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Substances at nanoscale, commonly known as “nanomaterials,” have always grabbed the attention of researchers for hundreds of years. Among these different types of nanomaterials, magnetic nanomaterials have been the focus of considerable attention during the last two decades as evidenced by an unprecedented increase in the number of research papers focusing these materials. Iron oxide magnetic nanoparticles have occupied a vital position in imaging phenomena; as drug vehicles, controlled/sustained release phenomena and hyperthermia; atherosclerosis diagnosis; prostate cancer. In fact, these are wonderful “theranostic” agents with some under clinical trials for human use. In this review, we have attempted to highlight the advances taking place in the field of magnetic nanoparticles as theranostic agents. Extensive progress has been made in the two most important parameters, namely, control over the size and shape which decide the importance of iron oxide magnetic nanoparticles by developing suitable procedures like precipitation, co-precipitation, thermal decomposition, hydrothermal synthesis, microemulsion synthesis and plant mediated synthesis. After using a suitable synthetic route, workers encounter the most daunting task linked with the materials at nanoscale i.e., the protection against corrosion. Only properly protected iron oxide magnetic nanoparticles can be further connected to different functional systems to make building blocks for application in catalysis, biology and medicines. Finally, “theranostics” which is a combined application of imaging and drug delivery has been discussed. With all the potential uses, toxicity of the of iron oxide magnetic nanoparticles has been discussed.

Keywords: iron oxide magnetic nanoparticles, synthetic routes, drug delivery, imaging, theranostic, atherosclerosis

INTRODUCTION

Scientists, and materials scientists particularly, have shown remarkable interest in the properties of magnetic materials on the nanometer scale, while life scientists are also benefiting from nanomagnets (Buzug, 2010). Iron oxide magnetic nanoparticles are quite different from other nanomaterials as the fundamental properties of magnets are defined at the nanoscale and measurements can be made in the range of a micrometer to a few nanometers in size (Riaz et al., 2015; Monsalve et al., 2017). Iron oxide magnetic nanoparticles are one of the most promising substances in clinical diagnostic and therapeutic applications (theranostics) (Ho et al., 2011; Ahmed et al., 2012). Superparamagnetism displayed by iron oxide magnetic nanoparticles makes ferromagnets useful for application in biomedical sciences; briefly, when compared with other nanomaterials, these are usually coated with inorganic materials like silica, organic fatty acids phospholipids, and so on, and these can be directed to active site by controlling with external AC magnetic field making these attractive for biomedical applications (Figure 1) (Li et al., 2013).
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FIGURE 1. Magnetism in the presence and absence of an external applied magnetic field.



Recently, substantial efforts have been made in the field of iron oxide magnetic nanoparticles to develop and understand their behavior and for improving their applicability (Bansal et al., 2017). Control over the synthetic procedures including surface functionalization is imperative as it leads to their unique properties, such as physicochemical, stability and biological fate. For application in pharmaceutical and biomedical purposes, iron oxide magnetic nanoparticles should possess smaller size (50–160 nm) and high magnetization values (Mohammed et al., 2017). Surface coatings are meant to ensure stability and biocompatibility for specific localization at the target site (Figure 2) (Kandasamy, 2017).
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FIGURE 2. Stabilization of iron oxide nanoparticles; (A) polymer end bearing functional group (B) polymer-grafted (C) di-block copolymer with grafting groups (D) wrapping conformation of the polymer (E) coatings with opposite charges (F) amphiphilic polymers [adapted and modified from Barrow et al. (2015) and Habibi et al. (2017)].



Nevertheless, the intrinsic instability is an inevitable problem related with these particles when stored over certain periods of time; as these small particles tend to agglomerate and reduce the energy associated with high surface to volume ratio of the nanoparticles (Kovár et al., 2017). Uncapped magnetic iron oxide nanoparticles are highly reactive and prone to easy oxidation under ambient conditions damaging in magnet behavior and dispersion (Yu et al., 2014). For these reasons, it is critical to devise strategies to achieve stability of the naked magnetic iron oxide nanoparticles and degradation in the course and after the synthetic procedures. One approach is to coat the magnetic nanoparticles with layers of organic or inorganic stabilizing agents; the major advantage of this strategy is that the coating not only gives stability, but these can further be used for functionalization depending on the anticipated application (Tombácz et al., 2015). After surface functionalization, iron oxide magnetic nanoparticles are capable of use as catalysts and biomarkers etc. (Pang et al., 2016). The objective this review is to bring into focus the syntheses and wide-ranging applications of iron oxide magnetic nanoparticles.

SYNTHESIS OF IRON OXIDE MAGNETIC NANOPARTICLES

A huge number of research papers have appeared during the last several decades describing the synthesis of magnetic iron oxide nanoparticles with versatile compositions and phases.

