vortex Domain Wall Propagation in Periodically Modulated Diameter FeCoCu Nanowire as Determined by the Magneto-Optical Kerr Effect. Nanotechnology 2015, 26, 461001. [Google Scholar] [CrossRef]

	



Bran, C.; Berganza, E.; Fernandez-Roldan, J.A.; Palmero, E.M.; Meier, J.; Calle, E.; Jaafar, M.; Foerster, M.; Aballe, L.; Fraile Rodriguez, A.; et al. Magnetization Ratchet in Cylindrical Nanowires. ACS Nano 2018, 12, 5932–5939. [Google Scholar] [CrossRef]

	



Burn, D.M.; Arac, E.; Atkinson, D. Magnetization Switching and Domain-Wall Propagation Behavior in Edge-Modulated Ferromagnetic Nanowire Structures. Phys. Rev. B Condens. Matter Mater. Phys. 2013, 88, 1–8. [Google Scholar] [CrossRef]

	



Mohammed, H.; Corte-León, H.; Ivanov, Y.P.; Lopatin, S.; Moreno, J.A.; Chuvilin, A.; Salimath, A.; Manchon, A.; Kazakova, O.; Kosel, J. Current Controlled Magnetization Switching in Cylindrical Nanowires for High-Density 3D Memory Applications. arxiv 2018, arXiv:1804.06616. [Google Scholar]

	



Nasirpouri, F. Template Electrodeposition of Nanowires Arrays. In Springer Series in Surface Sciences; Springer: Berlin/Heidelberg, Germany, 2017; Volume 62, pp. 187–259. [Google Scholar] [CrossRef]

	



Passeri, D.; Dong, C.; Reggente, M.; Angeloni, L.; Barteri, M.; Scaramuzzo, F.A.; De Angelis, F.; Marinelli, F.; Antonelli, F.; Rinaldi, F.; et al. Magnetic Force Microscopy: Quantitative issues in biomaterials. Biomatter 2014, 4, e29507. [Google Scholar] [CrossRef]

	



Coïsson, M.; Barrera, G.; Celegato, F.; Manzin, A.; Vinai, F.; Tiberto, P. Magnetic Vortex Chirality Determination via Local Hysteresis Loops Measurements with Magnetic Force Microscopy. Sci. Rep. 2016, 6, 1–9. [Google Scholar] [CrossRef]

	



Shore, D.; Ghemes, A.; Dragos-Pinzaru, O.; Gao, Z.; Shao, Q.; Sharma, A.; Um, J.; Tabakovic, I.; Bischof, J.C.; Stadler, B.J.H. Nanowarming Using Au-Tipped Co35Fe65 Ferromagnetic Nanowires. Nanoscale 2019, 11, 14607–14615. [Google Scholar] [CrossRef]

	



Khusrhid, H.; Nemati Porshokouh, Z.; Phan, M.-H.; Mukherjee, P.; Srikanth, H. Impacts of Surface Spins and Inter-Particle Interactions on the Magnetism of Hollow γ-Fe2O3 Nanoparticles. J. Appl. Phys. 2014, 115, 17E131. [Google Scholar] [CrossRef]

	



Das, R.; Alonso, J.; Nemati Porshokouh, Z.; Kalappattil, V.; Torres, D.; Phan, M.H.; Garaio, E.; García, J.Á.; Llamazares, J.L.S.; Srikanth, H. Tunable High Aspect Ratio Iron Oxide Nanorods for Enhanced Hyperthermia. J. Phys. Chem. C 2016, 120, 10086–10093. [Google Scholar] [CrossRef]

	



Das, R.; Rinaldi-Montes, N.; Alonso, J.; Amghouz, Z.; Garaio, E.; García, J.A.; Gorria, P.; Blanco, J.A.; Phan, M.H.; Srikanth, H. Boosted Hyperthermia Therapy by Combined AC Magnetic and Photothermal Exposures in Ag/Fe3O4 Nanoflowers. ACS Appl. Mater. Interfaces 2016, 8, 25162–25169. [Google Scholar] [CrossRef] [PubMed]

	



Aharoni, A. Angular Dependence of Nucleation by Curling in a Prolate Spheroid. J. Appl. Phys. 2014, 82, 1281–1287. [Google Scholar] [CrossRef]

