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Abstract

:

Throughout the last decades, magnetic nanoparticles (MNP) have gained tremendous interest in different fields of applications like biomedicine (e.g., magnetic resonance imaging (MRI), drug delivery, hyperthermia), but also more technical applications (e.g., catalysis, waste water treatment) have been pursued. Different surfactants and polymers are extensively used for surface coating of MNP to passivate the surface and avoid or decrease agglomeration, decrease or modulate biomolecule absorption, and in most cases increase dispersion stability. For this purpose, electrostatic or steric repulsion can be exploited and, in that regard, surface charge is the most important (hybrid) particle property. Therefore, polyelectrolytes are of great interest for nanoparticle coating, as they are able to stabilize the particles in dispersion by electrostatic repulsion due to their high charge densities. In this review article, we focus on polyzwitterions as a subclass of polyelectrolytes and their use as coating materials for MNP. In the context of biomedical applications, polyzwitterions are widely used as they exhibit antifouling properties and thus can lead to minimized protein adsorption and also long circulation times.
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1. Introduction and Scope


For decades, magnetic nanoparticles (MNP) have been in focus within a range of scientific disciplines as they show high potential in a variety of different application fields, ranging from chemistry, biology, medicine to physics. One unifying aspect herein are surface properties of such nanomaterials. To date, there have been several reviews focusing on surface modifications of nanomaterials with polyelectrolytes, and most of them have focused on biomedical applications of these materials [1,2,3,4,5,6,7]. However, to our knowledge the only example specifically focusing on zwitterionic coating materials for nanomaterials was written by García et al. and here the central aspect is the behavior under in vivo conditions [4]. Within this review article, we therefore focus on the preparation and characterization of MNP featuring zwitterionic coating materials as they open up an interesting area of bio-repellent, pH responsive, and dispersion-stable hybrid materials. The magnetic core enables the selective separation of these particles for analytical issues and external magnetic fields can be used for biomedical applications like hyperthermia and drug targeting. This review aims to serve as a guide for various synthetic strategies for immobilizing polyzwitterions at the surface of magnetic nanoparticles which have been explored during the last decade and is structured as follows: we begin with a section on different magnetic core materials, followed by the synthesis of polyzwitterions, suitable methods for nanoparticle coating, and finally we discuss important characterization methods for such hybrid materials. Throughout the different chapters, we also showcase potential application fields.




2. The Core: Materials for Magnetic Nanoparticles


All chemical elements or compounds of our planet show under certain conditions different magnetic effects. Since we focus herein on magnetic nanoparticles for medical and technical applications, we concentrate on materials with ferro- or ferrimagnetic, superparamagnetic, and superferrimagnetic behavior at room temperature. In that regard, three classes of materials exist.



Metals—The only metallic elements showing ferromagnetism at room temperature are iron, cobalt, and nickel. The preparation of nanoparticles hereof is possible and such materials show promising magnetic behavior for medical applications [8,9,10,11,12,13]. Since such nanoparticles show a strong oxidation tendency to non-magnetic oxides (e.g., antiferromagnetic FeO, CoO, NiO), an oxidation-protective layer is necessary. Due to this fact, and also the toxicity of Ni and Co, metallic nanoparticles play only a minor role regarding their applications in medicine [14].



Alloys—The second group of ferromagnetic materials are the ferromagnetic alloys, e.g., CoPt, FePt, FeNi, or FeCo. The preparation of magnetic nanoparticles consisting of ferromagnetic alloys is described in the literature by several groups [15,16,17]. Up to now, none of those nanostructures has found access in medical applications mainly due to two facts: First, some of the ferromagnetic alloys (e.g., AlNiCo, CoPt, FeCoCr) show a hard-magnetic behavior (a remnant magnetization and coercivity), leading to potential agglomeration of the particles due to the remanence, and exposing the patient to the risk of vessel embolism. Second, most of the alloys with promising magnetic behavior contain toxic components (e.g., Ni or Co) which inhibit the application of such materials in the human body.



Oxides—The group of magnetic oxide materials can be divided into mixed oxides with different crystal structures (e.g., the magnetic garnets and the ferrites) as well as the pure metallic oxides. Since the saturation magnetization of all garnets is very low, these materials are not suitable for application in medicine. Depending on their composition, the ferrites show soft- or hard-magnetic behavior. Despite some groups having found promising magnetic properties of soft-magnetic ferrites for certain medical applications only very few studies can be found in the literature [18,19,20,21]. Representative hard-magnetic ferrites with promising magnetic behavior for medical application are barium-, strontium- or cobalt-ferrite. Since cobalt-ferrite (CoFe2O4) shows less toxic effects than Ba-or Sr-ferrite, nanoparticles of this material find increasing application for medical purposes, e.g., for magnetic hyperthermia as minimal invasive tumor treatment and for lab-on-a-chip applications in diagnostics [22,23,24]. The promising magnetic properties of cobalt-ferrite can be tuned by variation of the Co/Fe-ratio and thus this material will play a major role in the future in our opinion. As Ni and Co form no oxides showing ferromagnetism at room temperature, only iron has to be considered in this case. Here, mainly four different oxides have to be mentioned: iron(III) oxide (Fe2O3) and iron(II,III) oxide (Fe3O4), as well as the rather unstable iron(II) oxide (FeO) and iron(I) oxide (Fe2O). From Fe2O3 several phases exist, e.g., α-, β-, γ-, or ε-Fe2O3, which all show different magnetic behavior. Of the iron oxides only maghemite (γ-Fe2O3) and magnetite (Fe3O4) show ferromagnetic behavior or, more precisely, ferrimagnetism due to the spinell structure (a subtype of the cubic lattice). A comprehensive work on the nature of iron oxides and their properties is given by Schwertmann [25].



The preparation of iron oxide magnetic nanoparticles was described by Khallafalla [26] and Massart [27] in 1980 for the first time. After that, a lot of different preparation routes were developed and such MNP show promising magnetic properties for different biomedical applications [28,29].



2.1. Magnetic Properties of Magnetic Nanoparticles


Beside other parameters like magnetic anisotropy or shape, the magnetic behavior of magnetic particles is determined by the particle size. For macroscopic particles in the size range of µm and above, several areas of homogeneous magnetization are formed. These so-called magnetic domains are separated by Bloch walls [30,31]. Due to this domain formation, the magnetic stray field of the particle is minimized and the domain formation in the absence of an external magnetic field is energetically favorable [32] compared to a homogeneously magnetized particle. The magnetization directions of all domains in the particle are statistically oriented, which leads to a compensation of all magnetic moments within the particle, resulting in no external magnetization of the particle without an external magnetic field.



