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Abstract

:

In the search for new biotechnological advances, increasing attention is currently being paid to the development of magnetic nanoplatforms loaded with enzymes, since, on the one hand, they can be recovered and reused, and on the other hand, they improve their catalytic activity and increase their stability, avoiding processes such as aggregation or autolysis. In this review, we evaluate a series of key parameters governing the enzyme–nanoparticle immobilization phenomena from a thermodynamic and kinetic point of view. We also focus on the use of magnetite nanoparticles (MNPs) as multifunctional vectors able to anchor enzymes, summarize the most relevant aspects of functionalization and immobilization and, finally, describe some recent and relevant applications of the enzyme–MNP hybrids as biocatalysts with especial emphasis on cancer therapy.
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1. Introduction


Enzymes are biomolecules of paramount importance for the correct functioning of any biological system. They act as catalysts for multiple reactions involved in cell metabolism [1]. These enzymes exhibit remarkable advantages, such as high catalytic activity and high substrate specificity. Recent advances in biotechnological processes have promoted the use of enzymes for the development of a wide plethora of environmental, industrial and biomedical applications [2,3,4,5]. In the biomedical field, there exists an urgent need to immobilize the enzymes in order to maximize their efficient delivery into the tumor microenvironment (TME) [6,7]. Their selective catalytic response can be useful as an alternative to non-specific conventional treatments such as chemotherapy or radiotherapy. It may also represent an appealing complement to emerging therapies such as photothermal, photodynamic, immunotherapy, chemodynamic or starvation therapy [8,9,10,11,12].



The immobilization of enzymes to both hydrophilic and hydrophobic surfaces responds to their amphipathic nature [3,5,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]. This behavior has been profusely used in applications such as chromatographic separation [30], the development of new encapsulation and transport systems [31,32], sensors [33] or new biocompatible materials or hybrid robots [19,20,34,35,36,37,38]. However, undesired adsorption of enzymes and other biomolecules to solid surfaces often leads to a decrease in their conformational stability [39,40,41] or structural and functional changes potentially causing negative effects [42]. Examples of these processes include adsorption of enzymes on solid glass and plastic surfaces or contact lenses [43], inducing a certain loss of activity. Enzyme aggregation processes may also lead to the development of thrombi in artificial implants and potential immunogenicity [41,44,45,46].



Functionalized magnetic nanoparticles (MNPs) hold a great potential as potential nanoplatforms that can help to immobilize enzymes, prevent their inactivation and, most importantly, maximize their reuse and recovery [28,47,48,49]. The use of different molecules for their functionalization depends on both the enzyme to be immobilized and the desired therapeutic use [48,50]. This represents an important economic advantage in the biotechnology industry. A field with potential development, and which adds advantages over the use of magnetic nanoparticles versus non-magnetic nanoparticles, is the possibility of controlling the catalytic performance of the enzyme by increasing the local temperature upon application of an external electromagnetic stimuli [19,51,52,53]. In addition, their magnetic properties make them very versatile in the biomedical field since they can be used in hyperthermia and in diagnostics for magnetic resonance imaging (MRI). Furthermore, iron-based NPs may additionally perform chemodynamic therapy (CDT) which exploits the decomposition of overproduced H2O2 through a Fenton-like reaction catalyzed by the Fe atom of the magnetite nanoparticle to selectively induce apoptosis in cancer cells due to hydroxyl radical (•OH) generation [16,54,55,56]. The ROS generated through CDT can induce oxidative stress in cancer cells, leading to DNA damage, lipid peroxidation (i.e., ferroptosis) and other cellular damage to induce cell death. This redox ability also favors the synergistic combination with other relevant therapies such as photodynamic therapy, electrodynamic therapy, bioorthogonal catalysis or starvation therapy [16,17,18].



This review aims at highlighting the parameters governing the immobilization of enzymes onto nanoparticles, paying attention to the thermodynamics and the kinetics. It also describes the most extended functionalization strategies of magnetic nanoplatforms and, finally, we establish the main enzyme immobilization approaches while surveying the most relevant catalytic application of enzyme–MNPs reported in the recent literature for biotechnological and biocatalytic application with especial emphasis on cancer therapy.




2. Iron Oxide Magnetic Nanoplatforms


2.1. Stability and Coating Strategies


Due to this great property of nanoparticles, many applications have been generated, both at an industrial level for bioremediation [57] and catalysis [58], or at a biomedical level for magnetic resonance imaging (MRI) [59], hyperthermia [60] or drug delivery systems [9,10,11,12,16,61]. The poor stability of magnetite nanoparticles at a near physiological pH has, in recent decades, boosted their stabilization by coating their surface to increase their colloidal stability. To understand this limited colloidal stability of magnetite particles in an aqueous solution under physiological conditions, it is first necessary to explain the acid-base behavior of this iron oxide. There is now a consensus that, in the case of magnetite, this behavior is consistent with the existence of two proton dissociation equilibria to which two values of pKa can be ascribed, 4.4 and 9.0 [62].
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If we simulate the surface charge variation as a function of the pH, assuming the previously mentioned pKa values, we find that at pH 6.7, the net charge on the nanoparticle surface is zero (PZC, point of zero charge), being positive at a pH below the PZC and negative when above the PZC (Figure 1).



Therefore, both at a low and high pH, the surface of the magnetite particles will be strongly positively or negatively charged. Under these conditions, a strong electrostatic repulsion will be established between them, increasing their colloidal stability, as this repulsion opposes their hydrophobic collapse, aggregation and consequent precipitation.



