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Abstract

:

The presented paper is a review article discussing existing synthesis methods and different applications of nanosized magnetic nanoparticles. It was shown that, in addition to the spectrum of properties typical for nanomaterials (primarily a large specific surface area and a high fraction of surface atoms), magnetic nanoparticles also possess superparamagnetic properties that contribute to their formation of an important class of biomedical functional nanomaterials. This primarily concerns iron oxides magnetite and maghemite, for which in vitro and in vivo studies have shown low toxicity and high biocompatibility in comparison with other magnetic nanomaterials. Due to their exceptional chemical, biological, and physical properties, they are widely used in various areas, such as magnetic hyperthermia, targeted drug delivery, tissue engineering, magnetic separation of biological objects (cells, bacteria, viruses, DNA, and proteins), and magnetic diagnostics (they are used as agents for MRS and immunoassay). In addition to discussing the main problems and prospects of using nanoparticles of magnetic iron oxides for advanced biomedical applications, information is also reflected on their structure, production methods, and properties.
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1. Introduction


It is recognized that nanoparticles are the ultrafine objects that combine atoms of chemical elements or molecules of organic and inorganic compounds with sizes of several nanometers (nm; 1 nm = 10−9 m) [1]. Nanoparticles exist in nature and are also the result of human activity. Because of their submicron size, they have unique properties, primarily a huge surface area per volume unit, a high value of fraction of surface atoms and near-surface layers, and the ability to exhibit quantum effects. Their unusual properties cannot be predicted from the properties of bulk materials. They are extensively used in a wide range of scientific and technical fields, including ecology, catalysis, healthcare, and engineering.



The International Organization for Standardization (ISO) gives the definition of the nanoparticle as a “nano-object with all three external dimensions in the nanoscale” where nanoscale means “length range approximately from 1 nm to 100 nm” [2]. Similarly, the ISO standard defines two-dimensional (nanoplates and nanodisks) and one-dimensional (nanotubes and nanofibres) nano-objects. According to the ISO recommendations (2010), a nanomaterial is defined as a “material with any external nanoscale dimension or having internal nanoscale surface structure”. However, in 2011, the Commission of the European Union approved a broader nanomaterial definition: “a natural, incidental, or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size range 1–100 nm. In specific cases and where warranted by concerns for the environment, health, safety, or competitiveness the number size distribution threshold of 50% may be replaced by a threshold between 1 and 50%.”



Magnetic nanoparticles contain magnetic elements such as iron, chromium, gadolinium, cobalt, manganese, nickel, and their chemical compounds, for example, oxides, ferrites, and alloys, and they can be directed using magnetic fields.



The physical and chemical properties of magnetic nanoparticles are largely dependent on their shape, crystalline structures, size, and their chemical components. In addition to the properties common to nanomaterials, magnetic nanoparticles also have specific magnetic properties, such as low Curie temperature, high magnetic susceptibility, and superparamagnetism [3].



Superparamagnetism is a form of magnetism that manifests itself in small ferrimagnetic and ferromagnetic particles. If such particles are small enough (150 nm or less, the exact size value depends on the chemical composition of the particle), they become single-domain, meaning the uniform orientation of individual spins over entire particle volume and formation of uniformly magnetized state. As a thermal fluctuation the magnetic moment of such particles can flip direction randomly, resulting in zero average magnetization of superparamagnetic particles. However, when an external magnetic field is applied, such particles behave like paramagnets even at temperatures below the Curie point or Néel point. The magnetic susceptibility of such superparamagnetic systems significantly exceeds than that of paramagnetic ones.




2. Categories of Magnetic Nanoparticles


Magnetic nanoparticles used or considered for biomedical applications can be divided into the following categories [4].




	
Metal nanoparticles (Fe [5,6] Co [7]);



	
Alloys (Au/Fe [8], Fe/Co [9,10]);



	
Oxides (γ-Fe2O3, Fe3O4, NiO [11]);



	
Ferrites (CoFe2O4 [12,13,14,15], NiFe2O4 [16], MnFe2O4 [17], ZnFe2O4 [18,19]).








Magnetic properties of cobalt nanoparticles, FeCo alloys, and ferrites, like maximum saturation magnetization at room temperature, coercive force, and anisotropy, allow one to obtain magnetic resonance spectoscopy (MRS) data with good resolution when these particles are used as contrast agents. Moreover, these properties give such nanoparticulate systems a great potential for heating in variable magnetic fields and drug delivery applications. However, cobalt and nickel nanoparticles are prone to oxidation. In addition, these nanoparticles, as well as their compounds, have rather high toxicity; therefore, their use for biomedical purposes is limited [4,5]. To reduce the toxic effect, cobalt ferrite nanoparticles are coated with polymer coatings (polyvinyl alcohol, polyvinylpyrrolidone, and r polyethylene glycol) [13,14,15]. Such particles show negligible cytotoxicity at concentrations up to 150 μg/mL. ZnFe2O4 nanoparticles are preferred for biomedical use among all ferrites due to the low toxicity of zinc ions (they are non-toxic and biocompatible at ZnFe2O4 concentrations below 125 μg/mL). These particles are considered promising T2 MRS agents as magnetic vectors for targeted drug delivery [18,19].