Synthetic routes are selected to control shape, stability and dispersion trends of iron oxide magnetic nanoparticles (Figure 3). Excellent quality iron oxide magnetic nanoparticle can be synthesized by adopting versatile synthetic approaches include thermal decomposition, co-precipitation, micelle formation, hydrothermal and laser pyrolysis techniques. It was difficult for us to compile all this literature and we have attempted to present each synthetic approach by giving a few examples along with the corresponding formation mechanism (Ali et al., 2016; Martínez-Cabanas et al., 2016; Elrouby et al., 2017; Kandasamy, 2017; Lin et al., 2017; Liu et al., 2017; Rajiv et al., 2017; Sathya et al., 2017).
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FIGURE 3. Comparative presentation of the synthesis of iron oxide magnetic nanoparticles by three different routes [adapted and modified from Ali et al. (2016)].



Solution Precipitation

To date, precipitation from homogeneous solutions is a classical in use for decades for the lab-scale preparation of iron oxide magnetic nanoparticles (Pang et al., 2016). Routinely, during a precipitation reaction, a precipitating agent is added to the aqueous solution of metal precursor generating an insoluble solid product and the major benefit is the higher yields of the products. Another advantage of homogeneous precipitation reaction is the uniformity of the particles, a process that depends largely on the separation, the nucleation and growth of the particles (Yang et al., 2014).

Overall, precipitation methods are simple and allow the preparation of magnetic iron oxide nanoparticles with rigorous size and shape control and these reactions are employed to obtain uniform size of the product. Nucleation must be avoided during the growth process for achieving the monodispersity of the iron oxide magnetic nanoparticles (Mahmed et al., 2011).

Co-precipitation Methods

Co-precipitation is perhaps a more suitable method to prepare magnetic iron oxide nanoparticles from aqueous solution containing Fe(II) and Fe(III) by adding a base under anaerobic condition at ambient or high temperatures (Lodhia et al., 2010). However, there are certain factors like the type of iron salts, Fe(II):Fe(III) ratio, temperature of the reaction, pH of the medium, volume and ionic strength of the solution that markedly affect size, shape and composition of the magnetic iron oxide nanoparticles (Surowiec et al., 2017). In the co-precipitation approach, once the synthetic conditions are met, the quality of the magnetic iron oxide nanoparticles is successfully reproducible. At laboratory conditions, nanoscale magnetite tend to decompose easily to maghemite when dissolved in an acidic solution which is a ferrimagnetic material; therefore, magnetite can be deliberately oxidized to maghemite. This can be achieved by dispersing magnetite in acidic medium followed by the addition of Fe(III) nitrate; thus, the product obtained furnished excellent chemical stability to basic as well as acidic conditions. Therefore, altering conditions of the aforesaid process is the key in controlling the dispersion behavior of magnetic iron oxide nanoparticles; the size and shape of the SPIONs can be successfully tailored by adjustment of pH, ionic strength, temperature, nature of the salts used and concentration ratio of FeII/FeIII. While addition of organic chelating agents or polymers surface complexing agents during the formation of magnetite can help to control the size of the nanoparticles (Mascolo et al., 2013).

Recently, monodispersed magnetic iron oxide nanoparticles of variable sizes have been reported by the use of the stabilizing agent polyvinylalcohols in chainlike clusters signifying the importance of appropriate surfactant for stability (Freitas et al., 2015). Organic stabilizing agents containing carboxylate and hydroxide anions have been the priority choices as they form surface complexes by competing mechanisms (Lu et al., 2007). First is the complex formation of metal ions which prevents nucleation; second is the adsorption of additives on nuclei thereby inhibiting particles' growth (Boyer et al., 2010). All these facts make co-precipitation as the most widely used excellent synthetic route to obtain magnetic iron oxide nanoparticles.

Thermal Decomposition Approach

In this approach, generally organometallics compounds are decomposed; organometallic precursors are decomposed in organic solvents using surfactants as capping agents under anaerobic conditions and it is a very diverse approach for the synthesis of magnetic iron oxide nanoparticles (Laurent et al., 2008). Thermal decomposition helps achieve control of the size and shape and dispersion behaviors of the nanomaterials; however, safety issues are associated at higher temperatures and pressure of organic liquids and vapor phases used during the reactions conducted in the absence of air (Figure 4) (Dong et al., 2015). But one question has always arisen that, If the reaction is carried out in the absence of oxygen, how can metal oxide nanoparticles be formed successfully and reproducibly? The answer to this is example of iron oxide as in the first step ferrous hydroxide is formed, which is then oxidized to iron oxide by the protons of water to different types of iron oxides.
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FIGURE 4. Thermal decomposition of iron(III) glucuronate to synthesize superparamagnetic Fe3O4 nanoparticles [adapted and modified from Patsula et al. (2016)].