In contrast, as the pH of the solution approaches the PZC, the surface charge of the particles will decrease and, therefore, the electrostatic repulsion will weaken. This approach of the pH of the solution to the PZC of the nanoparticles will reduce their colloidal stability, making agglomeration and subsequent flocculation more likely. The stability of magnetite nanoparticles in the solution depends on the balance between attractive and repulsive forces as described by the DLVO theory developed by Derjaguin and Landau in 1941 and by Verwey and Overbeek in 1948, where the repulsive forces depend on the potential and thickness of the electrical double layer, the particle radius and the dielectric constant of the medium, while the attractive forces depend on van der Waals forces [63,64]. To achieve the stabilization of nanoparticles, we can use different methodologies based on the two types of repulsive forces (electrostatic or steric) whose effective repulsive force has to overcome the ever-present van der Waals forces of attraction [65]. For this purpose, different stabilizing molecules can be used to coat these nanoparticles [66] since, in addition to presenting magnetic capacity, their surface will show different functional groups depending on the type of treatment/coating that has been used (Figure 2).



The use of carboxylic acids, such as citric acid with pKa values of 3.13, 4.76 and 6.4, offers a high affinity as a chelating agent for Fe2+ and, especially, Fe3+ ions [67]. Because of this, at least one carboxylic group can be exposed to the solvent and, consequently, will impart a negative charge to the particle. This type of coating has been used to stabilize magnetite nanoparticles for further application in MRI [68] or bioimaging [69]. Oleic acid is an unsaturated fatty acid whose carboxylic acid has a pKa of 5.02 [67]. Although oleic acid is only soluble in non-polar solvents, when bound to magnetite nanoparticles, they can form a double layer if the pH is adjusted properly in polar solvents [68]. While nanoparticles can also be stabilized by forming a single oleic acid layer, these are only soluble in non-polar solvents and, therefore, may not show any use in biological applications [67]. Like citrate, the interaction of oleic acid with the surface is very strong, the interaction taking place via a carboxylate group. Following these protocols, nanoparticles stabilized by this double layer have been synthesized for applications such as hyperthermia or MRI, where they determine that due to the coating, there is a loss in magnetization, but without losing the superparamagnetic capacity [69,70].



The coating of nanoparticles with silica shells has significant advantages due to the stability of its covalent network. It provides a negative charge to the particle over a wide pH range. The pH at which the surface has a net zero charge is around 2–3 [71]. In turn, due to the deprotonation of the silanol groups, the negative charge density on the surface increases with the pH. Silica depolymerization occurs at a high pH (pH > 11), leading to dissolution of the coating [72]. Because of this, it is possible to prevent aggregation of the bare nanoparticle at the physiological pH. Another advantage is due to the silanol groups on its surface, which make it very reactive and easily derivatizable, being able to covalently bind different molecules [73,74]. It also makes the particle more compatible for biomedical applications [75,76,77].



Alternatively, a wide variety of neutral polymers or polyelectrolytes have been tested to stabilize magnetite nanoparticles, by in situ addition either during particle formation or by post-processing [78]. Dextran [79], chitosan [80], alginate [81], polyvinyl alcohol (PVA) [82], PEG [83] or PEI [84] appear among the most commonly used biocompatible polymers. Charged polymers have undoubtedly been the most widely used in the stabilization of magnetite particles because the resulting coating, in addition to significantly increasing their colloidal stability, allows for the adsorption of oppositely charged ligands. Polyelectrolytes are polymers containing ionizable groups which, in polar solvents, can dissociate into charged polymeric chains (macroions) and small counterions [85]. In the solution, these counterions are condensed on the polymer chain, according to the counterion condensation theory proposed by Manning in 1969 [86]. The charge density of the polyelectrolyte will depend on several factors: those intrinsic to the polyelectrolyte, such as the structure or type of ionizable group present, and those extrinsic to it, such as the nature and concentration of the counterion, ionic strength, pH or temperature [87,88]. An important aspect in polyelectrolyte conformation is the ionic strength since, in the absence of or low ionic strength, the polyelectrolyte adopts a “stretched” conformation since the charged groups repel each other, while at a high ionic strength, the polyelectrolyte adopts a “folded” conformation due to charge shielding, as stated by Kokufuta et al. [89] in their 1986 research.




2.2. Coated versus Non-Coated Magnetic Nanoparticles and Their Comparative Performance in Biocatalytic Applications


The literature available for the immobilization of enzymes on bare magnetite nanoparticles is scarce and somehow contradictory. Some authors claim that there is no efficient interaction between the support and the enzyme, in addition to the surface being susceptible to oxidation or acidic environments [5,90,91]. Still, some authors claim the use of bare nanoparticles to immobilize enzymes, as in the case of Roth H. C. et al. [92], where they immobilized, through an adsorption process, cellulase both on bare particles and on particles coated with silica. They argued that the mechanism in the adsorption process is different because the desorption enthalpy varies in both systems, 5 mW·mg−1 for the bare ones and 100 mW·mg−1 for the silica-coated ones. Although the amount of enzyme that is adsorbed is very similar, 0.37 and 0.43 g·g−1 for the bare and coated, respectively, the enzyme activity is half for the one that has been adsorbed on the bare nanoparticle (26 vs. 13 U·g−1). Considering that the adsorbed amount differs by 14%, compared to 50% in activity, the enzyme is most probably denatured.