	



Chen, Y.; Xu, C.; Zhou, Y.; Maaz, K.; Yao, H.; Mo, D.; Lyu, S.; Duan, J.; Liu, J. Temperature- and Angle-Dependent Magnetic Properties of Ni Nanotube Arrays Fabricated by Electrodeposition in Polycarbonate Templates. Nanomaterials 2016, 6, 231. [Google Scholar] [CrossRef]

	



Kouhpanji, M.R.Z.; Um, J.; Stadler, B.J.H. Demultiplexing of Magnetic Nanowires with Overlapping Signatures for Tagged Biological Species. ACS Appl. Nano Mater. 2020, 3, 3080–3087. [Google Scholar] [CrossRef]

	



Kouhpanji, M.R.Z.; Stadler, B.J.H. Beyond the Qualitative Description of Complex Magnetic Nanoparticle Arrays Using FORC Measurement. Nano Express 2020, 1, 010017. [Google Scholar] [CrossRef]

	



Roberts, A.P.; Heslop, D.; Zhao, X.; Pike, C.R. Understanding Fine Magnetic Particle Systems through Use of First-Order Reversal Curve Diagrams. Am. Geophys. Union 2014, 52, 557–602. [Google Scholar] [CrossRef]

	



Ramazani, A.; Asgari, V.; Montazer, A.H.; Kashi, M.A. Tuning Magnetic Fingerprints of FeNi Nanowire Arrays by Varying Length and Diameter. Curr. Appl. Phys. 2015, 15, 819–828. [Google Scholar] [CrossRef]

	



Berndt, T.A.; Chang, L. Waiting for Forcot: Accelerating FORC Processing 100× Using a Fast-Fourier-Transform Algorithm. Geochemistry, Geophys. Geosystems 2019, 20, 6223–6233. [Google Scholar] [CrossRef]

	



Groß, F.; Martínez-García, J.C.; Ilse, S.E.; Schütz, G.; Goering, E.; Rivas, M.; Gräfe, J. GFORC: A Graphics Processing Unit Accelerated First-Order Reversal-Curve Calculator. J. Appl. Phys. 2019, 126, 163901. [Google Scholar] [CrossRef]

	



Cimpoesu, D.; Dumitru, I.; Stancu, A. DoFORC Tool for Calculating First-Order Reversal Curve Diagrams of Noisy Scattered Data. J. Appl. Phys. 2019, 125. [Google Scholar] [CrossRef]

	



Alonso, J.; Khurshid, H.; Devkota, J.; Nemati, Z.; Khadka, N.K.; Srikanth, H.; Pan, J.; Phan, M.-H. Superparamagnetic Nanoparticles Encapsulated in Lipid Vesicles for Advanced Magnetic Hyperthermia and Biodetection. J. Appl. Phys. 2016, 119, 083904. [Google Scholar] [CrossRef]

	



Gandia, D.; Gandarias, L.; Rodrigo, I.; Robles-García, J.; Das, R.; Garaio, E.; García, J.Á.; Phan, M.; Srikanth, H.; Orue, I.; et al. Unlocking the Potential of Magnetotactic Bacteria as Magnetic Hyperthermia Agents. Small 2019, 15, 1902626. [Google Scholar] [CrossRef]

	



Manuchehrabadi, N.; Gao, Z.; Zhang, J.; Ring, H.L.; Shao, Q.; Liu, F.; Mcdermott, M.; Fok, A.; Rabin, Y.; Brockbank, K.G.M.; et al. Improved Tissue Cryopreservation Using Inductive Heating of Magnetic Nanoparticles. Sci. Transl. Med. 2017, 9, eaah4586. [Google Scholar] [CrossRef] [PubMed]

	



Marbaix, J.; Mille, N.; Lacroix, L.-M.; Asensio, J.M.; Fazzini, P.-F.; Soulantica, K.; Carrey, J.; Chaudret, B. Tuning the Composition of FeCo Nanoparticle Heating Agents for Magnetically Induced Catalysis. ACS Appl. Nano Mater. 2020, 3, 3767–3778. [Google Scholar] [CrossRef]

	