The toxicity of iron and its oxides is lower. The iron nanoparticles tendency to oxidize also limits their biomedical application [20,21]. To solve the problem, it is proposed to use a polymer coating, like biopolymer nanoskin [6], which prevents the undesirable process of oxidation or interaction with external media without impairment to the iron nanoparticles magnetic interaction. Superparamagnetic iron oxide nanoparticles (SPIONs), such as maghemite (γ-Fe2O3) or magnetite (Fe3O4), are the primarily used magnetic nanoparticles for biomedical purposes due to their low cost, simple preparation approach, low toxicity, superparamagnetism, and biocompatibility [3].



Magnetite (Fe3O4) possesses ferromagnetic properties. It reveals a reversed spinel structure with a face-centered cubic unit cell (eight molecules per unit cell) and a lattice parameter a = 0.839 nm. The cell is based on 32 oxygen (O2−) ions located along the crystallographic direction (111), which form octahedral and mixed tetrahedral/octahedral layers. Magnetite contains iron ions Fe2+ and Fe3+. Its structure could be written as (Fe3+)A(Fe2+Fe3+)BO4, where half of the Fe3+ ions occupy tetrahedral voids (A) and are surrounded by four oxygen atoms, while the mixture of Fe2+/Fe3+ ions occupies octahedral voids (B) and is surrounded by six oxygen atoms. The Fe3+ ions of positions A and B are arranged in antiferromagnetic order, while the Fe2+ ions located at the B position and determined macroscopic ferromagnetic properties. Magnetite is a semiconductor. It has a relatively high electrical conductivity (it is considered a half-metal [22]). The conductivity of Fe3O4 arises due to the rapid jump-like movement of electrons between Fe2+ and Fe3+ ions located in the octahedral voids (B) [23].



Maghemite, γ-Fe2O3, is a ferrimagnetic oxide with a spinel structure similar to that of magnetite. The unit cell of maghemite consists of 32 O2− forming a cubic close-packed structure, while Fe3+ is unevenly distributed between tetrahedral and octahedral voids. In contrast to the Fe3O4 structure, the structure of maghemite has a vacancy of divalent iron ions. The structure of maghemite (γ-Fe2O3) can be written as 0.75(Fe3+)A(Fe3+5/3V1/3)BO4, where V represents the Fe2+ vacancy located in octahedral positions. The unit cell of maghemite (a = 0.8347 nm) is slightly smaller than the magnetite cell due to the formation of cationic vacancies and the smaller size of Fe3+ ions compared to Fe2+ ions. Maghemite should be considered as completely oxidized magnetite and as an n-type semiconductor (band gap 2.0 eV) [24].




3. SPIONs Synthesis


3.1. Chemical Methods


One of the most common methods for the SPIONs nanoparticles synthesis is the coprecipitation method. The essence of this method is to obtain magnetic nanoparticles from aqueous solutions of ferric and ferrous salts in a molar ratio of 2:1 by slowly adding a precipitating agent (aqueous solution of ammonia, hydroxide, or sodium carbonate) to the solution at room temperature or by heating (Scheme 1).



A concomitant reaction is the oxidation of magnetite to maghemite with atmospheric oxygen. Therefore, this method produces magnetic nanoparticles that are intermediate in composition between magnetite and maghemite [25,26]. To obtain predominantly magnetite nanoparticles, this reaction is eliminated by passing inert gases argon or nitrogen through reagent solutions. Depending on the type of iron salts, the nature of the precipitating agent, solvents, temperature and pH control, magnetite nanoparticles 1–40 nm in size have been prepared by co-precipitation method.



Oxidation. Magnetite nanoparticles can be obtained by oxidation of iron nanoparticles [21,27]. Maghemite nanoparticles are obtained by oxidation of iron and magnetite nanoparticles with atmospheric oxygen at 300 °C (Scheme 2).



It is not advisable to use higher temperatures. Higher temperatures can lead not only to a noticeable sintering of nanoparticles to submicron sizes, but also to transition of a thermodynamically unstable polymorphic modification of iron (III) oxide-maghemite (γ-Fe2O3) to hematite (α-Fe2O3) in the temperature range from 300 to 500 °C.



Thermal decomposition is one of the most efficient methods for producing maghemite nanoparticles with a narrow size distribution (Scheme 3). Two methods, “heating up” and “hot injection”, are used to achieve thermal decomposition. The “heating up” involves the continuous heating of a solution consisting of a solvent, surfactants, and the precursor compounds to a predefined temperature, at which the nanoparticles begin cluster formation and grow. Conversely, the “hot injection” approach provokes rapid and homogeneous nucleation by introducing reagents into a hot solution of a surfactant and is finalized by a controlled growth phase. Both methods use the same principle of heating a non-magnetic organometallic precursor compound in the presence of surfactants and organic solvents [27]. The most common precursor compounds are iron (III) acetylacetonate (Fe(acac)3) and iron (II, III) stearate (Fe(St)2, Fe(St)3), iron (III) oleate (Fe(Ol)3) fatty acids are used as surfactants.



Argon is used to maintain an inert atmosphere. The optimal temperature required for this reaction is in the range from 100 to 350 °C, thermal degradation of precursors leads to the formation of crystalline magnetic nanoparticles with a size of 4 to 30 nm in diameter with a narrow size distribution [28]. Reaction time and temperature are crucial factors for the particle size control. The thermal decomposition of iron stearates makes it possible to control the shape of the resulting nanoparticles (spheres, cubes, and disks), which depends on the nature and concentration of the reagents [29].