From a thermodynamic perspective, the adsorption process of enzymes onto charged solid/rigid surfaces should decrease the free energy of the system as the number of opposite charge contacts increases, since the process is entropically driven [48]. It is, therefore, foreseeable that the process will modify the conformational equilibrium of the enzyme toward more disordered states than the native ones (partially folded states), thereby establishing a greater number of attractive electrostatic contacts. In terms of morphology, the curvature and available surface area of the particles play a fundamental role in these conformational changes; as the surface area of the solid increases, there is a greater conformational change in the secondary structure, and the change in the tertiary structure does not increase [41,93]. On the other hand, the more curved the surface of the nanoparticle (which translates into a smaller size, assuming a spherical geometry), the greater the ability of the enzyme to adapt to this surface without paying an excessive price in terms of its conformational stability. As the particle size increases, its curvature decreases (becoming null for flat surfaces), and, therefore, the adsorption of the enzyme will favor more extended conformational states of the enzyme, decreasing its conformational stability.



In an attempt to mitigate adverse effects, polymers are often used to stabilize rigid nanoparticles, giving greater flexibility to the groups that remain in contact with the solution. Since the contact of the enzyme with the surface is now through these polymers, it is well known that they can stabilize the enzyme, either by non-ionic polymers or ionic polymers (as is the case of polyelectrolytes) [94,95]. In the case of PEI, it is known to be a good membrane-destabilizing agent in both eukaryotic and prokaryotic cells, favoring cell permeabilization [94,96]. In addition, it prevents the dissociation of multimeric enzymes, increasing their stability [84]. Many have used this coating to promote the adsorption of different enzymes, such as GOx, an enzyme that catalyzes the oxidation of glucose to gluconolactone, where they see that binding with PEI increases the thermal stability of the enzyme, going from 50 °C for the free enzyme up to 70 °C [95]. Other authors found that the enzyme lactate dehydrogenase with 10 mg·mL−1 PEI (w/v) protects the sulfhydryl groups against oxidation, preventing their aggregation when the enzyme is stored for 1 month at 36 °C [97]. In contrast, in the case of non-ionic polymers, it has been shown that using PEG increases the storage stability at 4 and 30 °C [98].



Singh V. et al. [99] immobilized xylanase on bare and silica-coated magnetite nanoparticles. In their work, they highlighted the importance of coating the surface with inert silica, since the coated nanoparticles are less prone to degradation and oxidation, so the immobilized enzyme showed a higher catalytic activity over a wide range of temperatures and pH, with respect to that immobilized on the bare nanoparticle. Nematian T. et al. [100] also performed a comparative study on lipase immobilization on graphene oxide-coated and uncoated nanoparticles. The loading capacity of the coated nanoparticle with respect to the uncoated one was almost threefold, 24 wt.% versus 70 wt.% of the coated one. Furthermore, from the kinetic parameters determined (Kcat/Km), they concluded that the catalytic capacity of the enzyme increased when it was immobilized on the coated surface.





3. Enzyme Immobilization Process: A Thermodynamic and Kinetic Viewpoint


3.1. Enzyme Immobilization Strategies


The immobilization of enzymes on different supports arises from the need to reuse enzymes due to their high costs. This process has improved the catalytic capacity of the enzyme with respect to the free one, increasing its thermal stability after immobilization, as well as the pH range where it can be used [5,101]. The immobilization of the enzyme can be performed through an extensive number of methods, the most commonly used being adsorption, covalent bonding, encapsulation and cross-linking [13,14,15,27,28,29,102]. In the cross-linking method, enzymes are interconnected by means of a cross-linker, usually glutaraldehyde. This method originates enzyme aggregates or CLEAS (cross-linking enzyme aggregates), where multiple bonds are produced between different protein molecules, which can either stabilize the enzyme or, to a certain degree, cause partial denaturation, with its consequent loss of activity. In the last decade, these CLEAS have been combined with magnetite particles (mCLEAS), allowing for the rapid recovery of the reaction medium [5,90]. As for the encapsulation method, the enzyme is immobilized on a porous support. It has the great advantage of minimizing the release of the enzyme. However, it has some limitations, in that not just any support can be used and that there may be mass transfer problems [90,103]. In this regard, the use of mesoporous silica nanoplatforms can be an excellent alternative [104].



Focusing on magnetic nanomaterials, most of the works reported in the literature immobilize the enzyme via adsorption, either through establishing electrostatic interactions or covalent bonding. Additional and detailed reviews can be found in [5,25,26,27,28,49]. Of the 52 articles summarized in this review that immobilize enzymes on magnetic nanoparticles, 27 authors opted for covalent immobilization, 24 selected adsorption (3 of them by metal affinity) and 1 by encapsulation (probably due to the above-mentioned limitations). Since most authors use adsorption or covalent bonding, we focus the discussion on these two methods. Both strategies have pros and cons, and the isoelectric point of the selected enzyme must be taken into account for a successful immobilization outcome. When the immobilization is carried out electrostatically, by adsorption, there is the possibility that the enzyme is desorbed from the surface and, therefore, the enzyme charge on the nanoparticles decreases. This can have a detrimental effect, especially at the industrial level. To prevent desorption, covalent binding is often used. Nevertheless, the reagents for this purpose, such as NHS (N-ydroxysuccinimide)/EDC (N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride), are very unstable in the solution, which may result in low enzyme binding [105], not to mention that this process can be more costly to perform, both procedurally and economically.