Xie, W.; Guo, Z.; Gao, F.; Gao, Q.; Wang, D.; Liaw, B.S.; Cai, Q.; Sun, X.; Wang, X.; Zhao, L. Shape-, Size- and Structure-Controlled Synthesis and Biocompatibility of Iron Oxide Nanoparticles for Magnetic Theranostics. Theranostics 2018, 8, 3284–3307. [Google Scholar] [CrossRef]

	



Pondman, K.M.; Bunt, N.D.; Maijenburg, A.W.; Van Wezel, R.J.A.; Kishore, U.; Abelmann, L.; Ten Elshof, J.E.; Ten Haken, B. Magnetic Drug Delivery with FePd Nanowires. J. Magn. Magn. Mater. 2015, 380, 299–306. [Google Scholar] [CrossRef]

	



Kennedy, S.; Roco, C.; Déléris, A.; Spoerri, P.; Cezar, C.; Weaver, J.; Vandenburgh, H.; Mooney, D. Improved Magnetic Regulation of Delivery Profiles from Ferrogels. Biomaterials 2018, 161, 179–189. [Google Scholar] [CrossRef]

	



Heidarshenas, B.; Wei, H.; Moghimi, Z.A.M.; Hussain, G.; Baniasadi, F.; Naghieh, G. Nanowires in Magnetic Drug Targeting. Mater. Sci. Eng. Int. J. 2019, 3, 3–9. [Google Scholar] [CrossRef]

	



Alsharif, N.A.; Martiinez-Banderas, A.; Merzaban, J.; Ravasi, T.; Kosel, J. Biofunctionalizing Magnetic Nanowires Toward Targeting and Killing Leukemia Cancer Cells. IEEE Trans. Magn. 2019, 55, 1–5. [Google Scholar] [CrossRef]

	



Grossman, J.H.; McNeil, S.E. Nanotechnology in Cancer Medicine. Phys. Today 2012, 65, 38–42. [Google Scholar] [CrossRef]

	



Serrà, A.; Vallés, E. Advanced Electrochemical Synthesis of Multicomponent Metallic Nanorods and Nanowires: Fundamentals and Applications. Appl. Mater. Today 2018, 12, 207–234. [Google Scholar] [CrossRef]

	



Chang, D.; Lim, M.; Goos, J.A.C.M.; Qiao, R.; Ng, Y.Y.; Mansfeld, F.M.; Jackson, M.; Davis, T.P.; Kavallaris, M. Biologically Targeted Magnetic Hyperthermia: Potential and Limitations. Front. Pharmacol. 2018, 9. [Google Scholar] [CrossRef] [PubMed]

	



Mohapatra, J.; Mitra, A.; Aslam, M.; Bahadur, D. Octahedral-Shaped Fe3O4 Nanoparticles with Enhanced Specific Absorption Rate and R2 Relaxivity. IEEE Trans. Magn. 2015, 51, 19–21. [Google Scholar] [CrossRef]

	



Wang, F.; Li, C.; Cheng, J.; Yuan, Z. Recent Advances on Inorganic Nanoparticle-Based Cancer Therapeutic Agents. Int. J. Environ. Res. Public Health 2016, 13, 1182. [Google Scholar] [CrossRef] [PubMed]

	



Goiriena-Goikoetxea, M.; García-Arribas, A.; Rouco, M.; Svalov, A.V.; Barandiaran, J.M. High-Yield Fabrication of 60 Nm Permalloy Nanodiscs in Well-Defined Magnetic Vortex State for Biomedical Applications. Nanotechnology 2016, 27, 175302. [Google Scholar] [CrossRef]

	



Giwa, S.; Lewis, J.K.; Alvarez, L.; Langer, R.; Roth, A.E.; Church, G.M.; Markmann, J.F.; Sachs, D.H.; Chandraker, A.; Wertheim, J.A.; et al. The Promise of Organ and Tissue Preservation to Transform Medicine. Nat. Biotechnol. 2017, 35, 530–542. [Google Scholar] [CrossRef]

	



Bischof, J.C.; Diller, K.R. From Nanowarming to Thermoregulation: New Multiscale Applications of Bioheat Transfer. Annu. Rev. Biomed. Eng. 2018, 20, 301–327. [Google Scholar] [CrossRef]