Hydrothermal and solvothermal methods. The hydrothermal synthesis method is based on the high solubility of a large amount of inorganic substances in water at elevated temperature and pressure and the possibility of subsequent crystallization of the dissolved material from the liquid phase [30,31,32]. High temperatures contribute to rapid nucleation under the influence of precipitants. The solvothermal method differs from the hydrothermal method in that the solvent used is not water, but organic solvents. These methods involve the use of autoclaves in order to create and maintain elevated temperature (130–250 °C) and pressure (0.3–4 MPa). Precursors are salts of ferrous and ferric iron. As precipitants, solutions of sodium hydroxide, tetramethylammonium hydroxide, and hydrazine are used. Moreover, microwave radiation can be applied to heat the mixture, and in this case, we talk about the hydrothermal-microwave or solvothermal-microwave methods. Typically, the shape, particle size, and size distribution depend on the concentration of the precursor, and the time and the temperature of the process fulfilling. The sizes of the resulting nanoparticles are usually in the range from 10 to 50 nm. Short autoclaving times make it possible to obtain monodisperse particles.



Polyol synthesis is a method in which a polyhydric alcohol or a mixture of alcohols is used as a solvent or as a solvent and a reducing agent. In the polyol synthesis of SPIONs, polyethylene glycol interacts with a ferric salt, which is not only a solvent in this case, but also a reducing agent, precipitant, and stabilizer. Another polyol synthesis of maghemite nanoparticles with an average size of 11 nm is based on oxidative alkaline hydrolysis of Fe2+ and Fe3+ salts in a mixture of polyethylene glycol/diethylene glycol or N-methyldiethanolamine) [33]. The synthesis of hydrophilic magnetite (Fe3O4) nanoparticles can be carried out by thermolysis of iron (III) acetylacetonate in four different liquid polyols: diethylene glycol, triethylene glycol, tetraethylene glycol, and polyethylene glycol. The average particle size, depending on the polyol used, varies from 7 to 15 nm [34]. Roughly spherical, highly crystallized, and almost uniform in size, maghemite nanoparticles of average size 11 nm are synthesized by forced hydrolysis of iron acetates in a diethylene glycol [35,36].



The microemulsion method consists of mixing two microemulsions (water/surfactant/inorganic solvent) containing an aqueous solution of iron salts and a precipitating reagent. When two microemulsions are mixed with reagents dissolved in iron oxides, magnetite nanoparticles (partially oxidized to maghemite) are formed, the size of the particles (1–50 nm) can be controlled by the size of micelles. The advantage of the method is a narrow size distribution of the resulting nanoparticles. The disadvantages of the method include the difficulty of cleaning from surfactants and relatively small amounts of the resulting nanoparticles [37].




3.2. Physical Methods


There are two procedures of physical methods for producing magnetic nanoparticles: top-down and bottom-up. The top-down methods are based on milling to reduce the size of macroscopic magnetic materials to the nanometer range. The main disadvantages of these methods include the difficulty in regulating the size and shape of the particles. In addition, the grinding procedure leads to the formation of crystal lattice defects, which cause deviations in magnetic properties compared with particles of the same size [38]. Nanoparticles of iron oxides from the bottom-up method can be obtained by laser evaporation of micron particle-sized metal oxide powders. As a result of the sharp temperature gradient outside the evaporation zone, very rapid condensation and nucleation from the gas phase occur, and nanoparticles with sizes from 20 to 50 nm are formed [39,40].




3.3. Biological Methods


Through biomineralization, some living organisms can produce magnetic particles [41,42]. Magnetotactic bacteria orient themselves and migrate along the lines of the geomagnetic field. This ability is based on intracellular magnetic structures, magnetosomes, which contain nanometer membrane magnetite crystals coated with protein. The formation of magnetosomes is based on a mineralization process with biological control of the accumulation of iron and the deposition of a mineral particle with a certain size and orientation in the membrane vesicle in certain places in the cell. Under conditions of anaerobic synthesis in a laboratory similar to the living conditions of magnetotactic bacteria, homogeneous particles with a core diameter of 20 to 45 nm can be obtained. Even though the magnetosomes exhibit excellent magnetic properties for medical use (especially for hyperthermia), they still have not been used in medicine because of their bacterial protein coating [43].



Thus, there is a wide range of methods for the synthesis of nanoparticles of superparamagnetic iron oxides. These particles of size 1–40 nm can be obtained by coprecipitation of iron (II, III) salts. This method is characterized by the low cost of reagents and equipment. It is easy to carry out and it does not allow obtaining monodisperse particles of a certain shape. The morphology of SPIONs obtained by oxidation of iron and its oxides is determined by the morphology of the particles of the precursors and the temperature of the process. Sintering does not allow obtaining particles of several nanometers in size. In addition, a side process of the formation of hematite, the nanoparticles of which do not possess superparamagnetic properties, is possible. Hydrothermal and solvothermal methods allow controlling the shape and size distribution of SPIONs but require expensive equipment. The advantage of the microemulsion method is a narrow size distribution of SPIONs, but the biomedical use of the obtained particles requires complex and impractical process of purification. The polyol method allows obtaining spherical, highly crystallized, and almost uniform in size (~11 nm) SPIONs [44], but this method also requires complex purification. By means of physical top-down methods one can obtain particles in a wide distribution of shapes and sizes (often exceeding the nanometer range). Physical bottom-up methods require expensive equipment, and biological methods are difficult to implement. Thus, the previously listed methods, depending on the needs, make it possible to either obtain particles of the desired shape, size, and range of particle size distribution, or to obtain particles of various shapes and sizes, but to carry out the process quickly, without significant costs for reagents and equipment (Figure 1).