The adsorption process can be less invasive than the one used for covalent binding, since the enzyme will bind by those residues that present an opposite charge to the surface, maintaining certain flexibility, not forcing the enzyme to have to bind to the surface by certain amino acids as can be the case with covalent binding. Although in both cases, the enzyme may suffer conformational losses, covalent binding would be more detrimental, and may even force the enzyme to bind through the active site, thus deactivating its catalytic activity. This covalent binding to the enzyme usually takes place by the side chains of different amino acids, such as lysine, cysteine, aspartic or glutamic acids [106]. Other factors such as the pH or ionic strength actively influence the adsorption process. In the case of covalent bonding, both parameters do not affect the process. Perhaps, for applications where there is a strong change in the pH, differentiating between synthesis pH and working pH, we should opt for covalent immobilization, thus preventing the enzyme from desorbing. In the case of adsorption, the pH of use is more limited, and we can minimize the possible desorption of the enzyme on the surface, if prior adsorption is carried out at the ionic strength conditions at which we are going to use our system. For biomedical applications, adsorption immobilization may be of more interest in some cases. In the TME, for example, the pH is usually more acidic than the physiological pH [107], so we could adsorb an enzyme at the physiological pH, design a system that reversibly alters the conformational state of the enzyme, transport it to the “inactive” TME and when it reaches the site, given the pH change, desorption of the enzyme occurs and, therefore, the activation of the same, with the consequent recovery of its catalytic capacity.




3.2. Thermodynamic Considerations in the Enzyme Adsorption Process


Enzyme adsorption can be defined as the spontaneous adhesion of one or several layers of enzyme (or biomolecules) on a surface, being driven by the decrease in free energy derived from both the establishment of favorable interactions (both electrostatic and hydrophobic) and the entropic increase induced by the dehydration of both the nanoparticle surface and the biomolecule itself (which involves the release of water molecules). Each enzyme has a unique composition and structure due to the different display of amino acids (up to 20 different ones). In addition, they exhibit different characteristics depending on their polarity, causing those that are non-polar to be mostly buried inside the enzyme, while the polar and charged ones are preferentially found on the surface of the enzyme, contributing favorably to their adsorption on surfaces of opposite charge [108].



This adsorption process can be characterized by the adsorption isotherm, which represents the amount of adsorbate (ligand adsorbed) per unit mass (or area) of adsorbent (material from which the solid nanoparticle is made) as a function of the concentration of ligand in the solution in equilibrium with the nanoparticle–ligand complex. The first adsorption isotherm was proposed by Langmuir in 1918 [109]. Although it was developed to describe the adsorption of gases to solid surfaces, it is frequently used to explain the adsorption of other ligands, in particular proteins, in sufficiently dilute dispersions [110]. Although there are several types of isotherms, the type I isotherm or Langmuir isotherm (Equation (1)) is the most widely used.


   q =     m  enzyme      m  NP      =    K ·  [ E ]     1 + K  ·  [ E ]    ·  q  max    =     [ E ]         K   D  +  [ E ]    ·  q  max    



(1)




where q is the mass of enzyme adsorbed per unit mass (or area) of nanoparticle, qmax is the maximum amount of enzyme adsorbed per unit mass (or area) of nanoparticle (once saturation is reached), [E] is the concentration of enzyme in the solution and K is the equilibrium constant of the adsorption process (KD = 1/K, the dissociation constant).



Q increases monotonically and saturated with [E] (for a constant nanoparticle amount). As [E] increases, the increase in q becomes smaller, tending asymptotically to qmax, when the nanoparticle surface is completely coated with enzyme [108].



This adsorption model assumes that [111]:




	
Only a monolayer is formed, i.e., only one molecule is bound per binding site.



	
The surface is homogeneous, so all binding centers are identical.



	
The binding sites are independent, i.e., the adsorption of one molecule does not affect the adsorption of the next molecule.



	
There is no competition for binding sites.



	
Adsorption is reversible.








From the Langmuir isotherm, we can obtain information about the affinity with which adsorption occurs (equilibrium constant, K), and the maximum adsorption capacity of the surface, qmax.



For heterogeneous surfaces with different binding sites, the Freundlich isotherm model can be applied [111] (Equation (2)), which shows a purely empirical relationship between the amount of adsorbate bound to the surface and its concentration in the solution, provided that n > 1. It is also applied for systems that do not fit to the Langmuir isotherm [112], since saturation is not reached in this model.


   q = K  ·    [ E ]     1 n    ·  q  max    



(2)




where K and n are parameters that depend on the adsorbent surface and the characteristics of the adsorbate, [E] is the concentration of enzyme present in the solution in equilibrium with the surface and q, qmax represents the mass of enzyme adsorbed on the unit mass (or area) of the adsorbent (nanoparticle).



From the two previous isotherms, the Langmuir–Freundlich isotherm has been proposed (Equation (3)) [113] to unify both models.


   q =    K ·    [ E ]     1 n       1 + K  ·    [ E ]     1 n      ·  q  max    



(3)







In the isotherm plot, we can distinguish two regions; the initial part and the final region where surface saturation is reached. In the initial part, where the concentration of the enzyme in the solution is low, the percentage of surface area covered by the adsorbed enzyme molecules remains low. Thus, the adsorption energetics are described as the simple adsorption of enzyme molecules to the solid surface since the interactions between individual enzyme molecules on the surface are negligible.