With decreasing dimensions of the magnetic particle, the relative proportion of wall energy to that of the entire particle energy increases. Due to energetic reasons, no magnetic domains are formed below a critical particle size and the whole particle shows a spontaneous magnetization in one direction. The direction of the magnetization of these so-called single domain particles is determined by the crystal lattice of the particle and is named “the easy axis”. The critical size for the formation of single domain particles is given by the material specific magnetic anisotropy K and the form factor (ratio of particle length in different directions related to the magnetic field) of the particle [33]. For cubic and spherical particles made of magnetite, the theoretical upper limit for the formation single domain particles is about 80 nm [34,35], which was confirmed experimentally by Dutz et al. [36].



A further decrease of the particle size leads to a decrease of the magnetic anisotropy energy of the particles. In this case a certain probability exists, that for finite temperatures the thermal energy exceeds the anisotropy energy due to thermic variations and the particle spontaneously changes the orientation of magnetization [37]. This leads to a thermally induced temporal attenuation (relaxation) of the remnant magnetization MR following Equation (1):


MR(t) = MR(t = 0) × e−t/τN



(1)







The so-called Neel relaxation time τN, after which MR reaches a value close to zero, can be estimated from the ratio of the anisotropy energy (K × V) to the thermal energy (k × T) with the Boltzmann constant k and the temperature T following Equation (2) where τ0 is the minimum natural relaxation time of 10−9 s:


τN = τ0 × e(K × V)/(k × T)



(2)







Hence, the magnetic behavior of very small particles depends strongly on the relation of measurement time tM and Neel relaxation time τN. If tM << τN, there is not enough time for relaxation processes and the particles show a stable hysteretic behavior. If tM > τN, the Neel relaxation occurs, leading to attenuation of MR and thus no coercivity can be observed. This phenomenon is called superparamagnetism. Superparamagnetic particles show no coercivity and remnant magnetization in quasi-static measurements (e.g., vibrating sample magnetometry) but a pronounced hysteresis when exposed to a high frequency alternating magnetic field. In other words, for predetermined magnetic field parameters (frequency and field strength), it depends on the particle size whether the particles show any hysteresis or not.



A special case of magnetism can occur if small superparamagnetic particles form a larger cluster. In the absence of an external magnetic field these clusters show superparamagnetic behavior with no remnant magnetization or coercivity. If the particles are exposed to an external field, depending on the strength of the particle interactions, a collective magnetism may result and the clusters show ferrimagnetic behavior with an observable hysteresis. This so-called superferrimagnetism is typical for magnetic multicore particles [38,39,40] and such particles show very promising properties for medical applications [38,41,42,43].



From the considerations above it becomes obvious, that the particle size plays a crucial role for the magnetic behavior of magnetic nanoparticles. Besides the size, also the size distribution is an important factor for the resulting magnetic properties, which will not be treated in detail in this review. Detailed discussions on the theory of size distribution influence can be found by Hergt et al. [44] whereas Müller et al. showed the influence in experiments [45].




2.2. Preparation of Magnetic Nanoparticles


The following section briefly covers the main preparation routes for magnetic nanoparticles. Detailed information can be found in excellent reviews on this topic [46,47,48,49]. Magnetic nanoparticles are obtained by three different preparation routes.




	(i)

	
biomineralization




	(ii)

	
physical methods




	(iii)

	
chemical methods




	(i)

	
By means of biomineralization some living organisms prepare magnetic particles for use for their sense of direction [50]. For example, magnetotactic bacteria are capable of preparing magnetosomes (protein coated nanosized crystals of magnetic iron oxide). The bacteria use the particles as a compass to find their preferred habitat in anaerobic areas at the bottom of the sea [51]. Under anaerobic synthesis conditions in the lab, which are similar to the conditions of their habitat, uniform particles of 20 to 45 nm core diameter may be produced [52,53,54]. Despite the fact that magnetosomes show excellent magnetic properties for medical application (especially hyperthermia) [55,56], they have found no application in medicine until now due to their bacterial protein coating. Current recent research on magnetosomes focuses on elucidation and optimization of the biomineralization process [57,58] with the aim to develop wet chemical preparation routines which emulate the biologic process, thus providing MNP with similar magnetic behavior.




	(ii)

	
The physical methods can be divided into “top down” and “bottom up” procedures. Top down methods are based on the size reduction of macroscopic magnetic materials to the nanometer range, e.g., by means of milling. A major drawback of these methods is the difficulty of adjusting the desired particle size and shape [59]. Furthermore, the milling procedure leads to lattice defects that cause deviations in the magnetic properties compared to regular particles of the same size [60]. Bottom up methods use the condensation of nanoparticles from either a liquid or gaseous phase. A promising bottom up method for the synthesis of MNP powders is laser evaporation. Starting materials are coarse metal oxide powders of a few µm sized particles, which are evaporated by means of a laser. As a result of the steep temperature gradient outside of the evaporation zone, a very fast condensation and nucleation takes place from the gas phase and nanoparticles are formed [61,62].The resulting mean particle sizes (20 to 50 nm) and magnetic phase are tuned by laser power and composition of the atmosphere in the evaporation chamber [63].




	(iii)

	
The chemical methods provide a multitude of different bottom up synthesis routes for the preparation of MNP, from which the most prominent will be described shortly.















The co-precipitation synthesis procedure is a very simple method for the preparation of MNP. Most scientific work uses aqueous media for precipitation. Very often, the magnetic iron oxides are prepared by means of a co-precipitation from aqueous Fe2+ and Fe3+ salt solutions, to which a base is added. Magnetic phase and particle size can be tuned by variation of iron salts, Fe2+/Fe3+ ratio, temperature, pH, and the type of base used. Pioneering work on this preparation route was performed by Khallafalla and Reimers [26] and Massart [27]. For this method, particles are in the superparamagnetic size range from 5 to 15 nm and the obtained size distribution is relatively broad. By varying the reaction conditions, the size can be increased to up to 40 nm. In this size range, the particles show single domain ferrimagnetic behavior. Different modifications of this method were reported over recent years. Upon applying high pressure homogenization during precipitation [64] or using slower reaction conditions [39], superferrimagnetic clusters of single crystals of 10 to 15 nm are formed, which show very promising magnetic properties for medical applications [42,65]. Furthermore, size control of the resulting magnetite nanoparticles could also be shown by reactions carried out at high temperatures [66]. Co-precipitation is also used for the preparation of ferrites, e.g., cobalt ferrite by replacing a part of the Fe2+ by Co2+ in the starting solutions [67].



The thermal decomposition of organometallic compounds (non-magnetic precursors) in boiling organic solvents is another promising way for MNP preparation and the resulting particles show a very narrow size distribution. Usually iron carbonyls or iron acetylacetonates are used as non-magnetic precursors and oleic acid or fatty acids serve as surfactants. By variation of the proportion of precursors to the starting agents (surfactants and solvents), the size and morphology of the resulting particles can be controlled. Thermal decomposition of non-magnetic precursors leads to pure iron (metal). Afterwards, in a further step these metal particles are oxidized to iron oxide by mild heating under oxidative conditions. A simple one-step route to prepare magnetite particles is given by the thermal decomposition of precursors with cationic iron centers (e.g., Fe(acac)3). Pioneering work in the preparation of iron oxide by thermal decomposition was performed by Hyeon et al. [68] and Park et al. [69] who prepared nearly monodisperse particles of about 13 nm. The well-known method of Hyeon and Park was modified by several groups and MNP in size of up to 30 nm with nearly monodisperse size distribution were obtained.