4. Toxicity of SPIONs


SPIONs attract great attention both due to their superparamagnetic properties and their low toxicity to the human body [45]. A study comparing the toxicity of nanoparticles of oxides of various metals (CuO, TiO2, ZnO, CuZnFe2O4, Fe3O4, and Fe2O3) in vitro showed that iron oxides magnetite and maghemite had no or very low toxicity at concentrations of 20–100 μg/mL [46]. Other in vitro studies, depending on the type of test cells and the presence of a shell on iron oxide nanoparticles (surfactant or polymer), show that the toxicity limit for iron nanoparticles lies in the concentration range of 10 to 1000 μg/mL [47,48,49].



When creating and using preparations based on the superparamagnetic nanoparticles of iron oxides, it is necessary to take into account possible processes underlying their toxicity, as nanoparticles of iron oxides have a large surface area containing activators (metal ions of variable valence), leading to the formation of reactive oxygen species (ROS): hydrogen peroxide H2O2, superoxide anion of the radical O2·, hydroxyl radical OH·. Subsequently, ROS are absorbed in cells, where they activate anti-inflammatory mediators, potentially causing oxidative stress. In addition, ROS can damage cells by lipid peroxidation, protein changes, damage to genetic materials, impaired signal transduction, and modulation of gene transcription as a result of reaction with macromolecules, which ultimately leads to cell death as a result of necrosis or apoptosis [50].



In addition, it should be taken into account that although the dose of iron oxides administered, for example, intravenously, is 1.25–5% of the total iron supply in the body, magnetic targeting of a specific organ of iron oxides to maximize the benefits of treatment or diagnosis leads to their high concentrations in target organs. Therefore, this local iron overload can lead to high levels of free iron ion concentration in the tissue and cause aberrant cellular reactions such as cytotoxicity, oxidative stress, and inflammatory processes. This effect leads to DNA damage, which can initiate carcinogenesis or have a significant impact on the genetics of next generations, if the genome fidelity in germ cells is not supported. Indeed, according to published data, the excess of iron after intramuscular injections of the iron–dextrin complex leads to pleomorphic sarcoma and spindle-shaped cell sarcoma in rats [51]. These neoplasms are assumed to be the result of a solid-state carcinogenesis, when the formation of a tumor is provoked by the implantation of a foreign body (particles of iron oxides, in particular) [52].



SPIONs possess low in vivo toxicity. Their toxicity depends on their localization in various tissues. According to studies in rats, a single intravenous administration of iron oxides (0.8 mg/kg) can stimulate toxic effects in lungs, liver, and kidneys, without an effect on the brain and heart. This correlates well with another in vivo study that demonstrated how intravenous injection of iron oxides (10 mg/kg) in rats enhances oxidative stress in the kidneys, spleen, and liver, that reaches a maximal value after about 3 days, and then slowly fades. The liver returned to normal state within a week; the spleen and kidneys were recovering for 3 weeks. No histopathological changes were observed in the cellular structures of the kidneys, spleen, and liver 1 and 7 days after the administration of magnetic particles. In [53], the toxicity of SPIONs is described in detail.



In vivo studies performed in humans are significantly rarer. Ferumoxtran-10 (magnetic nanoparticles coated with dextran) caused only short-lasting and mild side effects, such as nausea, diarrhea, and urticaria [37]. It is believed that this occurs mainly because iron oxides can be destroyed and excreted through the metabolism of endogenous iron. The iron released from the drug is metabolized in the liver and subsequently used to form red blood cells or excreted through the kidneys. There are currently several MRS contrast agents (Endorem™, Feridex®, GastroMARK®, Lumirem®, Resovist®, and Sinerem®) and magnetic drug delivery (FluidMAG®, MagNaGel®32, and TargetMAG®) that are approved in United States of America by the Food and Drug Administration (US FDA) and meet the current standards regarding patient use [54].



The introduction of SPIONs into the human body could cause not only toxic effects, but also provides health benefits. Superparamagnetic iron oxides can possibly serve as an iron ion source for the body. The authors of [55] showed biotransformation of SPIONs into poorly-magnetic iron species. These species can be stored into ferritin proteins over a period at least of three months. The paper also discusses the mechanism of magnetic nanoparticles biotransformation. If the concentration of iron introduced into the body in form of oxides is not excessive, then iron ions can be absorbed in the body and can be used to perform one of a wide range of functions of iron ions in the human body:




	
Iron is involved in the formation of hemoglobin, which is part of red blood cells and is responsible for the transfer of oxygen by blood cells to body tissues and the removal of carbon dioxide from tissues.



	
Iron is necessary for the appearance of lymphocytes, and the formation and functioning of the immune system.



	
Iron ions are necessary for proper conduction of nerve impulses along nerve fibers.



	
Iron ions take part in the metabolism. They are involved in the creation of various enzymes responsible for the many processes taking place in the body.



	
Iron ions are required for the formation of thyroid hormones.