There are numerous studies characterizing the adsorption of proteins or enzymes on magnetite nanoparticles. Most of them select the Langmuir model, since they obtain better results in the fit than the Freundlich model. Table 1 shows a summary of the characterization of the adsorption process by fits to the adsorption isotherm. The parameters that can be extracted from the fits, such as Kd or qmax, are used to compare the higher or lower selectivity of the synthesized support, as well as the affinity toward it. Ding C. et al. [114] synthesized Cu2+-EDTA-Fe3O4 nanoparticles to remove hemoglobin in blood samples. After performing the adsorption isotherm, they fitted both the Langmuir and Freundlich models, showing better results for the first one. These nanoparticles showed a high efficiency, qmax of 1277 mg·g−1, and excellent selectivity, since other proteins showed a much lower adsorption capacity, 311 for BSA and 192 for lysozyme. They concluded that the material exhibited great potential for removing His-rich proteins. Likewise, Wang J. et al. [115] also designed Fe3O4@ytterbium silicate microspheres with a hemoglobin selective capacity against other enzymes or proteins such as β-Lactoglobulin, Lysozyme, α-Lactalbumin, Bovine serum albumin and Fetuin. After making fits to the Langmuir isotherm, they obtained adsorption capacities, qmax of 304.4, ~75, ~60, ~50, ~45, ~32 mg·g−1, respectively. Kamran S. et al. [116] synthesized some magnetite nanoparticles coated with ionic liquids, [C4MIM], [C6MIM] y [C8MIM], on which they determined the adsorption capacity of lysozyme using the Langmuir isotherm model. The adsorption capacity of lysozyme increased with respect to the order of hydrophobicity of the ionic liquid, [C8MIM] > [C6MIM] > [C4MIM]. On the other hand, the affinity toward the surface, Kd, remained very similar for the three ionic liquids, but was much higher than the nanoparticles that had not been coated.



From a thermodynamic point of view, what promotes adsorption? Both enthalpy and entropy contributions play an important role in this process, depending on the type of surface and enzyme (Table 2). In the following, a description will be given of the energetics of enzyme adsorption processes to both hydrophilic solid surfaces (where electrostatic and hydrogen bonding interactions are established) and hydrophobic ones (where dehydration of hydrophobic surfaces of the interacting species will play a crucial role in the adsorption energetics). There are many processes of enzyme adsorption to solid surfaces where an increase in the adsorption constant, K, with temperature has been demonstrated, suggesting a positive value (unfavorable for the variation in the free energy of adsorption) of the binding enthalpy. On the other hand, in the saturation zone, where the adsorption maximum, qmax, is reached, calorimetric measurements showed that ΔH is equally endothermic, suggesting the need that the overall variation in entropy should be positive to ensure that the entropic component, −T·ΔS, is negative and, in absolute value, greater than the enthalpic component (ΔH > 0). In addition, the free energy of adsorption will depend on the pH of the solution since this defines the surface charge density of the enzyme and the nanoparticle, affecting the number of electrostatic interactions that can be established. In turn, the ionic strength of the medium will have a monotonically and unfavorable effect on the purely electrostatic processes. This will be attributed to the shielding of the electrostatic interactions that occur because of the transport of ions from the solution to the enzyme–surface interface and the establishment of the electrical double layer that arises because of charge redistribution.



As for the thermodynamic parameters that govern the adsorption process, such as ΔH, ΔS, ΔG and Kd, the literature that collects this characterization on magnetite nanoparticles is relatively scarce. Table 3 shows some works reporting these parameters. Of the four shown, two characterize it by calorimetry, ITC (isothermal titration calorimetry), and the other two by performing adsorption isotherm at different temperatures. As for ITC, it is a technique that has proved to be very useful to study the interaction of biomolecules with nanoparticles [123], although it may not be easy to characterize this process, since in most cases, more than one process can be used, as mentioned by Zhao T. et al. [124] in their characterization of the adsorption of lysozyme and BSA on coated magnetite nanoparticles. As for BSA, they were not able to characterize the adsorption well, with enthalpy values close to 0. For lysozyme, only one of the synthesized nanoparticles, PAA-Fe3O4, could determine the thermodynamic parameters, where the two processes mentioned above occur. In the first stage, the binding process takes place followed by a second step of aggregation and precipitation. The first process is dominated by the entropic contribution since it has a low enthalpy. The second is dominated by a large enthalpy change. Leitner N.S. et al. [125] also used this technique for the characterization of the adsorption of HSA and Human IgG on coated magnetite nanoparticles. They could establish a qualitative discussion of the thermodynamic data obtained because they used a very low concentration in the titration. The enthalpy changes were attributed to changes in the hydrogen bonding and van der Waals interactions, while the entropic changes were mainly associated with hydrophobic interactions and/or conformational changes. From the data collected in Table 3, the HSA binding process showed a highly exothermic enthalpy, so the binding must be guided by van der Waals interactions. The small and negative value of the entropic change is related to a more ordered system after the binding occurs.




3.3. Kinetic and Thermodynamic Parameters of Immobilized Enzymes


Once the enzyme is immobilized, thermodynamic and kinetic parameters can be characterized to determine the thermal stability of the enzyme. In the case of kinetic parameters, we can determine the Michaelis–Menten constants (Km) and the rate of the reaction catalyzed by the enzyme from the maximum velocity (Vmax). Vmax is a characteristic feature of an enzyme at a specific substrate concentration. Km is an inverse measure of the affinity for the substrate and predicts the relationship between the rate of product formation from the substrate concentration at the conditions under which the reaction is occurring. On the other hand, in terms of thermodynamic parameters, Ed, ΔH, ΔS and ΔG are related to the stability and functionability of the enzyme at the conditions under which the reaction is carried out. On the one hand, Ed, the deactivation energy, is the minimum amount of energy required to trigger the denaturation process of the enzyme, and thus inactivate it. The enthalpy, ΔH, is the amount of energy required to produce the denaturation of the enzyme. ΔG is the amount of usable energy that arises during the deactivation process, and also indicates the spontaneity of the thermal denaturation process caused by conformational changes and the breaking of various bonds. Entropy, ΔS, is the energy per degree required to produce the conformational change in the enzyme from the native state to the denatured state (related to the local disorder between the two states) [127,128].