Reaction conditions, for instance temperature, duration of the reaction and the aging may also be vital for controlling size and morphology (Patsula et al., 2016). Annealing temperature is another factor which allows for the control of size and size distribution, namely the dispersion of the synthesized iron oxide magnetic nanoparticles, their structural motifs and magnetic properties. Monodispersed iron oxide magnetic nanoparticles in the size range of 6–20 nm were reported prepared by the polymer-catalyzed decomposition of reaction of Fe(CO)5 (Smith and Wychick, 1980; Huber, 2005). Literature also reports very precise control of the size of iron oxide magnetic nanoparticles; this was successfully achieved by thermally decomposing larger concentrations of expensive and toxic precursors as well as surfactants in organic medium. Precursors containing zero-valent metal like Fe(CO)5, initially lead to metallic nanoparticles followed by oxidation yielded high quality monodisperse iron oxide magnetic nanoparticles (Effenberger et al., 2017). In contrast, iron(III) acetylacetonate when treated under identical conditions decomposed to cationic metal centers (Hufschmid et al., 2015). Another drawback associated with this method is the solubility of magnetic nanoparticles in organic solvents; this restricts their usage in biology and medicine. Even surface modification has no significant impact on the solubility of nanoparticles which are generally only dissolved in non-polar solvents (Dong et al., 2015).

Polyol Method

Polyol method is a liquid-phase synthetic approach for magnetic iron oxide nanoparticles in multivalent alcohols under higher boiling conditions (Hufschmid et al., 2015). Ethylene glycol is the simplest representative of the polyol family and, based on this, polyols comprise of a series of glycols diethylene glycol, triethylene glycol, tetraethylene glycol up to polyethylene glycol (Figure 5) (Deshmukh and Niederberger, 2017). Polyethylene glycol is available in a wide range of molecular weights and the respective product may contain up to 100,000 ethylene groups; other examples of this family are propanediol, butanediol, pentanediol, glycerol, and pentaerythritol and certain carbohydrates. Polyol is a very promising approach to synthesize uniform magnetic iron oxide nanoparticles, having the potential use in magnetic resonance imaging. The reason for the success of the polyol method is that all these polyols are water-comparable and chelation; polyols instantaneously coordinate to the nuclei formed and this allow excellent control of particle size, dispersity and particle distribution. Post synthesis treatment for the removal of polyols can be achieved easily by repeated washing with simple water, coordination exchangers like carboxylates, amines etc. and thermal annealing (Watt et al., 2017). Particle size increases with the increasing precursor's concentration and water; particle size can be limited to minimum depending on the solubility of the product in the polyol. A bigger advantage of the polyol method is the production of highly crystalline oxide nanoparticles based on elevation of the temperature of reaction medium; this rules out any post-sintering treatment of the product (Yang et al., 2014). Apart from conventional heating, other sources like microwaves and ultrasonic waves have been successfully applied (Hemery et al., 2017). The synthesis of metal oxides can be restricted by the reducing action of polyols yielding elemental metals, and it is also possible by adjusting the reaction temperature (Wee et al., 2017).
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FIGURE 5. Polyol route for the synthesis of nanoparticles [adapted and modified from Dong et al. (2015)].



Microemulsion Synthesis

When two immiscible solvents are mixed together, a thermodynamically stable isotropic dispersion is formed which is defined as microemulsion with the presence of an interfacial layer of surfactant's molecules (de Toledo et al., 2018). Surfactants molecules generally bearing hydrophilic heads soluble in water and hydrophobic tails soluble in oil phase form a monolayer at the interface of the two immiscible liquids (water-oil) (Williams et al., 2016). Surfactant is an amphiphilic molecule playing a role to lower the water-oil interfacial tension to give a transparent solution. Microemulsion technique has several advantages when compared with other synthetic strategies. For example, with the use of simple equipment, a great variety of nanomaterials can be synthesized with excellent control over size, shape and composition, desired crystalline structure and high specific surface area, simple synthetic conditions at ambient/near ambient temperatures and pressures (Zhao et al., 2016). Microemulsions of water-in-oil are formed when microdroplets (up to 50 nm) of water surrounded by a monolayer of surfactant molecules are dispersed in continuous hydrocarbon phase (Drozdov et al., 2016). If two identical water-in-oil microemulsions containing the desired reagents are mixed, the microdroplets formed will experience continuous collisions, coalesce and break again and again leading to the appearance of precipitate inside the micelles. After completion of the reaction, acetone or ethylalcohol are added for extracting the precipitate via filtration or by centrifugation.