	
Iron ions involved in the processes of toxins neutralization in the liver.








The fact that SPIONs in various experiments exhibit both immunosuppressive and immunostimulating properties is shown in the paper [56]. However, determination of the relationship between the route of administration and the dose of SPIONs for various types of immune cells and other functions of iron ions in the human body is currently a very important and urgent task.




5. Biomedical Applications of Magnetic Nanoparticles


In recent years, SPIONs have shown great potential in a wide range of medical and near-medical fields (Figure 2). Below we will review particular applications of SPIONs.



5.1. Methods of Magnetic Bioseparation


The magnetic bioseparation method involves extraction of biological objects attached to the surface of nanomaterials with magnetic susceptibility from their biological medium by means of external magnetic field. Currently, superparamagnetic nanoparticles of iron oxides are used for bioseparation, as an external magnetic field easily magnetizes them in a magnetic separator. After the external magnetic field is removed, bioelements captured using superparamagnetic nanoparticles again diffuse into the solutions. The method of magnetic bioseparation is commonly used in the purification and separation of biological objects of various types, such as nucleic acids, proteins, bacteria, and cells.



Magnetic separation of proteins. Traditional methods of proteins separation, including precipitation in organic solvents, membrane separation, chromatography, and salting out regularly require changes in certain parameters, such as temperature, pH, ionic strength, dielectric constant, etc. These manipulations are labor-intensive and can damage target proteins. Among the most important methods for isolating proteins we should also mention the affinity chromatography. However, the inability of standard column liquid systems to handle samples containing solid particles is the disadvantage of all chromatography procedures of the kind. Recently, many methods combine magnetic nanoparticles with traditional separation and purification methods to separate different types of protein. Magnetic separation methods have noticeable advantages over standard separation procedures. These processes are usually quite non-sophisticated. One test tube can be used to perform all the stages of the cleaning procedure. Expensive filters, centrifuges, liquid chromatographic systems, or other equipment are not needed. Untreated samples containing suspended solid material can be used for the separation process. Some cases (for example, intracellular proteins isolation), even allow reducing the total separation time by combining the stages of separation and disintegration [57]. Target peptides or proteins are usually resistant to damage during magnetic separation. Even extensive protein complexes, which are destroyed by traditional methods, can remain unchanged after this procedure.



The magnetic affinity adsorption method involves the usage of particles with immobilized affinity ligands. Isolation of peptides and protein mostly often uses antibodies, streptavidin, protein A, and protein G. The above-mentioned immobilized ligands included into the magnetic particles can also serve as general solid phases allowing to immobilize modified affinity ligands (for example, biotinylated molecules, secondary antibodies, in the case of immobilized streptavidin or antibodies in the case of immobilized proteins G and A).



In order to achieve ligand immobilization, standard procedures in affine chromatography are used: modifying the inorganic particles surface to produce accessible functional groups that provide easy immobilization of affine ligands, such as -COOH,- OH, or -NH2. In this case, the surface of magnetite (or comparable magnetic materials including ferrites or maghemite) is modified by the method of silanization. In addition, encapsulated particles with an outer layer of a biocompatible polymer are used. Biopolymers such as alginate, chitosan, and agarose are used to prepare these particles. The simplest way to prepare magnetic polymer particles is combining the magnetic particles with a biopolymer solution, and the resulting bulk magnetic gel is mechanically divided into small particles. As an alternative, spherical particles are prepared using the water-in-oil suspension method.



Magnetic cell separation. Magnetic cell separation is considered very promising in bioengineering, clinical diagnostics, and food engineering. This method implies the use of superparamagnetic nanoparticles coated with antibodies to penetrate the cell surface antigens. In comparison with the traditional techniques of cells separation, their magnetic separation has obvious advantages [58,59]:




	
target cells are easily separated from blood samples, bone marrow, ground tissues, or culture media;



	
separation is not hindered by impurity or solvent ions; and



	
this method does not lead to the destruction of detectable cells.








This method is suitable for detecting prokaryotic organisms including bacteria. Isolation of the specific bacteria associated with magnetic nanoparticles is done through the antigen–antibody reaction, and, as a rule, is carried out by inoculation of sample granules in a culture medium. Bacteria immunologically bound to magnetic particles, as a rule, preserve viability and can continue to multiply provided their nutritional needs are met. Subsequently, the isolated fraction can be washed to exclude non-specifically bound organisms before placing into a suitable growth medium. Target bacteria could be isolated from the media and accumulated to a suitable grade. The limitations of this method include the presence of antibodies applied to the surface of the target organism and the need for a significant concentration of free antigen to the target cell [60].



The method of immunomagnetic separation was used to separate cancer cells, blood lymphocytes, Salmonella typhimurium [61], Streptococcus mutans, Streptococcus sobrinus [62], and E. coli O157: H7 [63].



Magnetic separation of nucleic acids. Nucleic acid separation is becoming an important technique in molecular biology. Isolation of RNA and DNA is a stage preceding multiple diagnostic and biochemical processes, including cloning, detection, amplification, hybridization, sequencing, and DNA synthesis. Many subsequent manipulations are impeded in the presence of large amounts of contaminating materials, for instance, carbohydrates or proteins. Above that, DNA and RNA can be contaminated by each other. With that being said, many modern techniques that include DNA or RNA identification, for example, forensics, diagnosis of infections, typing of tissues and blood, and identification of genetic variations, require tools for reliable, efficient, and reproducible isolation of nucleic acids from complex compounds.