In almost all the cases reported in this review, there is an increase in the thermal stability of the immobilized enzyme with respect to the free enzyme (Table 4). Such immobilization results in a reduction in the efficiency and affinity of the enzyme for the substrate after immobilization. Bindu V.U. et al. [129] immobilized α-amylase on chitosan-coated magnetite nanoparticles, on which they adsorbed directly or immobilized by covalent bonding using glutaraldehyde, glyoxal or epichorohydrin. With immobilization, stability is improved by 60–80% over the free enzyme; this is more noticeable when immobilization is covalent versus adsorption, probably due to the protection to conformational changes through such bonds on the surface. Comparing the ΔG in all cases, there is an increase in this value, so that the stability improves after immobilization. As for the kinetic parameters, they obtain that Km is higher, so the affinity on the substrate decreases, possibly due to structural changes in the enzyme. Because of this, Vmax is also lower for the immobilized enzyme than for the free enzyme.



Wong. W.K.L. et al. [130] covalently immobilized Candida rugosa lipase on silica-coated magnetite nanoparticles. These authors also observed an improvement in the stability of the immobilized enzyme with respect to the free enzyme (Ed free: 93.3, Ed immobilized: 112.9). This is corroborated due to the increase in Gibbs free energy, making the denaturation process less spontaneous. Although Vmax decreased for the immobilized enzyme, in this case, they found a 12-fold increase in the affinity of the enzyme for the substrate. They attributed this to surface activation with glutaraldehyde which increased the biocompatibility of the surface to form covalent bonds with the enzyme.





4. Enzyme–Magnetite Nanohybrids for Catalytic Biotechnology


The use of free enzymes in biomedical, industrial and analytical processes may pose several drawbacks: (i) short half-lives and an unstable structure that could denature and lose their native conformation, and in turn their activity, if they are not in optimal conditions; (ii) difficulties in terms of recovery and reuse for subsequent processes. For this reason, there has recently been a growing interest in the development of carriers and immobilization strategies. Thus, by applying an external magnetic field, we could recover the enzyme from the reaction, improve the stability, reuse the enzyme in continuous operational cycles and reduce the limitations in the diffusion of substrates and products, as well as increase the functional surface area and, thus, the loading capacity [6]. Herein, we include a selection of catalytic applications properly summarized in Table 5 but the interested readers can find other excellent reviews in the literature [5,25,26,27,28,49,138,139,140]. For instance, Mehrasbi et al. [141] covalently attached the lipase enzyme to magnetic nanoparticles (MNPs) for biodiesel synthesis. It was observed that the immobilized enzyme preserved 97% of its activity with respect to the free enzyme, maintaining 100% of the initial activity after 6 reaction cycles. A positive aspect of immobilizing enzymes that has been named before is the reusability and recovery of enzymes to avoid economic losses and, in this case, it was possible. In addition, in the industrial sector, Kharazmi et al. [142] covalently attached pectinase enzyme to PEG-functionalized magnetic nanoparticles, employing, subsequently, cyanuric chloride. In this process, they were able to improve enzyme activity and stability and easily recover the enzyme for further use. Other systems have been developed for biomedical applications using nanobiocatalysis. Kempe et al. [143] designed MNPs to treat thrombosis in coronary arteries. For this purpose, the MNPs were coated with silica (silanol groups) in the presence of triethylene glycol (TREG) and/or PEG. Subsequently, this coating was activated by NHS/EDC or tresyl chloride for the covalent binding of tissue plasminogen activator (tPA) enzyme (Figure 3). Marques da Silva et al. [144] immobilized the enzyme fibronolytic protease (FP) to MNPs. These are coated with polyaniline and subsequently activated with glutaraldehyde to create a covalent bond between the enzyme and the MNPs. This procedure allowed for the retention of the enzyme at 52% and the activity was maintained at 60% at a temperature between 40 °C to 60 °C and a pH of 7 to 10, compared to the free enzyme. It was observed that the enzyme maintained thrombolytic activity and showed total degradation of the human fibrinogen γ-chain, and could, therefore, be used for the treatment of cardiovascular diseases.



Aber et al. [145] designed a system for acid yellow 12 decolorization by a bio-Fenton process in which they immobilized the GOx enzyme on magnetic nanoparticles by means of an adsorption process. In their study, they found that after 15 washing cycles, the immobilized enzyme lost only 6.5% of its initial activity. Interestingly, Betancor et al. [146] proposed the use of dextran aldehyde to potentially minimize the deactivation of GOx immobilized onto MNPs under challenging operational conditions. Cui et al. [104] proposed a reusable and stable nanobiocatalyst by means of an enzyme-shielding strategy. For this purpose, they immobilized the catalase enzyme on magnetite nanoparticles functionalized with APTES, subsequently protecting it with a silica layer. They showed that the protection enabled the enzyme to maintain 70% of its activity after 9 cycles, while the unprotected enzyme retained only 20%.




5. Enzyme–Magnetite Nanohybrids for Cancer Therapy


MNPs have emerged as a promising tool for cancer therapy due to their unique physical and chemical properties. They can be used for various purposes, such as targeted drug delivery, hyperthermia and magnetic resonance imaging (MRI). Magnetic nanoparticles can be used as contrast agents for MRI to help visualize tumors. They can serve as contrast agents for MRI, generating local magnetic fields that can alter the relaxation times of the protons in water. This alteration can lead to changes in the signal intensity and help to distinguish between normal and abnormal tissues [160,161]. MNPs can also be exploited as a heat source for optical and magnetic hyperthermia since they can be heated up by an alternating magnetic field (AMF) applied externally (Figure 4). When magnetic nanoparticles are exposed to an AMF, the magnetic moments of the nanoparticles oscillate rapidly, causing frictional heating, which can lead to the generation of heat [162]. Additionally, several studies highlight MNPs as an excellent platform for drug delivery [163]. Due to their biocompatibility and superparamagnetic properties, conjugated drug-MNPs have been developed as carriers [164].