Micro-emulsion synthesis is a two-phase method for the production of nearly monodisperse MNP. For this purpose, a water-in-oil microemulsion is prepared by dispersion of nanosized water droplets (10–50 nm) in an oil phase, stabilized by surfactant molecules at the water/oil interface [70]. Since these droplets are used as micro-reaction vessels, the distance for diffusion and thus the nucleation and growth of particles is limited, which results in very uniform particles [71]. Due to their narrow size distribution, MNP from the microemulsion synthesis show magnetic properties promising for medical applications [72].



Hydrothermal synthesis performed in aqueous media at temperatures above 200 °C is realized in autoclaves at pressures above 2000 psi. This route exploits the ability of water to hydrolyze and dehydrate metal salts at high temperatures. Due to the low solubility of the obtained metal oxide particles in water at such temperatures [73,74], a precipitation takes place and by variation of concentration, temperature, and autoclaving time, particle size and morphology can be controlled [75,76]. Longer autoclaving time leads to increasing particle size, but also broader size distributions. Sizes typically are in the range from 10 to 50 nm and for short autoclaving times, monodisperse particles can be obtained [76].



The polyol synthesis bases on the oxidative alkaline hydrolysis of Fe2+ and Fe3+ salts in a polyol mixture (e.g., poly(ethylene glycol) (PEG)/diethylene glycol or N-methyldiethanolamine). Size and structure of the resulting MNP can be tuned by either reaction conditions or the employed solvents [77]. Despite the fact that the particles are not monodisperse in size, they show interesting magnetic behavior for application in hyperthermia due to their special morphology. So called “flower-shaped MNP” can be synthesized by this procedure under certain reaction conditions [77] which show excellent heating performance for hyperthermia [43]. Similar to co-precipitated clusters, these particles exhibit a multicore structure and consist of single cores of about 8 to 10 nm. These cores form clusters of about 30 nm and show very promising properties for hyperthermia as shown before [42].



Other preparation routes for magnetic nanoparticles, which are not demonstrated here in this article because the resulting particles are not of high interest for medical applications, are Glass Crystallization [78], Spray and Laser Pyrolysis [79], Sonolysis [48,79], Microwave Irradiation Synthesis [79], and Sol-gel Reactions [80].




2.3. Recent Developments in the Synthesis of Magnetic Nanoparticles


Over the past 10 years, the major aim of magnetic nanoparticle preparation was to develop strategies for a versatile and robust protocol for the synthesis of tailor-made samples. Due to the high diversity of the required magnetic properties of the particles for the different applications outlined above and below, several structural parameters (e.g., size and size distribution) have to be tuned. For example, medical applications benefit in three ways from magnetic particles. First, magnetic particles can be manipulated mechanically by an external magnetic field (gradient), resulting in a rotation or attraction of the MNP which can find application in magnetic drug targeting [81,82]. Second, due to their magnetic moment, MNP are a source of a magnetic stray field, which can be detected by appropriate sensors and might find application in medical imaging [83]. Finally, if MNP are exposed to an alternating magnetic field, the particles are heated up due to reversal magnetization losses and the generated heat can be used for therapeutical applications, e.g., hyperthermia as an example for minimal invasive cancer therapy [28,84].



To obtain MNP which show promising magnetic behavior for mechanical manipulation, MNP with a high magnetic moment are needed and quite often this is translated into a large particle volume. Several groups obtained different strategies for the preparation of so called large single domain particles (LSDP) [85,86,87,88,89,90]. Despite the fact that the steric stabilization of such large particles is challenging (due to the strong tendency to form agglomerates) sedimentation stable dispersions of large single domain particles exist [86,91]. A possible solution for the challenging stabilization of LSDP is the use of Co-ferrites. They show magnetic properties similar to that of LSDP but much smaller diameters of about 10 to 15 nm [92], which enable sufficient steric stabilization.



The ideal MNP for application in medical imaging need a magnetic behavior, which is described by a high initial susceptibility. The preparation of such particles is challenging since the size of the particles has to be exactly adjusted and the particles need a very narrow size distribution. Usually the thermal decomposition method is the most promising way for the preparation of such particles. Krishnan et al. prepared particles of 25 nm size which exhibited a very narrow size distribution, and so far showed the best performance for magnetic particle imaging [93]. Similar preparation routes to obtain MNP of well-defined size and narrow size distribution are described by other groups in the literature.



For magnetic heating applications (medical or technical) the MNP have to be optimized in a way that reversal magnetization losses are as high as possible for given magnetic field parameters. To reach this aim several strategies exist. For the application of relatively low magnetic fields (<10 kA/m), small MNP with a size of about 10 nm and resulting superparamagnetic behavior are the most promising candidates, which mostly consist of iron oxide. If higher magnetic fields (10 to 30 kA/m) are acceptable, larger ferrimagnetic particles show much better heating performance than superparamagnetic examples. This is due to different mechanisms of internal reversal of magnetization in ferrimagnetic and superparamagnetic samples by means of hysteresis or Neel relaxation, respectively. Such magnetic behavior can be obtained from single-domain iron oxide particles with larger diameter as described above as LSDP for drug targeting or by Co-ferrites which combine a small particle diameter with a defined hysteretic behavior [22]. Also for heating applications, the particle size distribution plays a crucial role in obtaining the ideal heating performance. Usually a narrow size distribution is preferred but for some combinations of particle size, magnetic field frequency, and strength a higher heating performance also for MNP featuring a broader size distribution has been reported [45,94].



Over the past years two different particle types were developed which show a magnetic behavior that cannot be achieved by the classical single-core particles. One example is again the so called superferrimagnetic multicore-particles. This particle type consist of primary cores in the range of 10 nm with superparamagnetic behavior which form clusters of about 50 nm or larger [39,41,43,95]. Due to the statistical orientation of the easy axis of the single cores within the clusters, the resulting magnetization without any external field is relatively low in comparison to single core particles of comparable size. Due to this fact these large particles show a relatively weak remnant magnetization and also only a very low agglomeration tendency. Therefore, such particles are relatively stable against sedimentation, which is a general requirement for medical applications. If these particles are exposed to an external magnetic field, the clusters show a coercivity higher than that observed for the size of the constituting primary particles but lower than reported for single-domain particles in the size regime of the clusters. Up to now there is no existing theory capable of completely describing the magnetic behavior of these particles, but experimental investigations revealed promising results in different application areas [38,41,43]. Exchange-coupled magnetic nanoparticles are the second novel particle type [96,97]. These particles benefit from the exchange coupling between a magnetically hard core (e.g., Co-ferrite) and a magnetically soft shell (e.g., Mn-ferrite). This interaction enables tuning of the magnetic properties of the nanoparticle and the maximization of the reversal magnetization losses, which renders these particles very interesting for heating applications [96,98,99]. Typically, at first the hard magnetic core is prepared and then the soft magnetic shell is deposited on the core surface. By changing the material combinations and ratio of core and shell size the resulting magnetic properties can be tuned.