Microemulsions are termed as “nanoreactors” to produce nanoparticles, mixed metal-iron oxide magnetic (MFe2O4, M: first row transition metals) nanoparticles are one of the most interesting materials used for electronic applications (Gutiérrez et al., 2015). MnFe2O4 nanoparticles in the range 4–15 nm are successfully synthesized through water-toluene inverse micelles with sodium dodecylbenzenesulfonate surfactant, aqueous solutions of Mn(NO3)2 and Fe(NO3)3 as starting precursors. The microemulsion method used for the magnetic nanoparticles yielded spheroids with a rectangular cross section or as tube (Hasany et al., 2013). A wide range of magnetic nanomaterials have been synthesized using the microemulsion method with good control and the sizes, as well as shapes, usually varied over a wider range. In the microemulsion technique, large quantities of solvents are used to produce considerable amounts of nanomaterial; based on this, it's categorized as a very efficient procedure and relatively difficult to be applied at large scale (Figure 6) (Kumar et al., 2013; Williams et al., 2016).
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FIGURE 6. Reverse phase microemulsion route for size-controlled synthesis of Cu and CuO nanoparticles [adapted and modified from Kumar et al. (2013) and Williams et al. (2016)].



Hydrothermal Route

Hydrothermal or solvothermal route is one of the most successful methods to prepare magnetic nanoparticles and ultrafine powders (Malo de Molina et al., 2016). By using this technique, crystals of different materials have been grown satisfactorily. Generally, hydrothermal synthesis accompanies higher temperatures (125–250°C) at very high pressures (0.3–4 MPa) (Cai et al., 2013; Madadlou et al., 2014; Yelenich et al., 2015). Powdery iron oxide magnetic nanoparticles with 40 nm diameter have been reported using hydrothermal route (140°C) and a saturation magnetization of 85.8 emu. g−1, which is far lower than that of the bulk iron oxide.

Precursors' concentration controls the size and size distribution; however, the duration of the reaction had affected the average particle size more significantly; monodisperse particles were obtained at shorter reaction times (Guo et al., 2013). An increase in the precursors' concentration with the rest of the variables kept constant lead to spherical particles (15.6–4 nm) (Naghibi et al., 2014). A major drawback of the hydrothermal route is the slowness of kinetics at any given temperature; but this problem can be addressed using microwaves which can increase the kinetics of crystallization. A reaction mixture containing ethylene glycol, iron(III) chloride, sodium acetate and polyethylene glycol sealed inside a stainless-steel autoclave (Teflon-lined) was and heated at 200°C for 8–72 h, yielded monodisperse spheres in the range of 200–800 nm. The mechanism is not yet clear, and the multicomponent approach seemed to be powerful in directing the formation of the desired materials.

Biological Synthesis

The introduction of Green Chemistry in nanotechnology has grabbed a great deal of attention from workers around the globe (Maryanti et al., 2014). The green chemistry approach includes chemical manipulations with the aim to either decrease or eliminate toxic materials dumped into the environment (Tadic et al., 2014; Nassar et al., 2016). Biological synthesis of metallic nanomaterials by plants resources is currently under development and one of the most researched areas under investigation. Plant-mediated syntheses of metallic nanomaterials is the most modern option for researchers, carried out by using various parts of plants including tissue, extracts, exudates and other parts of the living plants. Green methods that are environmentally-friendly, safe and non-toxic for the development of reliable and eco-friendly methods to produce nanomaterials are of great importance in biomedical applications.

Biological resources including microbes, enzymes, fungi and plant extracts have been utilized as eco-friendly alternates for the synthesis of nanoparticles (Shah et al., 2015; Dhal et al., 2017). In some papers, plants and/or their parts proved to be beneficial over the other biological processes like microbial or enzymatic resources by elaborating work to maintain microbial culture. Plants are green resources for the biological synthesis of nanoparticles containing reducing agents for instance citric acid, ascorbic acid, flavones, crude enzymes like dehydrogenases, reductases and extracellular electron shuttles, which plays a key role in the biological synthesis of nanoparticles (Figure 7) (Bai et al., 2009; Makarov et al., 2014; Baranwal et al., 2016).
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FIGURE 7. Plant-mediated synthesis of metallic nanomaterials showing reduction as well as stabilization by secondary metabolites present in plant extracts for numerous applications in clinical research [adapted and modified from Makarov et al. (2014) and Baranwal et al. (2016)].



Carob leaf extract has been successfully employed as a rapid, non-toxic, facile and green resource for preparation of iron oxide magnetic nanoparticles in a single step reaction using Fe(III): Fe(II) and sodium hydroxide solutions (Baxter-Plant et al., 2003). The reaction occurred at a relatively low temperature range in a single-vessel reaction with an average diameter of the monodispersed nanoparticles (4–8 nm) coated with carboxylic groups of respective amide-I and II chain of the proteins present in the extract (Rai et al., 2015).

As the biological synthesis of nanoparticles is a comparatively newer approach and is developing, these are certain disadvantages associated with it, for example, plants produce low quantities of secreted proteins which lead to a decreased rate of synthesis, creating the following implications: culturing microorganisms which takes more time; the prime objective of the synthesis of nanoparticles regarding control over size, shape and crystallinity is only achieved with difficultly; and most importantly is the dispersity of the nanoparticles, which are preferably monodispersed. Another disadvantage is that all the plants are not capable of being put to use for the synthesis of nanoparticles. The researchers are still working on the mechanisms of metal ion uptake and biological reduction by green approach.