However, in the last few years, MNPs have been systematically applied in CDT. This therapy utilizes a Fenton or Fenton-like reaction to generate highly cytotoxic hydroxyl radicals (•OH) from H2O2 to promote oxidative stress and induce cancer cell apoptosis [165]. The tumor microenvironment (TME) plays a crucial role in cancer progression and response to CDT. The overexpression of endogenous H2O2 in tumors (1 mM) and the low pH lead MNPs to efficiently tackle tumor-specific sites via CDT. This strategy has been widely exploited in combination with other ROS-assisted therapies such as PDT [166,167,168], EDT [169] or PTT [170] in order to improve the ROS killing ability. Alternatively, Wang and co-workers developed a novel nanocatalyst platform with a longer half-life time ROS generation. Most cytotoxic hydroxyl radicals have a short half-life time of ~1 µs. These ROS half-life times may affect cell damage especially for primary organelles delivery. They used Fe3O4–Schwertmannite nanocomposites (Fe3O4-Sch). MNPs perform a Fenton reaction and the Schwertmannite shell converts the •OH into sulfate radicals with a longer half-life time (30 µs), overwhelming tumor inhibition efficacy. Nevertheless, the success of CDT depends on the concentration of H2O2 present in the TME. Thus, endogenous H2O2 can act as a bottleneck to perform CDT. Various strategies have been developed to increase the concentration of H2O2 in the TME by adding exogenous H2O2. Enzymes that generate H2O2 can play an important role in the catalytic antitumor therapy of MNPs. Enzymes such as glucose oxidase (GOx), D/L-amino acid oxidase (D/LAAO) or lactate oxidase (LOx) can react with different substrates such as glucose, D/L-amino acids or lactate, respectively, and, in situ, form H2O2 and enhance CDT [171].



GOx has attracted significant attention and has been successfully applied in cancer research [172]. This enzyme leads to the consumption of glucose, which provides an alternative strategy for cancer-starvation therapy. Furthermore, the O2 depletion leads to increased tumor hypoxia and gluconic acid enhances tumor acidity (Figure 4). Thus, GOx/MNPs nanohybrids have been considered as promising candidates as antitumor agents [173]. Of all the articles reviewed, a very low percentage of authors (10–15%) apply the use of enzyme immobilization on magnetite nanoparticles for cancer therapy (Table 6). Some authors combined the use of magnetite nanoparticles with the use of enzymes for cancer therapy, although there is no direct immobilization of the enzyme on the nanoparticle. For example, Wu J. et al. [174] designed hybrid motors conjugated with glucose oxidase (GOx) and magnetite nanoparticles. Gox, in addition to serving as a motor for self-propulsion by degrading glucose, hinders cellular metabolism by consuming glucose. Magnetic nanoparticles serve as a magnetic motor, increasing the kinetic power and achieving a higher directionality toward the tumor. Qin X. et al. [175] designed hybrid nanogels loaded in the innermost part with magnetite nanoparticles, while in the most superficial part, they encapsulated lactate oxidase and catalase enzymes. With this system, they were able to raise ROS levels significantly, thereby causing cell death and, thus, inhibiting tumor growth.



Ashtari et al. [176] immobilized the GOx enzyme onto silica-coated magnetite nanoparticles, whose surface had been previously functionalized with amino groups. They concluded that the proposed system had a potential application in biomedicine since the covalent binding of the enzyme increases its conformational stability compared to the free enzyme. In addition, it maintained its activity after storage for 45 days, compared to 15 days for the free enzyme. Finally, the proposed system was reused for 12 cycles where the GOx kept its activity at 90%, and even for 20 cycles, although the activity dropped to 50%.



Zhou et al. [179] conjugated a β-glucosidase enzyme to aminated magnetite nanoparticles using glutaraldehyde and the subsequent use of PEG (Figure 5A). They found the Michaelis constant to evaluate the activity of β-glucosidase on MNPs, where they observed that 73% and 65% of the enzyme activity was maintained for β-Glu-MNP and PEG-β-Glu-MNP, respectively, compared to the free enzyme. Another enzyme employed in cancer treatment was L-asparaginase since tumor cells, especially lymphatic tumor cells, require a large amount of asparagine to maintain rapid proliferation. Mu et al. [180] employed MNPs functionalized with the polymer poly(2-vinyl-4,4-dimethylazlactone) for the subsequent covalent binding of the enzyme (Figure 5B). They observed that the enzyme maintained more than 96% of its activity after 10 consecutive uses and more than 73% of the activity after 10 weeks, concluding that it could be a good treatment in leukemia. Orhan et al. [181] also immobilized the enzyme L-asparaginase to magnetite nanoparticles as a treatment for leukemia. In this case, the MNPs were functionalized with Poly(HEMA-GMA) (Figure 5C). Immobilization in most cases, as we have seen in the previous examples, stabilized the enzyme and prolonged the lifetime of the enzyme. In this case, it also occurs, observing an almost total loss of free enzyme activity at 10 h, while 50% of the activity was preserved in the case of the enzyme supported on the MNPs.