Prior to the use of modern technologies, nucleic acid separation was a laborious, multi-stage process of extraction and centrifugation, heavily restrained by low purity and small yields of the separating samples. Magnetic separation of nucleic acids demonstrated multiple advantages over the competing methods, allowing isolating nucleic acids directly from non-prepared samples, including culture media, water, physiological liquids, including blood, etc. Sample volumes produce practically no restrictions on this method. Samples can be taken relatively selectively and easily even from viscous compounds using the ability to adjust the magnetic properties of solid particles.



The isolation process uses magnetic carriers with immobilized affinity ligands or obtained by coating SPIONs with a biopolymer exhibiting affinity for the target nucleic acid. Methods for the synthesis of modified magnetic particles, as well as available commercial particles used for the separation of nucleic acids, are reviewed in [64].




5.2. Diagnostic Application of Magnetic Nanoparticles


MRS is a visualization method for clinical use, which originated from the measurement of nuclear magnetic resonance (NMR) signals. The effectiveness of MRS can be significantly improved by influencing the properties of the magnetic resonance signal of the examined tissues with contrast agents. Contrast agents are injected in 40–50% of all MRS examinations. MRS contrast agents are divided into positive (T1 agents) and negative (T2 agents) contrast agents. Positive contrasting agents can shorten the longitudinal relaxation time (T1) of protons, resulting in a brighter image. Negative contrasting agents can shorten the transverse relaxation time (T2) of protons.



Currently, the majority of available MRS contrasting agents are compounds based on gadolinium chelate complexes (T1 agents), as a brighter image is clinically preferable for easy detection and better resolution. Unfortunately, gadolinium-based compounds introduce a risk to the health of patients with liver or kidney diseases since they cannot be effectively removed from the body of such patients. In addition, these complexes induce brain damage because of unwanted accumulation. A general warning was issued by the US FDA for all contrast agents containing gadolinium with a recommendation not to use them in all acute renal failure cases.



Compared to gadolinium-based contrasting agents, the compositions based on magnetite and maghemite (T2) show higher biocompatibility and safety. However, a darker image using T2 contrast agent is characterized by low resolution and background noise. The clinical use of iron oxide nanoparticles in imaging the lymph nodes, spleen, and liver is limited as the particles accumulate passively at the mentioned sites. With that said, iron oxide nanoparticle-based contracts agents previously approved by the US FDA were banned in the United States.



However, according to an experimental study conducted over the past few years, extremely small magnetite and maghemite nanoparticles below 5 nm in size are potentially promising T1 contrast agents [65,66].



The use of magnetic nanoparticles in immunoassay. To obtain magnetic immunoanalytical agents, nanoparticles of magnetic iron oxides are associated with a wide range of compounds (antibodies, oligonucleatides, streptavidin, biotine, etc.). Magnetic nanoparticles are used in the analysis of a wide range of bacteria (Listeria monocytogenes, Escherichia coli, Chlamydia trachomatis, Vibrio cholerae, Salmonella, Shigella dysenteriae, Staphylococcus aureus, Vibno parahaemolyticus, Chlamydia trachomatis, etc.), West Nile virus, enteroviruses, and parasites such as Plasmodium falciparum (causing severe malaria) or Schistosoma mansoni [67,68,69].



There are several areas of application of iron oxides in immunoassay. Magnetic nanoparticles with immobilized immune-active reagents are used as a solid phase of immunoassay. Specific antibodies and antigens are immobilized on the surface of magnetic nanoparticles, and detection is carried out using enzymes, radioisotopes, fluorescent markers or chemiluminescent labels. This method is characterized by high expressivity, as the analysis is carried out in a pseudo-homogeneous mode (magnetic agents are dispersed in volume).



Moreover, modified magnetic nanoparticles can be served as labels, which are subsequently recorded by their optical (fluorescence analysis methods, Raman scattering) or magnetic (determination of relative magnetic permeability) properties [69,70].




5.3. Tissue Engineering


Recently, magnetic nanoparticles are increasingly used in tissue engineering in the development of functional substitutes for damaged tissues. This new technology is a promising approach for overcoming the organ transplant stress caused by a shortage of donor organs. Tissue engineering includes the following processes,




	
isolation of autologous cells from healthy tissues or stem cells, expansion of the number of cells to the required;



	
transferring genes of interest to cells to enhance or modify cellular functions;



	
construction of three-dimensional (3D) tissue-like structures; and



	
transplantation of received designs to patients.








Even though the general technology of these processes in tissue engineering has already been established, there are still many problems that need to be addressed at each stage. The ability to manipulate and control cells remotely at each stage can provide a powerful tool for tissue engineering. Magnetic nanoparticles are such an instrument [71,72]. They can be used to isolate the necessary cells by magnetic separation methods for gene delivery when modifying cell functions. Magnetic nanoparticles attached to functional areas, both on the cell membrane and on the internal cellular components, can act as transducers of the applied magnetic fields and provide noninvasive control of various cellular functions. These particles can also be used to determine the location of cell adhesion, plating cells on a scaffold or in a predetermined shape. In 2006, a technique was developed for constructing a framework using magnetic particles [73]. Magnetic fields were used to position magnetic nanoparticles coated with thrombin in two-dimensional (2D) hexagonal arrays. Particles were used as nucleation centers for ordered fibrin growth, creating an ordered fibrin gel framework for endothelial cells.