DRUG DELIVERY

About 40 years ago, the concept of “magnetic drug delivery” was introduced as a very promising application of magnetic nanomaterials (Iravani, 2011). The concept of magnetic targeting starts with attaching drug molecules to magnetic nanomaterials followed by the injection and guidance of these particles to a site of action under the influence of localized magnetic field-gradients and holding there at site till the completion of therapy and final removal (Awwad et al., 2013). Literature reveals six types of magnetic materials, i.e., diamagnetic, paramagnetic, ferromagnetic, superparamagnetic, ferromagnetic and antiferromagnetic (Njagi et al., 2010). When the external field is removed, paramagnetic substances lose magnetic momentum and superparamagnetic materials become non-magnetic, but if an external field is placed, these develop a mean magnetic momentum. Magnetic nanoparticles can carry large doses of drugs to achieve high local concentration, avoiding toxic and other adverse side effects arising due to high drug doses in other parts of the organism (Langer, 1990). In vivo studies proved that actual clinical trials are a challenging task due to size control, stability, biocompatibility and coating-layer for drug binding and other physiological parameters.

The objective of developing and/or improving drug delivery systems is to position medications to target parts of the subject's body through a medium that can control the therapy's administration by means of a physiological or chemical trigger (Mody et al., 2014). Polymeric microspheres, micelles and hydrogels proved to be effective in enhancing drug target specificity, systemic drug toxicity lowering, improved treatment absorption rate and protection of pharmaceuticals against biochemical degradation (Bucak et al., 2012; Kharissova et al., 2013; Kharisov et al., 2014; Hola et al., 2015; Jiles, 2015; Anselmo and Mitragotri, 2017; Seeli and Prabaharan, 2017). In addition to these, biodegradable polymer and dendrimers based experimental drug delivery systems displayed exciting signs of promise (Figure 8).
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FIGURE 8. Transition metal/metal oxides magnetic core-shell nanoparticles [adapted and modified from Kharissova et al. (2013)].



Dendrimers, due to their size and structure, are suitable carriers and these can be easily processed to good biocompatibility and biodegradation, but these are poor coating materials magnetic nanoparticles (Yu et al., 2017). Suitable materials may be nanoparticles, emulsions, micelles and dendrimers etc.; a typical drug delivery process includes the loading of drugs in biocompatible carrier materials, transferred to bodies for cancer treatment. Biocompatibility, subcellular size and targeting action make nanoparticles excellent carrier materials and several nanosized materials have shown interesting potential for drug delivery; this potential stems from their intrinsic magnetic properties, such as room temperature superparamagnetism, magnetization and high magnetic susceptibility (Figure 9).
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FIGURE 9. Novel drug-carrier systems depicting different types of coating polymers and copolymers [adapted and modified from Veiseh et al. (2010)].



Surface functionalization by chemical as well as biological means improve stability and biocompatibility of the magnetic nanoparticles. The most interesting aspect of magnetic nanoparticles in drug delivery is the controlled delivery of drugs to target site under external magnetic fields. Magnetic driving of drugs to the target area is based on the binding of drugs to ferrofluid and desorption from the ferrofluid after reaching the target site by external magnetic field. Still, a lot of work is needed to be done, as successful drug delivery is affected by different factors, for example pH, temperature, osmolality, and so on (Veiseh et al., 2010). The strength of the external applied magnetic field may hamper the magnetic drug delivery process as living cells withstand to a certain extent. The responsive nature of the magnetic nanoparticles carriers to external magnetic fields is due to the presence of incorporated magnetic materials, for example magnetite and some other transition metals and mix-metals (Figure 10).
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FIGURE 10. Controlled delivery of anti-tumor drug with a new design incorporating a phase-change material in magnetic nanoparticles allowing chemo-photothermal combined tumor therapy with multimodal tumor imaging [adapted and modified from: http://www.advancedsciencenews.com/pent-drug-delivery-tumor-therapy-trimodal-imaging (accessed on July 07, 2018, 2200 PST)].



While designing a magnetic targeted drug delivery system, certain factors must be borne in mind like strength of the applied magnetic field and geometry. There are some other factors like magnetic properties and particles size, magnetic field strength, drug loading capacity, remoteness of the target site and blood flow rate. The aim of the magnetically targeted drug delivery system is to carry the drug to the site of action at a rate needed by the body during the treatment time (Funke and Szeri, 2017).