	



Shore, D.; Pailloux, S.L.; Zhang, J.; Gage, T.; Flannigan, D.J.; Garwood, M.; Pierre, V.C.; Stadler, B.J.H. Electrodeposited Fe and Fe-Au Nanowires as MRI Contrast Agents. Chem. Commun. 2016, 52, 12634–12637. [Google Scholar] [CrossRef]

	



Smolensky, E.D.; Park, H.-Y.E.; Zhou, Y.; Rolla, G.A.; Marjańska, M.; Botta, M.; Pierre, V.C. Scaling Laws at the Nanosize: The Effect of Particle Size and Shape on the Magnetism and Relaxivity of Iron Oxide Nanoparticle Contrast Agents. J. Mater. Chem. B 2013, 1, 2818. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Bai, R.; Munasinghe, J.; Shen, Z.; Nie, L.; Chen, X. T1—T2 Dual-Modal Magnetic Resonance Imaging: From Molecular Basis to Contrast Agents. ACS Nano 2017, 11, 5227–5232. [Google Scholar] [CrossRef]

	



Martínez-Banderas, A.I.; Aires, A.; Plaza-García, S.; Colás, L.; Moreno, J.A.; Ravasi, T.; Merzaban, J.S.; Ramos-Cabrer, P.; Cortajarena, A.L.; Kosel, J. Magnetic Core–Shell Nanowires as MRI Contrast Agents for Cell Tracking. J. Nanobiotechnol. 2020, 18, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Ito, A.; Kamihira, M. Tissue Engineering Using Magnetite Nanoparticles, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2011; Volume 104, pp. 355–395. [Google Scholar] [CrossRef]

	



Fathi-Achachelouei, M.; Knopf-Marques, H.; Ribeiro da Silva, C.E.; Barthès, J.; Bat, E.; Tezcaner, A.; Vrana, N.E. Use of Nanoparticles in Tissue Engineering and Regenerative Medicine. Front. Bioeng. Biotechnol. 2019, 7, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, S.A.M.K.; Ficiarà, E.; Ruffinatti, F.A.; Stura, I.; Argenziano, M.; Abollino, O.; Cavalli, R.; Guiot, C.; D’Agata, F. Magnetic Iron Oxide Nanoparticles: Synthesis, Characterization and Functionalization for Biomedical Applications in the Central Nervous System. Materials 2019, 12, 465. [Google Scholar] [CrossRef]

	



Noor Smal Löwik, D.W.P.M. Magnetic Fields to Align Natural and Synthetic Fibers. In Self-Assembling Biomaterials; Elsevier: Amsterdam, The Netherlands, 2018; pp. 321–340. [Google Scholar] [CrossRef]

	



Sharma, A.; DiVito, M.D.; Shore, D.E.; Block, A.D.; Pollock, K.; Solheid, P.; Feinberg, J.M.; Modiano, J.; Lam, C.H.; Hubel, A.; et al. Alignment of Collagen Matrices Using Magnetic Nanowires and Magnetic Barcode Readout Using First Order Reversal Curves (FORC) (Invited). J. Magn. Magn. Mater. 2018, 459, 176–181. [Google Scholar] [CrossRef]

	



Yuan, M.; Wang, Y.; Qin, Y.X. Promoting Neuroregeneration by Applying Dynamic Magnetic Fields to a Novel Nanomedicine: Superparamagnetic Iron Oxide (SPIO)-Gold Nanoparticles Bounded with Nerve Growth Factor (NGF). Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1337–1347. [Google Scholar] [CrossRef]

	



Blyakhman, F.; Buznikov, N.; Sklyar, T.; Safronov, A.; Golubeva, E.; Svalov, A.; Sokolov, S.; Melnikov, G.; Orue, I.; Kurlyandskaya, G. Mechanical, Electrical and Magnetic Properties of Ferrogels with Embedded Iron Oxide Nanoparticles Obtained by Laser Target Evaporation: Focus on Multifunctional Biosensor Applications. Sensors 2018, 18, 872. [Google Scholar] [CrossRef]

	