In addition, magnetic particles have obvious advantages for in vivo use. It has been demonstrated that endothelial progenitor cells, which can promote angiogenesis and revascularization in ischemic regions, can be remotely guided both in vitro and in vivo using a magnetic field [74].




5.4. Magnetic Hyperthermia


Hyperthermia, a moderate increase in temperature to 40–43 °C, can cause the death of cancer cells and enhance the effects of radiation and chemotherapy. However, the achievement of its full potential as a clinically significant treatment method was limited due to its inability to heat malignant cells efficiently and locally. This problem can be circumvented by the intravenous administration of magnetic nanoparticles aimed at cancer cells that accumulate in the tumor, followed by the use of an alternating magnetic field to increase the temperature of the nanoparticles located in the tumor tissue. This targeted approach allows locally heating cancer cells, at the same time, without damaging surrounding normal tissues, which potentially increases the effectiveness and safety of hyperthermia. The most used materials for magnetic hyperthermia are magnetite or maghemite nanoparticles.



Magnetic nanoparticles can be delivered to the tumor via intratumoral, intra-arterial, intracavitary, and intravenous administration. Their oral administration is not possible as most of the nanoparticles will be excreted from the body. Intratumoral and intracavitary administration localizes magnetic particles in the tumor and can lead to effective heating of primary tumors. Although the above methods of administration are well suited for specific cases, intravenous administration is the most versatile delivery method for a wide range of oncological diseases. When magnetic particles of iron oxides are delivered in this way, the accumulation of nanoparticles in the tumor partially depends on the effect of increased permeability and retention [75]. This effect refers to the tendency of nanoparticles to predominantly accumulate in tumors due to the permeability of their vasculature and poor lymphatic drainage. Target ligands (antibodies and their fragments, ligands of specific receptors localized on the surface of tumor cells, peptides, and aptamers) associated with magnetic particles can enhance the absorption of nanoparticles by malignant cells [76]. Their predominant accumulation in malignant neoplasms leads to targeted local heating of tumors and the preservation of neighboring normal tissues under the influence of an alternating magnetic field.



Despite the promising results of preclinical trials of magnetic hyperthermia, there are many unsolved problems in this area. These include the establishment of optimal limits of magnetic field strength and frequency, their correlation with the duration of treatment, the toxicity of magnetic nanoparticles (including the dependence of toxicity on the presence of specific ligands that improve the accumulation of magnetic particles in tumor cells), and determining their optimal concentration in the affected organ.




5.5. Targeted Drug Delivery


One of the promising and rapidly developing areas of modern pharmacology is targeted delivery of drugs. About a hundred years ago in 1906, the chemist and biologist Paul Erlich (1854–1915) introduced the term “magic bullet” into scientific jargon. He used this term for a drug that into the patient’s body itself find and kill the causative agent of the disease, without harming the patient’s health. After the 1970s, the possibility of creating such drug delivery systems was under exploration. In such systems, medicinal substances are fixed on a carrier or included in capsules and associated with molecules (vectors) possessing affinity for certain cells [77]. Carriers delay the action of the drug substance until the target organs or tissues are reached, and the vectors transport the drug substance directly to the pharmacological target. There are two strategies for targeted delivery of drugs to damaged tissues: passive targeting and active targeting. The passive strategy is carried out by systems consisting of medicinal substances and carriers. It is provided due to the increased permeability of capillaries in the lesion. Active drug delivery systems involve vector molecules. Hormones, enzymes, peptides, antibodies, glycoproteins, glycolipids, and viruses can be considered as vectors for drug delivery. Carbon nanotubes, liposomes, micelles, polymers, dendrimers, fullerenes, nanodispersed silica, erythrocytes, leukocytes, etc. are currently the most actively studied as drug carriers.



For those drug delivery systems available at the present time, carriers and capsules for targeted drug delivery systems have several disadvantages that need to be excluded. The disadvantages of organic nanoparticles (polymer nanoparticles, liposomes, and micelles) include limited chemical and mechanical stability, swelling, susceptibility to microbiological attacks, lack of control over the rate of release of drugs, and high cost. Modern synthesis methods make it possible to obtain polymer particles with a wide distribution in size, which can lead to heterogeneous pharmacological properties. An alternative is the use of dendrimers which are monodisperse in nature and globular in morphology. However, the main disadvantage of dendrimers is their high cost. There are also problems with the removal of dendrimers from the body [54]. Inorganic carriers also have several disadvantages. The use of fullerenes, carbon nanotubes, and graphene and its oxide as carriers raises doubts about their toxicity. The use of SiO2 also raises a question in connection with the fact that silanol groups on the surface of silica interact with the surface of phospholipids of erythrocyte membranes, and this leads to hemolysis. In addition, silica can cause metabolic changes leading to the development of melanoma [77]. Thus, the question of choosing an optimal carrier for directed delivery systems remains unresolved.



Potential carriers and vectors in directional delivery systems are magnetic nanoparticles (Figure 3). Their main advantages are that they can be




	
visualized (superparamagnetic nanoparticles are used as contrast agents for MRS),



	
be guided or held in place by a magnetic field, and



	
can be heated in a variable magnetic field to cause the release of the drug.