IMAGING

The most advanced application of nanoscale materials toward human health is the application of iron oxide magnetic nanoparticles-based formulations as a contrasting agent in magnetic resonance imaging (Fish et al., 2017). The past 50 years have seen remarkable improvements in diagnostic imaging procedures; for example in tumor diagnoses, damaged tissues and neurological disorders. Among various diagnostic imaging techniques, Magnetic Resonance Imaging abbreviated as MRI is an established tool in biomedical applications; exhibit stronger contrast of tissues makes it a favorable diagnostic test in medicine. In other diagnostic techniques like X-ray, the contrast quality is hindered leading to the misdiagnosis of several medical conditions. Looking at the superior contrast properties of MRIs, developments are needed and are made possible using a special medium called contrast agent (Hyeon et al., 2016). Contrast agent consists of a metal-based core with an external coating of a biocompatible material; the contrast agent intensifies the contrast of images obtained from MRI for accurate diagnoses. MRI equipment exerts a strong magnetic field within the CAs as well as other magnetic particles of biological significance respond (Hachani et al., 2016). MRI contrasting agents are classified into five categories as: T1, T2/T[image: image], CEST, 19F-based and hyperpolarized agents (T1 and T2 are relaxation rates) (Sood et al., 2017).

T1 agents include paramagnetic GdIII or MnII complexes capable of enhancing the magnetic resonance water signal known as “signal brightening.” The benefits of using T1 contrasting agents relies on the high versatility of the interesting contrast mechanism that is dependent on their structures and biological aspects; for example, the use of paramagnetic complexes to see the delivery as well as the drug release from liposomes (Xiao et al., 2016). However, these systems have got limited sensitivity based on the local concentration. To tackle this problem, scientists proposed the use of nanoscale materials which will aggravate numerous contrasting unit's necessary to detect a T1 contrast. T1/T[image: image] contrasting agents are mostly superparamagnetic iron oxide nanoparticles capable of shortening T1/T[image: image] of water protons than T1 signal; in fact, they darken the MRI due to signal loss. T1/T[image: image] show higher intrinsic sensitivity than T1 contrasting agents which make them highly helpful in cellular imaging; this signal loss is undesirable as in the case of intrinsically low signal locations such as the lungs, while r2 is the relaxivity of the CA as a function of effect of concentration of the solution on the relaxation rates reflects the (Figure 11). This can be explained by classical outer-sphere relaxation theory that, with the increase in particle size, the relaxavity ratio (r1/r2) increases while decrease in particle's size lead to better T1-shortening (Taboada et al., 2007; Xiao et al., 2016).
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FIGURE 11. T2-weighted contrasts and r2 color maps for iron oxide nanoparticles of different sizes (Nanoparticles in magnetic resonance imaging: from simple to dual contrast agents) [adapted and modified from Estelrich et al. (2015) and Xu et al. (2016)].



CEST (Chemical Exchange Saturation Transfer) is the future of MRI contrasting agents; the principal governing CEST imaging is that these agents generate MRI contrast signals through chemical exchange of saturated protons from donor (CEST) to acceptor (water) (Taboada et al., 2007; Xiao et al., 2016). The uniqueness of using CEST agents is that the contrasting signal can be detected by irradiating with the characteristic NMR resonance of the donor. The 19F nucleus is the most sensitive spin after proton so needs no enrichment, bearing similar detection sensitivity to CEST. Fluorinated agents are preferred over other media agents, due to possible correlation of signal to agent concentration (Bünzli, 2016). Hyper polarized agents are the most sensitive media contrasting agents using polarization techniques which dramatically increase the population difference between the spin energy levels. These have got limited use because of the signal loss over time.

Before extending our discussion about nanoscale magnetic materials as contrasting media, some in vivo considerations must be discussed like toxicity, size and shape, and charge. Iron oxide magnetic nanoparticles are regarded as harmless for in vivo applications; based on iron's concentration inside the human body. Iron becomes toxic at a concentration level of 60 mg/kg; iron oxide magnetic nanoparticles have been used as contrasting agents for more than two decades in clinics are below 1 mg/kg. However, iron oxide magnetic nanoparticles have been reported to have adverse effects on cell cultures based on the proposal that the internalization of nanoparticles alters the fate of the cells. Iron oxide magnetic nanoparticles consist of two components, namely magnetic core and organic coatings, and the role of the contribution of either of these is difficult to assess. Moreover, the toxicity of iron oxide magnetic nanoparticles is not dependent only on organic coating but cell type as well. Iron oxide magnetic nanoparticles can induce oxidative stress by disturbing oxidant/antioxidant balance.

Based on the size, charge and shape, the potential toxicity of iron oxide magnetic nanoparticles has been closely related to two factors, their size and charge, while less is reported about the relation to shape. Sizes between 10 and 100 nm have longer half-lifes in the blood and are small enough to go through capillaries; these considerations are to be kept in mind while cancer imaging is under discussion relevant to size (Estelrich et al., 2015; Xu et al., 2016). Organic polymers of molecular weights above 50 kDa has been found to have an effective blood half-life of 6 h. The in vivo effect of shape on the toxic behavior of iron oxide magnetic nanoparticles is difficult to assess because of the difficulty in the preparation of comparable samples of nanoparticles with different shapes (McMahon and Bulte, 2018).