Pilakka-Kanthikeel, S.; Atluri, V.S.R.; Sagar, V.; Saxena, S.K.; Nair, M. Targeted Brain Derived Neurotropic Factors (BDNF) Delivery across the Blood-Brain Barrier for Neuro-Protection Using Magnetic Nano Carriers: An In-Vitro Study. PLoS ONE 2013, 8, e62241. [Google Scholar] [CrossRef]

	



Jeon, Y.S.; Shin, H.M.; Kim, Y.J.; Nam, D.Y.; Park, B.C.; Yoo, E.; Kim, H.-R.; Kim, Y.K. Metallic Fe–Au Barcode Nanowires as a Simultaneous T Cell Capturing and Cytokine Sensing Platform for Immunoassay at the Single-Cell Level. ACS Appl. Mater. Interfaces 2019, 11, 23901–23908. [Google Scholar] [CrossRef]

	



Hultgren, A.; Tanase, M.; Chen, C.S.; Reich, D.H. High-Yield Cell Separations Using Magnetic Nanowires. IEEE Trans. Magn. 2004, 40, 2988–2990. [Google Scholar] [CrossRef]

	



Hultgren, A.; Tanase, M.; Chen, C.S.; Meyer, G.J.; Reich, D.H. Cell Manipulation Using Magnetic Nanowires. J. Appl. Phys. 2003, 93, 7554–7556. [Google Scholar] [CrossRef]

	



Sharma, A.; Orlowski, G.M.; Zhu, Y.; Shore, D.; Kim, S.Y.; DiVito, M.D.; Hubel, A.; Stadler, B.J.H. Inducing Cells to Disperse Nickel Nanowires via Integrin-Mediated Responses. Nanotechnology 2015, 26, 135102. [Google Scholar] [CrossRef]

	



Sharma, A. Multi-Segmented Magnetic Nanowires as Multifunctional Theranostic Tools in Nanomedicine. Ph.D. Thesis, University of Minnesota Twin Cities, Twin Cities, MN, USA, July 2015. [Google Scholar]

	



Kudr, J.; Haddad, Y.; Richtera, L.; Heger, Z.; Cernak, M.; Adam, V.; Zitka, O. Magnetic Nanoparticles: From Design and Synthesis to Real World Applications. Nanomaterials 2017, 7, 243. [Google Scholar] [CrossRef]

	



Bhana, S.; Wang, Y.; Huang, X. Nanotechnology for Enrichment and Detection of Circulating Tumor Cells. Micro Nanosyst. 2015, 7, 1973–1990. [Google Scholar] [CrossRef]

	



Sharma, A.; Zhu, Y.; Thor, S.; Zhou, F.; Stadler, B.; Hubel, A. Magnetic Barcode Nanowires for Osteosarcoma Cell Control, Detection and Separation. IEEE Trans. Magn. 2013, 49, 453–456. [Google Scholar] [CrossRef]

	



Shikha, S.; Salafi, T.; Cheng, J.; Zhang, Y. Versatile Design and Synthesis of Nano-Barcodes. Chem. Soc. Rev. 2017, 46, 7054–7093. [Google Scholar] [CrossRef]

	



Zhou, W.; Um, J.; Zhang, Y.; Nelson, A.P.; Nemati, Z.; Modiano, J.; Stadler, B.; Franklin, R. Development of a Biolabeling System Using Ferromagnetic Nanowires. IEEE J. Electromagn. RF Microw. Med. Biol. 2019, 3, 134–142. [Google Scholar] [CrossRef]

	



Megens, M.; Prins, M. Magnetic Biochips: A New Option for Sensitive Diagnostics. J. Magn. Magn. Mater. 2005, 293, 702–708. [Google Scholar] [CrossRef]

	



Modh, H.; Scheper, T.; Walter, J.-G. Aptamer-Modified Magnetic Beads in Biosensing. Sensors 2018, 18, 1041. [Google Scholar] [CrossRef]

	



Gloag, L.; Mehdipour, M.; Chen, D.; Tilley, R.D.; Gooding, J.J. Advances in the Application of Magnetic Nanoparticles for Sensing. Adv. Mater. 2019, 31, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Xu, D.; Kawde, A.-N.; Polsky, R. Metal Nanoparticle-Based Electrochemical Stripping Potentiometric Detection of DNA Hybridization. Anal. Chem. 2001, 73, 5576–5581. [Google Scholar] [CrossRef] [PubMed]