3. The Shell: Polyzwitterions


In the field of polyelectrolytes, polyzwitterions have gained significant interest over recent years due to their tunability concerning charge density, net charge, and as anti-fouling coatings of different surfaces. Polyzwitterions are defined by IUPAC as polyelectrolytes that, unlike polyampholytes, carry both cationic and anionic groups in every repeating unit [100]. Nevertheless, in the literature the term polyzwitterion is sometimes mixed up with that of polyampholytes (Figure 1). In this review, we focus on polyzwitterionic materials as coatings on magnetic nanoparticles.



As mentioned above, polyzwitterions are of great interest as coating materials especially for biomedical applications, as they are reported to inhibit non-specific protein adsorption [102,103]. For example, betaines like poly(carboxybetaine acrylamide) (pCBAA) [104], poly(sulfobetaine methacrylate) (pSBMA) [105], or poly(carboxybetaine methacrylate) (pCBMA) [106] show ultralow biofouling, which was attributed to their strong hydration capacity caused by electrostatic interactions between the zwitterionic moieties and water [107]. Furthermore, the attachment of polyzwitterions onto MNPs is not accompanied by a huge increase in their hydrodynamic radii, which is of great interest as a specific size between 30 and 200 nm is targeted for MNPs to achieve longer circulation times [108], and ideal properties for passive accumulation within tumor tissue [109]. At the moment, poly(ethylene glycol) (PEG) is still the most commonly used polymeric coating if the minimization of unspecific protein adsorption is targeted [110,111], with the major drawback that these systems tend to undergo oxidative degradation. Additionally, these polyether compounds exhibit the so-called “stealth” effect preventing a response of the immune system [112]. In contrast to this, zwitterionic moieties are often found in biological systems as is the case for different phospholipids, which build up the main component of biomembranes [113], featuring zwitterionic, hydrophilic head groups (phosphatidyl-cholin, -Ethanolamin, -Serin) and enzymes which consist of polypeptides. Compared to other polyions, polyzwitterions exhibit long circulation times [114,115,116], whereas polycations usually show unspecific and fast binding to cell membranes and might cause cytotoxic side effects [117]. Nevertheless, binding to cell membranes is in general possible also possible for polyzwitterions without the challenge of overcoming repulsive forces from the (in general) negatively charged cell surface.



The given definition of polyzwitterions as polyelectrolytes, which carry both anionic and cationic functionalities in every repeating unit still allows several possibilities for the implementation of the respective functional groups in the polymer structure (Figure 2). Different synthetic routes to obtain polyzwitterions are discussed in the following chapter. A detailed discussion on the various possibilities and synthetic routes can be found in an excellent recent review [101].



It has been discussed that the implementation of zwitterionic moieties in the side chains (A–D) is often easier than directly within the polymer backbone (E–K). Along the same lines, the functionalization of cationic groups such as ammonium moieties is usually more straightforward if compared to the anionic counterparts, concluding that structure C is the most common polyzwitterion structure found in the literature today. The high amount of ionic groups per monomer unit results in rather high charge densities, whereas the net charge of polyzwitterions remains low over a wide pH range (depending on the nature of the ionic groups) due to the stoichiometric presence of oppositely charged groups. Besides the arrangement of the charged functionalities, their chemical design has a major influence on the properties of the resulting material. For cationic groups, most examples reported rely on amines or their quaternized ammonium analogues. Whilst the charge density of the primary amine depends on the pH value of the surrounding medium, upon quaternization these groups are permanently charged. For negative charges, the employed variety of functional groups is broader. Most common are carboxylates, sulfonates, and phosphates [118,119,120,121], less common examples are phosphonates [122,123,124], phosphinates [123], boronates [125] or sulfonamides [126]. Since sulfuric acids commonly show pKa values <1, the charge density of sulfonates does not depend on the pH (in the range of 1–14), whereas phosphates (pKa = around 2) and carboxylates (pKa between 1 and 5) show pH-dependent charge characteristics (degrees of neutralization). Different combinations of the above mentioned weak and strong functional groups lead to four possible categories of polyzwitterions with the combinations of cation/anion: weak/weak (e.g., primary amine/carboxylic acid), weak/strong (e.g., primary amine/sulfonic acid), strong/weak (e.g., quaternized amine/carboxylic acid), and strong/strong (e.g., quaternized amine/sulfonic acid).




4. Coating of Magnetic Nanoparticles


In general, coating procedures for magnetic iron oxide nanoparticles can be divided into adsorptive and covalent techniques. Covalent approaches can be further subdivided into grafting-to, grafting-from, and grafting-through approaches (Figure 3).



For covalent attachment of a polymeric shell, prior functionalization of the nanoparticle surface is necessary. The most prominent example is the synthesis of a thin SiO2 shell on the surface which can be prepared using the Stoeber process [127]. If functional silane precursors are used, the resulting SiO2 surface exhibits additional functional groups such as amines [128] or thiols [129], which can later on be used for grafting procedures of polyelectrolytes [128]. For grafting-to, the respective polyelectrolyte is functionalized with an appropriate endgroup capable of reacting with the modified nanoparticle surface, whereas in grafting-from approaches, the nanoparticle surface is functionalized with an initiator, followed by subsequent surface-initiated polymerization. Covalent grafting-to can be achieved with polyelectrolytes endcapped with triethoxysilanes, which can be bound to the modified nanoparticle surface (e.g., silica precoating). Grafting-from can be realized by functionalization of the nanoparticle surface with initiators for polymerization, e.g., N-(2-aminoethyl)-2-bromo-2-methylpropanamide, which has been used for the Atom Transfer Radical Polymerization (ATRP) of carboxybetaine methacrylate from iron oxide nanoparticles [130]. For grafting-through, polymerizable groups can be introduced—for example by condensation of γ-methacryloxy-propyl-trimethoxysilane (MPS) [131].