For use in drug delivery, these magnetic nanocarriers must be biocompatible and nontoxic. The size of magnetic nanoparticles affects not only the magnetic properties, charge, and surface chemistry, but it greatly affects the bioavailability of particles in the body. On the one hand, large particles with a diameter of more than 200 nm are excreted by the liver and spleen. Particles larger than 5 microns cause capillary blockade. Particles less than 10 nm in size will be quickly removed by renal clearance. Taking into account the critical size of the appearance of superparamagnetic properties in iron oxide nanoparticles, their optimal size (providing a long circulation time in the blood and the effectiveness of magnetic targeting) is 10–100 nm.



Methods for loading drugs onto magnetic particles are divided into two main types:




	
chemical binding (compounding a drug substance with a carrier using chemical bonds) and



	
physical binding (compounding a drug substance with a carrier via physical interactions).








Chemical bonding is usually formed by covalent bonds, which are formed due to amino, carboxyl, and thiol groups located on the surface of the magnetic particle and in the drug. As a rule, these functional groups are added to the surface of magnetic particles through their polymer coating (chitosan, polyetherimide, dextran, or polyethylene glycol). The same chemical groups can also be used to anchor peptides, antibodies, and viruses to provide improved targeting. The polymer coating not only allows us to fix the drug or vector on the surface of a magnetic particle, it also improves their hydrophobicity and stability. After magnetic induction, the release of the drug can be initiated not only by external stimulus factors, such as a limited increase in temperature, but also by internal factors, such as, for example, a change in pH value.



Physical binding. Physical interactions include electrostatic, hydrophilic/hydrophobic, and affinity interactions. This interaction has several advantages, including fast binding rate and high efficiency, it does not have intermediate stages of modification. However, physical interactions are often unable to avoid early drug release.



Magnetic fields are well suited for medical purposes because they do not hinder most biological processes. However, there are several problems associated with the use of magnetic carriers and vectors in targeted drug delivery systems [78]. One of them is the effect of blood flow on the target area of accumulation of targeted delivery systems. To retain magnetic particles in large arteries, strong magnetic fields will be required. The linear velocity of blood in large arteries is 50–100 times higher than the velocity of blood flow in the capillaries (±0.5 cm/s). Another problem associated with magnetic vectors is related to the depth of penetration of the magnetic field into the target object: it is difficult to send magnetic particles to targets located inside the body more than 2 cm from the skin, as the magnetic field decreases with distance. However, the work in [79] describes the development of a new drug delivery system using magnetic fields (using superconducting magnets) which can target magnetic particles in blood vessels located deep inside the body.



Magnetic targeting has been used to treat inflammatory processes [80]. The study was conducted in vivo. Magnetoliposomes better accumulate in the focus of inflammation under the influence of a magnetic field than in its absence. It was shown that the presence of the magnetic field led to lower amounts of iron in the liver, spleen, and plasma than was found in mice in which a magnet had not been applied.



Because of the technical difficulties described above, there have been few studies of magnetic drugs delivery systems in humans. They did not receive active distribution and wide development. After successful results in animal experiments [81], studies were conducted on 14 patients with advanced tumors (colon adenocarcinoma or hypernephroma). Intravenous administration of epirubicin-loaded ferrofluids (particle size 100 nm) was accompanied by magnetic targeting (0.8 T). The distance between the surface of the tumor and the magnets was less than 0.5 cm. According to the results obtained by MRS and histology, magnetic particles were successfully localized using 60–120 min of exposure. In another clinical study [82], 11 patients, after a failed traditional treatment of malignant tumors, were treated with magnetic drug delivery systems (0.8 T) and examined using MRS. Tumors of all 11 patients differed by location, but all of them were close to the skin. During the observation period, three patients showed positive dynamics, five patients were stable, and in three patients the disease progressed.





6. Conclusions and Prospects


Magnetic nanoparticles are becoming an attractive and increasingly important tool in the diagnostics and therapeutic treatment (theranostics) of diseases. They are actively used for a wide range of analyses and in the separation of genes, proteins, and cells. There are still many problems with finding the ideal agents for MRS, which increase the sensitivity of the method and at the same time have low toxicity.



However, nanosized particles of magnetic iron oxides have been shown to be of high potential in this area. Drug delivery using magnetic nanoparticles is still in the initial stages of the development. However, already conducted experiments open great opportunities for modern nanoscience and practical nanomedicine.



The development of artificial tissue engineering methods based on magnetic nanoparticles are also of great interest for many researchers and also opens broad prospects for transplantology and will help to solve the problems of deficiency of donor organs.
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Scheme 1. Coprecipitation method of superparamagnetic iron oxide nanoparticles (SPIONs) synthesys. 






Scheme 1. Coprecipitation method of superparamagnetic iron oxide nanoparticles (SPIONs) synthesys.



[image: Magnetochemistry 06 00030 sch001]







[image: Magnetochemistry 06 00030 sch002 550] 





Scheme 2. Oxidation method of SPIONs synthesys. 
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Scheme 3. Thermal decomposition method of SPIONs synthesys. 
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Figure 1. Methods of SPIONs synthesys. 
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Figure 2. SPIONs biomedical theranostic applications. 
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Figure 3. Directed by magnetic field delivery of SPIONs conjugated with drug molecules. 
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