THERANOSTICS

Theranostic is the seamless integration of therapy and diagnosis into one step; it is perhaps one of the trend setters in modern day research. The pivotal idea behind theranostic is that nanoparticles are unique in nature, i.e., these are capable of imaging and treating a lesion simultaneously (Khandhar et al., 2017). A careful survey of the literature revealed it was 2006 when this term was coined for the first time in scientific literature; theranostics was described as “Future nanotechnology developments will most likely include the capability of designing and fabricating multifunctional nanoparticles to combine imaging and therapeutic capabilities (“theranostics”)” (Sun et al., 2016). In this regard, iron oxide magnetic nanoparticles have attracted interest due to their unique magnetic properties which make these excellent MRI contrasting agents and effective cytotoxic agents against tumors.

The use of nanoparticles allows imaging and treatment to be achieved simultaneously, in addition it also assists multiple treatment modalities in combination. This multi-modal approach was observed during the use of cisplatin-bonded gold nanospheres to administer chemo-radiotherapy in GBM cell models, leading to apoptic cell death after the intracellular uptake (Li et al., 2017). During the experiment, it was observed that due exposure to radiation in either of the metals started functioning as high atomic number radiosensitising agents and initiated the release of photoelectrons and Auger electrons. Radiosensitisation of the nanoparticle's formulations enhanced the in vitro cytotoxic effects of chemo- and radiotherapy and contributed to the photoablation of tumor cells (Bissonnette and Bergeron, 2006). These results upstretched the prospect of concomitant administration of diagnostics and multiple forms of therapy.

Photoablation therapy is used for cancer treatment and is divided into two types, photothermal therapy (PTT) and photodynamic therapy (PDT) (Zheng et al., 2008). Among these, PTT is an excellent contender for cancer treatment and focuses on the use of photo-induced heat to kill cancer cells (Her et al., 2017). While in PDT treatment, a poorly soluble drug and visible light irradiations are used at certain wavelengths for generating reactive oxygen species such as singlet oxygen to kill cancer cells (McNamara and Tofail, 2017). PTT is an attractive method owing to advantages such as the safety of non-target regions, its minimally invasive nature, fast recovery, and so on. Magnetic nanoparticles generate heat when placed in a varying magnetic field due to magnetic hysteresis loss (Neel-relaxation and Brown-relaxation). This led scientists to apply these magnetic in hyperthermia treatment which is considered as a supplementary treatment to radiation, chemotherapy and surgery in cancer therapy (Marangon et al., 2017). Magnetic induction hyperthermia is based on the fact that when alternating magnetic field is applied to magnetic nanoparticles, induced currents are generated and consequently heat is produced in magnetic nanoparticles. Based on this principal, when magnetic fluids are exposed to alternating magnetic field, the fluids turn into powerful heat sources, destroying tumor cells, since these cells are more sensitive to temperatures more than 41°C than their normal counterparts (Gomer et al., 2016). PTT has certain disadvantages as well, like the need for high-power lasers and the thermal destruction of cancer selective cell lines. Recently, PDT has attracted considerable attention in cancer treatment, as it is a non-invasive method, low energy light, site-specific tumor targeting and negligible side effects. Due to the poor solubility of drugs in water, these tend to accumulate in physiological media, hence indicating the need to work on developing improved drug delivery systems.

Photoacoustic imaging is a new method which is a combination of optical and acoustic imaging of burns, studying blood vessels, melanoma sites etc. This technique gives in-depth analysis of various tissues, e.g., breast cancer cells, brain cancer cells and tumor monitoring (Sakellari et al., 2016). In photoacoustic tomography, the laser system used for photoacoustic imaging (532 nm) has great promise for non-invasive early diagnosis and the imaging of tumor cells and tissues. Gold nanoparticles have proven to be excellent non-invasive contrasting agents for early diagnosis of tumor by photoacoustic imaging. Computed tomography is one of the most common hospital's diagnostic tools; it is another excellent imaging method for grabbing anatomical information. It is a choice made for clinical applications because of cost, efficiency, availability, deep tissue penetration and high spatial resolution. In this method, gold nanoparticles can be used as contrasting agents because of the high X-ray absorption, lower toxicity and slow clearance in the body. it was also suggested that gold nanoparticles may replace conventional iodine based contrasting agents as these reagents display renal toxicity and fast excretion. Gold nanoparticles displayed excellent biocompatibility, enhanced stability and increased accumulation in computed tomography tumor imaging (Kobayashi et al., 2016). Ultrasound imaging is a clinical diagnostic tool extensively used due to interesting features such as being non-invasive, cost-effective and portable. Like all the other diagnostic imaging methods, contrasting agents can be adopted to enhance imaging precision in ultrasound imaging. In this method, microscale fluorocarbon bubbles are typically used as contrasting agents: in literature, ultrasound imaging contrasting agents should feature four characteristics, easy fabrication, easy administration, high biosafety and excellent echogenicity.