The most common way to attach polyelectrolytes to nanoparticle surfaces is chemisorption or physisorption by either complexation of iron ions at the surface, electrostatic interactions between polymer and nanoparticle or by exploiting hydrophobic interactions (van-der-Waals forces, Figure 4). Specific examples are the chemisorption of polymers featuring carboxylic acid moieties, as for example shown by von der Lühe et al., who immobilized polydehydroalanine on pristine MNPs [132] or Poimbo Garcia et al. who used MNPs which were stabilized by oleic acid and immobilized amphiphilic zwitterionic polymers by hydrophobic interactions at the hydrophobic surface of the nanoparticles [133]. Other strategies which have been reported are to conduct emulsion polymerizations or the synthesis of MNP in the presence of polyzwitterions as shown by Mincheva et al. who simply added polyelectrolytes during the respective MNPs synthesis [134].



There are two possible strategies for adsorptive surface modifications, either the adsorption of end-functionalized polyelectrolytes in analogy to the covalent grafting-to, or adsorption of the polyelectrolyte chain. The latter can be realized utilizing either the anionic groups of the polyelectrolyte itself, or special anchor groups which can be introduced by the formation of copolymers or block copolymers. Suitable anchor groups besides the functional groups present in the polyelectrolyte are for example catechol derivatives like dopamine [135], arsenic acid or phosphonates [136]. Among the groups which are used for immobilization one of the most prominent examples is the carboxyl group. Here, direct complexation of the iron oxide surface is possible in different ways (Figure 5). Usually, multiple carboxylic groups per polymer chain are used for the immobilization to deliberately avoid the detachment of the polymeric shell at low concentrations. The binding mode for each carboxylate can be bidentate chelate (A), bidentate bridging (B), or monodentate (C), and depends on the surrounding solution conditions (e.g., pH) as well as on the substituent (R) of the carboxylic acid [137].



Further prominent anchoring groups are catechols as this mimics the anchoring mechanism of marine mussels in nature, which use dopamin groups in their adhesive mussel foot proteins. A few examples use vinyl-catechols as one segment in block copolymers to facilitate anchoring at the surface of magnetic nanoparticles [138,139]. However, to our knowledge there are no examples so far for block copolymers consisting of a vinyl-catechol segment and a block of polyzwitterionic species. Instead there is an example where the catechol anchoring group appears only as an end group of polyzwitterions, as shown by Zhang et al. [135]. As catechols exhibit an extremely strong binding affinity to surfaces (especially to iron oxide) one catechol group per polymer allows in this case satisfying anchoring at the nanomaterial surface. Derivatives of catechol groups can also strongly influence the binding affinity to iron oxide surfaces. In general, catechol derivatives featuring electron withdrawing substituents lead to an enhanced binding affinity and thus to an enhanced stability of the resulting hybrid materials. Amstad et al. investigated different catechol-derived anchoring groups and were able to show that a stronger binding affinity does not necessarily result in an improved dispersion stability, but an optimal binding affinity of the anchors was identified (Figure 6). If the binding affinity is too strong, as in the example of applying mimosine as ligand system, the complexation can even lead to the removal of Fe3+-ions which gradually dissolves the nanoparticles [140].



Less frequently used anchoring groups for the immobilization of polymers at MNPs are phosphate anchoring groups. Miles et al. report in this context on the synthesis of MNPs which are modified by poly(ethylene glycol) (PEG) with different anchoring groups like monophosphonate and triphosphate and compared these to carboxylic acid moieties. The magnetite surface coverage was observed to be most satisfying in density and stability under physiological conditions with the triphosphate anchoring group. The observed grafting density is attributed to the three binding possibilities, resulting in an increased stabilization. Furthermore, phosphate groups show lower interactions with phosphate salts present under physiological conditions [141]. Similar observations concerning the anchoring stability of PEG-trisphosphate modified MNPs were made by Goff et al. [142]. Additional investigations of Maliakal et al. showed, that phosphonate groups form more stable bonds to metal oxide nanoparticles compared to carbonates [143].



The grafting method itself has a large impact on the properties of the resulting coating. Adsorption leads to the formation of thin monolayers, since further adsorption is inhibited due to the high surface concentration if compared to the surrounding solution, resulting in a rather high diffusion barrier [144,145]. Compared to that, polyelectrolytes which are bound to the NP surface with end-functionalities form thicker but typically less dense coatings. Nevertheless, typically the highest grafting densities can be achieved with grafting-from approaches [145].




5. Characterization Methods


Several established methods exist for the investigation of nanoparticles or the corresponding hybrid materials. Herein we want to focus on characterization methods which mainly target shell thickness and shell characteristics as well as the altered properties of the core-shell construct after successful coating (Figure 7 and Figure 8).



As already mentioned in Section 2, both the core size and the size distribution have tremendous influence on the characteristics of any nanomaterial and, hence, reliable methods to determine these parameters are crucial. In that regard, dynamic light scattering (DLS) can be a useful tool. DLS uses Brownian motion to provide information about the hydrodynamic radius (Rh), size distribution (polydispersity, PDI), and the colloidal stability of nanoparticles in solution [146]. Quite often, PDI values from 0.1 to 0.25 are used to confirm a narrow size distribution, whereas a PDI value higher than 0.5 is often referred to as a broad distribution [147]. The size distributions resulting from DLS are of high value concerning the aggregation behavior prior to and after surface modification as well as the apparent changes in nanoparticle size. However, this method merely provides an average value whereas transmission electron microscopy (TEM) provides supplementary information about size, shape, and shell thickness of individual nanoparticles or clusters thereof. Especially regarding the latter case, TEM investigations can be easily used to get an impression about the effect of the polymeric shell on the MNP aggregation behavior. However, the results have to be interpreted with care as aggregation of the nanoparticles and damaging of organic nanostructures can occur during drying processes. For this reason, TEM and DLS are often used in combination [148]. Additionally, cryo TEM has to be applied for samples which are sensitive to drying processes. Cryo TEM reveals structural information without drying the artifacts as the samples are measured in a vitrified aqueous surrounding. The aqueous sample is therefore vitrified by plunging into liquid ethane. This technique is of special interest when it comes to the visualization of clustering processes [149], samples which include liposome-like structures [150,151], or the visualization of biological interaction processes with the respective nanoparticles (Figure 7) [152].



The zeta potential of nanoparticles has tremendous influence on their suspension stability, eventual secondary aggregation, or any interaction with other materials. The zeta potential is measured by laser doppler velocimetry as the electrophoretic mobility of the respective colloidal suspension and represents the potential at the slipping plane of a particle in solution during movement [153]. In general, high values result in an improved stabilization, while a value close to zero typically leads to fast aggregation and eventual precipitation in aqueous media. Due to the adsorption of protein upon contact with biological media, the biological identity of nanoparticles can strongly differ from their synthetic identity concerning aggregation and surface charge [154]. Therefore, it is important to note that high zeta potential values are not necessarily an indication for dispersion stability in biological media. According to several reports, zwitterionic coatings seem to be beneficial with regard to dispersion stability over extended broad pH ranges and at different salt concentrations [4].