	



Tavallaie, R.; McCarroll, J.; Le Grand, M.; Ariotti, N.; Schuhmann, W.; Bakker, E.; Tilley, R.D.; Hibbert, D.B.; Kavallaris, M.; Gooding, J.J. Nucleic Acid Hybridization on an Electrically Reconfigurable Network of Gold-Coated Magnetic Nanoparticles Enables MicroRNA Detection in Blood. Nat. Nanotechnol. 2018, 13, 1066–1071. [Google Scholar] [CrossRef]

	



Krishna, V.D.; Wu, K.; Perez, A.M.; Wang, J.-P. Giant Magnetoresistance-Based Biosensor for Detection of Influenza A Virus. Front. Microbiol. 2016, 7. [Google Scholar] [CrossRef]

	



Maruyama, K.; Takeyama, H.; Mori, T.; Ohshima, K.; Ogura, S.-I.; Mochizuki, T.; Matsunaga, T. Detection of Epidermal Growth Factor Receptor (EGFR) Mutations in Non-Small Cell Lung Cancer (NSCLC) Using a Fully Automated System with a Nano-Scale Engineered Biomagnetite. Biosens. Bioelectron. 2007, 22, 2282–2288. [Google Scholar] [CrossRef]

	



Blanc-Béguin, F.; Nabily, S.; Gieraltowski, J.; Turzo, A.; Querellou, S.; Salaun, P.Y. Cytotoxicity and GMI Bio-Sensor Detection of Maghemite Nanoparticles Internalized into Cells. J. Magn. Magn. Mater. 2009, 321, 192–197. [Google Scholar] [CrossRef]

	



Baselt, D.R.; Lee, G.U.; Natesan, M.; Metzger, S.W.; Sheehan, P.E.; Colton, R.J. A Biosensor Based on Magnetoresistance Technology. Biosens. Bioelectron. 1998, 13, 731–739. [Google Scholar] [CrossRef]








[image: Sensors 20 02554 g001 550] 





Figure 1. Schematic illustrating the dominant magnetic moment configurations in nanoparticles: (a) ferromagnetic: summing up long range ordering of magnetic moments, (b) ferrimagnetic: subtracting long range ordering of magnetic moments, opposite directions in the neighboring domains, and (c) superparamagnetic: continuous fluctuations of the magnetic moment leading to a net zero magnetic moment. 
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Figure 2. A schematic of the synthesis of iron oxide magnetic nanoparticles using the co-precipitation method [26]. In this example, the precursors (Fe2+/Fe3+ chlorides, sulfates, or nitrates) are dissolved in an acidic solution. Then, a strong base is added to increase the pH > 8 in a non-oxidizing environment. 
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Figure 3. A schematic for magnetic nanoparticles preparation using thermal decomposition technique. Metal–oleate precursors were prepared from the reaction of metal chlorides and sodium oleate. The thermal decomposition of the metal–oleate precursors in the high boiling solvent produced monodisperse nanocrystals [30]. 
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Figure 4. A schematic describing the hydrothermal synthesis approach. The process is similar to the co-precipitation; however, after preparing the mixture, the solution is transferred to an autoclave for further aging at high temperature and pressure for several hours [26]. 
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Figure 5. A schematic for the microemulsion process [26]. In this process, the iron (II) sulfate and iron (III) chloride salts are used in addition to hydrazine, which decreases the nanoparticles formation. 
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Figure 6. A schematic of the encapsulation of magnetic nanoparticles in latex nanoparticles using the sonochemically-driven miniemulsion polymerization technique [42]. Sodium dodecyl sulfate (SDS) is added to magnetite nanoparticles in the monomer phase followed by sonication to stabilize the surrounding magnetite nanoparticles. 
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Figure 7. A schematic of magnetic nanoparticle preparation using the microwave-assisted technique at a temperature of 120 °C using a mixture of ferrite-nitrate and urea aqueous solution [47]. 
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Figure 8. A schematic showing the synthesis of magnetic nanowires using a template-assisted electrodeposition technique [54]. After making the electrical contacts, the template is placed at anode and a platinum mesh is used as counter-electrode. The deposition current and voltage are controlled using the reference electrode, where the electric field between the working and counter electrodes forces the free ions to be deposited in the pores. 
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Figure 9. A schematic of the dynamic light scattering (DLS) setup [84] (a) and the acquired results (b). A laser light hits the magnetic nanoparticles in a continuous flow while the scatted light is monitored using a detector. The results are size distributions where the accumulative function can be calculated by taking an integral from the size distribution. 
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Figure 10. A schematic of the nanoparticles tracking analyzer [85]. (a) NTA employs a high speed camera to capture the light scattered by the Brownian motion of nanoparticles to determine the nanoparticles size distributions, and (b) is an example for a sample including two size distributions. 
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Figure 11. Comparing the FTIR spectra of (a) modified magnetic nanoparticles, (b) the modification composition [92]. 
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Figure 12. A schematic of the Mossbauer spectroscopy setup [111]. 
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Figure 13. An exemplary experimental result showing magnetic nanowires captured using the electron holography technique [120]. (a,b) are the electrostatic phase and its amplification, respectively. (c,d) are the magnetic phase and its amplification. (e) is the phase shift across the arrow in (c). 
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Figure 14. Schematic illustrating the magneto-optic Kerr effect (MOKE) setup [129]. (a) Out-of-plane measurement and (b) in-plane measurement, (c.1–c.3) show the MOKE signals at different locations along the magnetic nanowire corresponding to the red ellipses [132]. 
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Figure 15. An example of the zero-field cooling (ZFC) measurement for three different types of superparamagnetic magnetic nanoparticles (a) and their corresponding hysteresis loops (b). As the temperature varies, there is a jump in the magnetization indicating the block temperature [140]. 