ATHEROSCLEROSIS

Atherosclerosis, a complex disease and one of the leading causes of death in the developed world (Chen et al., 2016). It is a chronic inflammation and remodeling processes which leads to the stenosis of the aorta; generally, it's a gradual process spanning over decades, but under certain conditions, it grows rapidly leading to an ischaemia.

In recent years, an extraordinary number of research projects have been funded to make advances in the diagnosis, prognosis and treatment of this fatal disease (Yildirim et al., 2016). Pathological detection of atherosclerosis has improved significantly with the use of magnetic resonance imaging due to contrasting agents and their excellent spatial resolution and average sensitivity; modern-day research in this area is probing new contrasting agents for improved imaging (Fernández-Ruiz, 2016). Other techniques used to detect early-stage atherosclerosis include computed tomography, photoacoustic tomography, positron emission tomography, single-photon emission computed tomography and fluorescence molecular tomography and every technique has pluses as well as minuses. For example, some methods give outstanding sensitivity but low resolution while others have excellent resolution but lower sensitivity. Magnetic nanomaterials have shown the promise to implement magnetic nanomaterials binding to specific surfaces to reduce the detection time (Brown et al., 2016).

As discussed earlier, iron oxide magnetic nanoparticles' magnetic moments rotate rapidly when exposed to external magnetic field and the magnetic flux gets enhanced; and upon the removal of the magnetic field, Brownian motion causes randomization of the magnetic field; this condition is superparamagentism which is observable only at nanoscale. Commonly used as good contrasting agents are gadolinium-based substances; with adverse characteristics including cytotoxicity and the persistent accumulation of gadolinium. Iron oxide magnetic nanoparticles have better results as magnetic resonance imaging contrasting agents when compared with gadolinium and manganese oxide nanoparticles (Li et al., 2016). Gadolinium-based formulations are still dominating contrasting agents; however, after a careful survey of literature and recent clinical trials evidences, the future of iron oxide magnetic nanoparticles is highly promissory for diagnostic imaging guided therapy with the suitable incorporation of specific ligands to well-defined pathologies. So far, we have learnt that atherosclerosis may occur anywhere in the vascular system and the lack of sensitivity in the use of commercially available contrasting agents is a major challenge for the early diagnosis of the plaque which usually possesses a thickness and length. Positron emission tomography has low resolution for the detection of atherosclerotic plaque while the magnetic resonance imaging technique has excellent resolution but lacks sensitivity for pertinent screening. Superparamagnetic iron oxide nanoparticles synthesized by polyol method were successfully applied to mice as an MRI contrasting agent with promising results 5 h after post-injection treatment (Wang et al., 2016). More recently, the in vivo application of magnetic nanoparticles in the range of 90 nm allowed for excellent visuals of atherosclerotic plaque in mice; similarly, the NIR-fluorescence based method approach have also been applied with interesting results (Cuadrado et al., 2016; Yoo et al., 2016; Schneider and Lassalle, 2017). In all three techniques, it was observed that the magnetic nanoparticles got accumulated in the atherosclerotic area.

CONCLUDING REMARKS

Magnetic nanoparticles possess a great promise in drug-delivery systems due to their unique properties to overcome some of the problems to efficiently target diverse cell types. The future is encouraging as well as challenging and novel research ideas are needed to be worked out to prevent its limitations for the therapy of more diseases. Iron oxide magnetic nanoparticles possess a strong candidature for aqueous/non-aqueous phase solubility with great potential in medical applications. To achieve this, several factors play a key-role including suitable precursors, pH of the medium, coating agents and solvents for the synthesis of magnetic nanoparticles. Aqueous phase solubility can be significantly improved by using water-soluble surface functionalization agents via thermal decomposition, co-precipitation, microwave and high-temperature methods.

MRI is a non-invasive imaging technique used to study anatomical site and biologically compatible nanomaterials aid in detailed images for more accurate diagnosis. Magnetic nanoparticles act as contrasting agents which are advantageous to improve the contrast in these images. Magnetic iron oxide nanoparticles have been the key focus in this review article; which are stabilized by increasing the hydrophilicity through coatings onto the metal surface followed by the attachment of additional ligands like antibodies etc. Next is the specific linking to signal-secreting cells which permits specific agglomeration of nanoparticles to the inflamed/tumor bearing site. Contrast is still a challenge in MRI and new improvements are being sought through labeled magnetic nanoparticles with a fluorescent protein, such as green fluorescent protein or red fluorescent protein; giving rise to a distinct color of the target area under investigation. This research requires more intense in vivo studies which will lead to improve the biological compatibilities and any possible negative side effects associated with the injection of magnetic nanoparticles. Magnetic iron oxide nanoparticles comparatively proved to be a highly reliable and better theranostic option as gadolinium complexes gives excellent contrast, but these are nephrotoxic.

Finally, the scientific information collected here while compiling this review opens novel insights into the role of magnetic nanoparticles to develop nanocarriers enabled to increase the efficiency of the modern-day theranostics.
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