Powder X-ray investigations are most often used to obtain information about the crystal structure and phase of the magnetic core. This method provides information regarding the crystallinity of nanoparticles, as well as the average nanoparticle diameter. In addition, information on eventual crystalline organic shells can also be obtained but data analysis in these cases can be rather challenging [155]. The magnetic properties of magnetic nanoparticles are determined by vibrating sample magnetometry (VSM). The magnetic properties can be used to estimate the amount of diamagnetic material in the sample, for example the organic material representing the shell. Comparison of the weight of a sample with the corresponding magnetic properties allows calculation of the amount of diamagnetic organic material. Furthermore, this method validates whether the investigated nanoparticles are (still) superparamagnetic. Thermogravimetric analysis (TGA) can be used to determine the overall amount of organic material located at the surface of inorganic nanoparticles. Thereby, one clear benefit is that small samples amounts can be used to verify the presence of organic surface coatings. This tool is of utmost interest when it comes to a quantitative evaluation of coating processes and/or the determination of biological adsorption processes [156]. Isothermal titration calorimetry (ITC), usually a method used for the quantification of binding processes, is an attractive method to investigate interactions of MNPs with other molecules. This technique is often used for the quantification of interactions between small molecules and enzymes or DNA and has therefore the potential to quantify the adsorption of proteins or macromolecules onto the surface of nanoparticles. There are few examples in the literature of the investigation of magnetic nanoparticles using ITC but it can be used to determine the binding affinity Ka (binding strength), the binding enthalpy ΔH, as well as the binding stoichiometry n. This allows, for example, for quantification of the protein repellence of a given nanomaterial [157,158,159,160].




6. Synthesis of Polyzwitterionic Shell Materials


The first polyampholytes were described in the 1950s by Alfrey, Fuoss, Morawetz, and Pinner as copolymers of methacrylic acid and either 2/4-vinyl pyridine or N,N-diethylamino methacrylate [161,162]. The first synthetic polyzwitterion matching the previously mentioned IUPAC definition was described by Harry Ladenheim and Herbert Morawetz, who synthesized poly(4-vinyl pyridine betaine) by quaternization of poly(4-vinyl pyridine) with ethylbromoacetate and subsequent hydrolysis of the resulting ester in 1957 [163]. After these first approaches, a lot of progress was made in the synthesis of polyzwitterions by various techniques. Most noticeable in our opinion is the utilization of controlled polymerization techniques and the large variety of monomers which has been made accessible. Controlled polymerization techniques not only allow control over molar mass, dispersity, and polymer architecture but also provide access to block copolymers featuring polyzwitterionic or polyampholytic blocks [164,165,166,167]. For a detailed overview on synthetic access and properties of polyzwitterions we refer the reader to an excellent recent review article [101]. However, many approaches today using polyzwitterions as coating materials for MNPs still report on polymer-analogous reactions like for example the quaternization of poly(4-vinyl pyridine) to generate zwitterionic polymers [132,134,136,164,168,169]. Quite often the dispersity of the polymers used for surface functionalization is of secondary importance. This can be of advantage if polymerization is impeded by certain groups which have to be protected prior to polymerization or when polymers are of interest but naturally not of polyzwitterionic character. Commonly used techniques in that respect are different protection/deprotection strategies for different functional groups, quaternization of amines (often coupled with the introduction of anionic moieties, resulting in the formation of betaines), or esterification as an intermediate step. Some polyzwitterions can also be obtained by direct polymerization of the corresponding monomer without any subsequent modification being necessary [135,166]. In most cases, nanoparticle synthesis and surface functionalization are two separate steps which have the advantage that the properties and characteristics of the respective building blocks can be adjusted (and investigated) separately prior to the formation of core-shell hybrid materials. On the other hand, direct one-pot approaches can reduce the overall synthetic efforts and are attractive concerning scalability. In the following, polyzwitterions and, in one case, a polyampholyte which were used for coating of magnetic nanoparticles are discussed. They are listed and arranged according to the techniques used for immobilization on the MNP surface.



6.1. Covalent Surface Functionalization


In the first section, covalently grafted polyzwitterions are discussed. The examples are summarized in Table 1.



Urena-Benavides et al. formed iron oxide nanoclusters with silica shells, which were then functionalized with amino groups on the surface using 3-aminopropyl triethoxysilane (1). The amino groups were used to covalently graft a poly(2-acrylamido-3-methylpropanesulfonate-co-acrylic acid) copolymer to the nanoparticle surface. The resulting hybrid particles showed reduced adsorption to porous materials (Figure 9C) [128]. Zhang et al. prepared an ATRP initiator bearing an amine functionality at the chain end, which was used for surface immobilization of the initiator onto superparamagnetic nanospheres. The initiator was then used for the surface initiated polymerization of carboxybetaine methacrylate (CBMA 2). Furthermore, both pristine and PCBMA functionalized MNP were further functionalized with antibodies of the β subunit of human chorionic gonadotropin (anti-β-hCG). The particles showed reduced non-specific protein adsorption, and have high potential for biosensing applications (Figure 9A) [130]. An example of grafting-through surface functionalization was presented by Chen et al. (3). They published the synthesis of polyzwitterion coated magnetic nanoparticles via a grafting-through approach. At first, the magnetite nanoparticles were coated with a thin silica shell using the Stöber-process, followed by grafting with 3-(trimethoxysilyl)propyl methacrylate (γ-MPS), creating reactive double-bonds on the nanoparticle surface. The zwitterionic shell was then synthesized by copolymerization of methacrylic acid (MAA), N,N'-methylenebisacrylamide (MBA) as crosslinker, and 2-(methacryloyloxy)ethyl-dimethyl-(3-sulfopropyl) ammonium hydroxide (MSA) as zwitterionic co-monomer [131].




6.2. Electrostatic Adsorption


In the following section, polyzwitterions, which were adsorbed onto MNP will be discussed, and the shown examples are summarized in Table 2.