Figure 15. An example of the zero-field cooling (ZFC) measurement for three different types of superparamagnetic magnetic nanoparticles (a) and their corresponding hysteresis loops (b). As the temperature varies, there is a jump in the magnetization indicating the block temperature [140].



[image: Sensors 20 02554 g015]







[image: Sensors 20 02554 g016 550] 





Figure 16. First-order reversal curve (FORC) data (a,c,e,g) and heat-maps (b,d,f,h) of magnetic nanowires in polycarbonate templates [143]. The horizontal and vertical axes of the heat-maps are the coercivity axes and interaction field axes, respectively. 
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Figure 17. A schematic of magnetic nanoparticles for drug delivery. The magnetic nanoparticles concentrate at the targeted site using an external highly uniform and strong static magnetic field [30]. 
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Figure 18. A schematic of the different heat generation modes using magnetic nanoparticles in cancer hyperthermia [161]. Orange circles represent magnetic nanoparticles, the straight arrows render magnetic field direction, curved arrows show the movement or change in magnetization direction (dashed curved arrow), and dashed lines illustrate domain boundaries in magnetic nanoparticles. 
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Figure 19. (a) A schematic of magnetic nanoparticles’ application for tissue engineering via crosslinking magnetic nanowires with collagen fibrils under a highly uniform magnetic field during gelation [176]; (b) a diffraction contrast image, (c) dark-field image, and (d) confocal reflectance image. 
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Figure 20. A schematic of the application of magnetic nanoparticles in enrichment [184]. (a) Scheme of cell separation using magnetic particles. Target cells are bound to magnetic particles modified with transferrin as a targeting moiety (step 1). Cells are magnetically separated (step 2). Non-targeted cells are removed with supernatant (step 3). Subsequently, target cells are re-suspended and removed (step 4). (b) Enzymatic transformation of magnetic particles for selective sorting of cancer cells. 
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Figure 21. A schematic of the use of magnetic nanoparticles for multiplexing/demultiplexing [54]. The magnetic nanowires with different magnetic signatures, granted by their size and composition, were synthesized in polycarbonate tissues. The projection method, which directly measures the irreversible magnetization, was used to demultiplex the magnetically enriched tissues in complex combinations. 
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Figure 22. A schematic of the use of magnetic nanoparticles for biosensing applications [194]. In subfigures, (a) is a schematic diagram of a surface functionalized giant magnetoresistance (GMR) biosensor, (b) is the coated magnetic nanoparticles with a secondary antibody to detect the primary antibody on the surface of the GMR biosensor shown in (c). 
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