Although we mainly focus on polyzwitterionic coating materials, here we also included one example of a polyampholyte to show that the resulting hybrid materials can show similar properties to the examples discussed before. Xiao et al. coated in a first step iron oxide nanoparticles with poly(acrylic acid) (PAA) and modified them in a second step by esterification with 3-(diethylamino)propylamine, resulting in a polyampholytic shell material. The resulting nanoparticles exhibited low macrophage cell uptake and low cell toxicity (4) [170]. Billing et al. showed one of the few examples where controlled polymerization techniques were applied to generate polyzwitterions as coating materials for MNPs. Using reversible addition–fragmentation chain transfer (RAFT)-polymerization, gradient copolymers consisting of 2-vinyl pyridine and tert-butyl acrylate (poly(2-vinylpyridine-grad-tert-butylacrylate)) were prepared (5). Subsequently, the tert-butylgroups were hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to generate a zwitterionic unit (Figure 9D). As a result of the functionalization, an increased stability towards secondary aggregation was observed and cytotoxicity tests did not show a significant influence on cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine (6). This polymer exhibits a high charge to volume ratio as it consists of a polymeric backbone with directly attached amine and carboxylic acid functionalities. As these functional groups would impede direct polymerization, both functionalities had to be protected prior to polymerization. The protective groups were cleaved off afterwards to generate a polyzwitterion and the carboxyl groups were used for immobilization at the surface of sub 10 nm MNPs [132] and multicore nanoparticles with 80 nm in diameter. The PDha@MC particles were further used for the adsorption and selective desorption of both polyanions and polycations [171]. Zhu et al. used O-carboxymethylchitosan as a naturally occurring polysaccharide and modified the material by functionalization with carboxylic acid groups, followed by immobilization at the surface of MNPs. The resulting nanoparticles were well dispersed in aqueous media and showed good cytocompatibility (7) [168]. Besides carboxylic acids, other functionalities like catechols, phosphonates, or oligoglycols can be used for the immobilization of polyzwitterions on nanoparticle surfaces. Dopamine was used by Zhang et al. who synthesized a double-dopamine functionalized ATRP initiator, where all catecholic moieties were protected with tert-butyldimethylsilyl ethers (TBDMS, Figure 9B) (8). The initiator was then used for the polymerization of carboxybetainemethacrylate (CBMA). After deprotection of the catecholic hydroxyl groups, the polyzwitterion was used to coat iron oxide MNPs. The resulting hybrids showed increased dispersion stability in solutions of varying ionic strength and blood serum compared to pristine and citrate stabilized MNPs. Furthermore, macrophage uptake was drastically decreased [135]. Yuan et al. synthesized poly[2-(methacryloyloxy)ethyl phosphorylcholine]-block-(glycerol monomethacrylate) (PMPC-b-PGMA) block copolymers by ATRP (9). The double-hydrophilic block copolymer was added to a co-precipitation of FeCl2 and FeCl3.The bis-hydroxides of the PGMA block ensured efficient immobilization of the polymer on the surface of the resulting nanoparticles, and the zwitterionic block increased long term-stability [166].




6.3. Other Methods


In this last section, less frequently employed functionalization methods, like pre-functionalization approaches with polyelectrolytes, utilizing hydrophilic/hydrophobic interactions, or the addition of polyzwitterions during MNP preparation are discussed. The discussed examples are summarized in Table 3.



The use of non-covalent interactions (electrostatic or hydrophobic-hydrophilic interactions) to immobilize polyelectrolytes at the surface of MNPs leads to systems which allow the detachment of the respective polymeric shell under specific conditions, which can be either a benefit or a drawback. In order to generate a high surface charge at the surface of MNPs, Yeh et al. used poly(acrylic acid) as a first layer. By applying poly(4-vinylpyridinium N-ethylsulfonate), attractive electrostatic interactions led to the formation of a second layer (10). It is noteworthy that the direct attachment of the polyzwitterion is also possible without the underlying PAA layer but the resulting surface coating was by far less stable afterwards [172]. V. G. Demillo et al. took advantage of hydrophilic hydrophobic interactions. They produced multifunctional magnetofluorescent NPs by encapsulating quantum dots and MNPs within a polymeric shell. Poly(maleic anhydride-alt-1-octadecene) (PMAO) was used as precursor and modified by opening the anhydrous rings in the polymer in a first step with 3-(dimethyl-amino)-1-propylamine (11). In a second step the generated tertiary amines were reacted with β-propiolactone and 1,3-propanesultone resulting in betaine structures. As the polymer backbone has an amphiphilic character these polymers were immobilized at the nanoparticles by using hydrophilic hydrophobic interactions between the polyampholytes and the hydrophobic nanoparticles [169]. A similar approach was performed by Wang et al. who prepared microspheres of chitosan and poly(aspartic acid) with encapsulated magnetic nanoparticles and CdTe quantum dots (12). The 110–320 nm large microspheres are of interest in the context of biolabeling and imaging [173]. Pombo-Garcia et al. utilized hydrophobic interactions for the functionalization of ultra small superparamagnetic iron oxide nanoparticles with poly(maleic anhydride-alt-1-decene), which was previously substituted with 3-(dimethylamino)propylamine to give a zwitterionic polymer (PMAL) (13). The surface coating was realized by intercalation of decene with previously attached oleic acid [133]. The resulting hybrids were characterized concerning protein adsorption and biocompatibility. R. Mincheva et al. showed the in-situ formation of polyzwitterion-coated magnetic nanoparticles by adding the polymeric shell material during the synthesis of MNPs. The two biocompatible polyelectrolytes (N-carboxyethylchitosan (CECh) (14) and poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) (15) are capable of stabilizing MNPs in aqueous solution. CECh was synthesized by a polymer-analogous reaction with acrylic acid, while PAMPS was synthesized directly by free radical polymerization of 2-acrylamido-2-methylpropanesulfonic acid. Here, both suspension stability and particle size as well as the resulting magnetic properties were investigated and the obtained nanocomposites were further used for electrospinning [134].





7. A Short Note on Application Fields


Different applications of specific core-shell combinations have been already showcased throughout the last chapters. Nevertheless, by far the highest application potential for polyzwitterion-coated magnetic nanoparticles in our opinion is within the field of biomedical applications. As demonstrated in Section 2, magnetic cores are of high interest for applications like MRI imaging, drug delivery, and hyperthermia [170]. This potential might even be increased with polyzwitterionic coatings, since the circulation times can be prolonged and secondary (unspecific) aggregation is prevented.



Further, these materials (especially the multicore iron oxide NPs) are promising with regard to bioseparation approaches as the magnetic nanoparticles enable a facile and fast way of binding and separating biomolecules (e.g., glycopeptides) from complex biological systems by external magnetic fields. As this allows an enrichment of the respective molecules, rather high detection sensitivities can be achieved. Further analysis of any separated molecules or macromolecules can afterwards be realized by techniques such as mass spectrometry or various spectroscopy methods [131,172,174].



Besides biomedical applications, the polyzwitterionic magnetic hybrid materials are also constantly discussed with regard to technical applications such as extraction processes (e.g., wastewater treatment or organic pollutant extraction) [136], as the zwitterionic surface enables adsorption of cationic metal ions, which could possibly be released by changes in pH. The benefit of the magnetic cores in this case is again the possibility of mechanical manipulation, in particular the separation from dispersions by an external magnetic field. This property also renders these materials interesting for catalytic processes, as such heterogeneous catalysts can be easily separated, purified if necessary, and reused in further cycles [175]. Finally, magnetic imaging is also of interest in other fields like subsurface imaging. Here, the low tendency for interaction with surrounding materials of different polarity enables the use of polyzwitterionic surface coatings on MNPs in imaging for oil recovery as shown by Ureña-Benavides et al. [128].




8. Conclusions and Outlook


The synthesis and exploitation of magnetic hybrid materials–in our case consisting of a magnetic core and an organic shell—has already arrived in a broad variety of research areas. However, still only a certain number of research groups have reported on the use of polyzwitterions as coating materials, which we mainly attribute to the fact that the synthesis of polyzwitterions can be challenging and that PEG still is the most prominent biocompatible shell material in many applications. Nevertheless, magnetic hybrid materials which are functionalized by polyzwitterions show several benefits compared to the gold standard PEG, like close similarities to biological tissue, multiple ways of immobilization, and, in some cases, pH responsive behavior rendering those examples interesting candidates for drug delivery systems in the near future. The adjustment of charge at the particle surface allows a potential change in solubility of the particles as well as a change in adsorptive behavior towards any suitable guest molecules (or cargo).



Further advance in the context of biomedical applications clearly requires progress concerning the understanding of interactions with proteins and biological macromolecules. Along the same line, a closer look at the influence of the actual combination of strong and weak polyelectrolyte building blocks on the resulting interactions with biological tissues has to be taken as well. The qualitative as well as the quantitative binding of different proteins to the surface of the respective materials might give further information on processes which are important in understanding the governing factors in protein corona formation. Furthermore, basic investigations on the suspension stability depending on ionic strength, and the response to the presence of different counter ions or biological fluids are further important aspects. The examples outlined above also suggest that combinations of PEG and polyzwitterions within polymeric shells are definitely an aspect of interest.
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Figure 1. Polyampholyte (left) bearing both negative and positive charges statistically distributed along the polymer backbone, and (right) polyzwitterion, bearing both charges in every repeating unit. Reprinted from [101]. 
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Figure 2. (a) Different arrangements of the functional groups in polyzwitterionic chains, reprinted from [101], and (b) commonly employed zwitterionic repeating units in polymeric materials. 
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Figure 3. Schematic representation of different grafting methods of polymers to nanoparticle surfaces. 
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Figure 4. Schematic representation of applied immobilization techniques for polyzwitterions at the surface of magnetic nanoparticles (MNPs). 
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Figure 5. Carboxylate binding models: (A) bidentate chelate; (B) bidentate bridging; and (C) monodentate coordination. Reprinted from [137] with permission from ACS Publications. 
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Figure 6. Catechol derivatives with increasing binding affinity to MNPs. (A) Catechol; (B) Nitrocatechol; (C) Mimosine. Reprinted from [140] with permission of ACS Publications. 
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Figure 7. Cryo-TEM (transmission electron microscopy) micrographs of (A) lipid bilayer splitting around incorporated MNPs (scale bar = 50 nm). Reprinted from [151] with permission of ACS Publications. (B) Protein corona of bovine serum albumin formed at the surface of MNPs (unpublished own data). 
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Figure 8. Schematic representation of different analysis techniques for magnetic nanoparticles and the corresponding surface modifications. 
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Figure 9. (A) Grafting-from approach for the polymerization of CBMA (carboxybetaine methacrylate). Reprinted from [130] with permission of ACS Publications; (B) Preparation of pCBMA-DOPA-2-MNPs and their magnetization in the presence of a permanent magnet. Reprinted from [135] with permission of Elsevier; (C) Scheme of the synthesis of poly(AMPS-co-AA) MNPs. Reprinted from [128] with permissions of ACS Publications; (D) Scheme of grafting-to of P(2VP-grad-AA) onto MNP and subsequent sultonation of P(2VP-grad-AA)@MNP, reprinted from [164] with permission of John Wiley and Sons. 
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Table 1. Structures, binding method, potential application (if provided) and type of polyelectrolyte combination for polyzwitterions which were used for covalent surface functionalization of magnetic nanoparticles (MNP).
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	Nr.
	Polyzwitterionic Unit Structure/Name
	Binding Method
	Application
	Type of Polyelectrolyte +/−





	1
	 [image: Polymers 10 00091 i001]

P(AMPS-co-AA) [128]
	covalent attachment via grafting-to to amino-silylated particles
	
	weak/strong



	2
	 [image: Polymers 10 00091 i002]

PCBMA [130]
	grafting-from
	Sensing
	Strong/weak



	3
	 [image: Polymers 10 00091 i003]

PMSA [131]
	grafting-through using γ-MPS (silylation)
	Isolation of glycoptides from biological samples (bioseparation)
	strong/strong
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Table 2. Structures, binding method, potential application (if provided) and type of polyelectrolyte combination for polyzwitterions which were used for adsorptive surface functionalization of MNP.
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	Nr.
	Polyzwitterionic Unit Structure/Name
	Binding Method
	Application
	Type of Polyelectrolyte +/−





	4
	 [image: Polymers 10 00091 i004]

P(AA-stat-PDEAPA) [170]
	carboxyl group anchoring, grafting-to
	
	weak/weak



	5
	 [image: Polymers 10 00091 i005]

P(2VP-grad-AA) [164]
	carboxyl group anchoring, grafting-to
	antifouling
	weak/weak



	6
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PDha[132]
	carboxyl group anchoring, grafting-to
	antifouling
	weak/weak



	7
	 [image: Polymers 10 00091 i007]

NSOCMS [168]
	carboxyl group anchoring, grafting-to
	
	weak/weak



	8
	 [image: Polymers 10 00091 i008]

PCBMA[135]
	Catechol anchoring, grafting-to
	
	strong/weak



	9
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PMPC-b-PGMA [166]
	adsorption via bishydroxides of the PGMA block, grafting-to
	
	strong/weak
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Table 3. Structures, binding method, potential application (if provided), and type of polyelectrolyte combination for polyzwitterions which were used for surface functionalization of MNP via the formation of polyelectrolyte complexes, hydrophilic/hydrophobic interactions, or by addition as surfactant during co precipitation.
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	Nr.
	Polyzwitterionic Unit Structure/Name
	Binding Method
	Application
	Type of Polyelectrolyte +/−





	10
	 [image: Polymers 10 00091 i010]

P4VP-SB [172]
	electrostatic interactions PAA@MNP
	isolation of glycopeptides from biological samples (bio-separation)
	strong/strong



	11
	 [image: Polymers 10 00091 i011]

PMAO-CB-SB [169]
	hydrophilic hydrophobic interactions
	cancer diagnosis
	strong/weak



	12
	 [image: Polymers 10 00091 i012]

PAsp [173]
	polyelectrolyte complexes between chitosan (CS) and poly(aspartic acid) (PAsp) with encapsulated MNP
	
	weak/weak



	13
	 [image: Polymers 10 00091 i013]

PMAL [133]
	hydrophilic hydrophobic interactions
	anti-fouling
	weak/weak



	14
	 [image: Polymers 10 00091 i014]

CeCh [134]
	adsorption via carboxylates
	electro spinning
	weak/weak



	15
	 [image: Polymers 10 00091 i015]

PAMPS [134]
	sulfonate anchoring
	electro spinning
	weak/strong
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