Zhang et al. [182] developed polydopamine (PDA)-coated magnetite nanoparticles on which they covalently bonded GOx. The PDA coating serves as photothermal transfer materials converting near infrared (NIR) radiation into heat. With GOx, by consuming glucose and generating H2O2, the magnetite nanoparticles can be converted into •OH radicals, inducing apoptosis of cancer cells.



Zhang et al. [183] established a novel strategy to develop a precise regulation of enzyme–nanozyme cascade reaction kinetics by remote magnetic stimulation. GOx was immobilized onto MNPs functionalized with poly(ethylene glycol) (PEG) of different molecular weights. They found an optimum linking distance of 1 nm which exhibited a superior kinetic match between GOx and the MNPs (over 400-fold higher) for cascade activity under AMF exposure. GOx was covalently immobilized onto the Fe3O4 NR using the EDC/NHS method.



Analogously, other relevant studies highlight the use of D/LAAO as an exogenous H2O2 supplier. Fuentes-Baile et al. [177] bound the enzyme D-amino acid oxidase (DAAO) that catalyzes the oxidation of D-amino acids generating H2O2. This enzyme bound to the N-acetylmuramoyl-L-alanine amidase (CLytA) domain proved to be cytotoxic in several glioblastoma cell lines and pancreatic and colorectal carcinomas [184]. The MNPs used were coated with Diethilaminoethanol (DEAE) for subsequent adsorption between the CLytA domain and DEAE. They observed that immobilization increased the stability of the enzyme at 37 °C, prolonging its catalytic activity over time, and that the cytotoxic effect was due to prolonged ROS generation and suggested that it could be a good system as an antitumor therapy in patients with glioblastoma, pancreatic and colorectal carcinomas.



In the last few years, LOx has been considered an alternative as an exogenous H2O2 supplier for MNPs to enhance CDT [185]. The enzymatic process consumes lactate and O2 increasing hypoxia levels and generates H2O2 and pyruvate. Given the high levels of lactate in tumor tissues and its tight correlation with tumor growth, metastasis and recurrence, this enzyme has been considered as an alternative to GOx to perform an enhancement in CDT. Qin et al. [175] tested the reactive oxygen species (ROS) generation and tumor therapy by integrating lactate oxidase (LOx), catalase (CAT) and indocyanine green (photosensitizer) into MNPs. LOx and CAT cascade catalytic metabolic regulation was used to form hydroxyl radical (·OH) and singlet oxygen (1O2) production by using NIR-trigger PDT.




6. Conclusions


The combination of enzymes and MNPs as synergistic nanoassemblies represents an interesting and appealing catalytic alternative for multiple biomedical and biotechnological applications. This review has provided a thorough description of the process of enzyme adsorption onto magnetic nanoparticles and further insights regarding the thermodynamic and kinetic factors governing the stability and reactivity of immobilized enzymes. The fact that the enzyme is supported on magnetic nanoparticles makes it more attractive given their potential role as co-catalysts, theranostic agents and their use for recyclability or active medical treatment under the influence of magnetic fields. Given the numerous investigations already known about the immobilization of enzymes on magnetic nanoparticles (the possibility of use in diagnosis due to the magnetic core monitoring that the therapy is selectively localized), and given the catalytic activity of these enzymes that can alter the metabolism of tumor cells (via Fenton or ferroptosis), we believe that future research should be aimed at finding selective treatments for cancer therapy, although it is necessary to continue research on the possible ways of vehiculization of such systems. The co-immobilization of several enzymes can also be envisioned as an interesting and challenging field of development [29,186]. Likewise, it should be advisable to improve the efficiency of combined therapies that take advantage of both enzymes and MNPs simultaneously. Bioorthogonal catalysis to promote the development of cascade reactions involving Fe species, ROS and enzymes such as LOx or DAAO can also be another area of great interest for tackling the tumor microenvironment. Furthermore, the potential tracking of enzyme–MNPs nanohybrids within the TME should be further explored in order to understand the fate of these platforms after intracellular internalization and fully understand the fate of these structures and their potential influence in the cell metabolism.
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Figure 1. Expected variation in the fraction of each of the three species, Fe(II, III)OH2+, Fe(II, III)OH and Fe(II, III)O−, as a function of pH with pKa values of 4.4 and 9.0. The yellow highlighted area represents the PZC. 
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Figure 2. Schematic representation of the possible stabilization of magnetic nanoparticles with different substances. 
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Figure 3. Immobilization of tPA on Fe3O4@silica. Route 1. Activation of surface-coated NPs with NHS-EDC. (a). Coupling of Fmoc-Gly-OH to silica surface NPs. (b). Removal of Fmoc group. (c). Succinylation of the free amino groups. (d). Esterification of NPs through activation by addition of NHS/EDC. (e). enzyme immobilization. Route 2. Tresyl chloride activation of surface-coated NPs (f–h). Enzyme immobilization through amino or thiol groups. Adapted from [143]. 
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Figure 4. Different uses of functionalized enzyme–magnetite nanocomposites in cancer therapy. (Some images have been created in BioRender.com (accessed on 29 May 2023)). 
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Figure 5. (A). Immobilization of β-glucosidase on Fe3O4@starch. i., j. Cross-linked and aminated by modification of the surface using epichlorohydrin and concentrated ammonium hydroxide. k., l. Enzyme immobilization by glutaraldehyde method. m. Modification of enzyme with PEG using NHS (SC-NHS-PEG). In (B,C). L-Asparaginase immobilization onto two different systems. (B). Schematic presentation of the synthesis of magnetic poly(HEMA-GMA) nanoparticles and mechanism of action of L-asparaginase in tumor cells. (C). Schematic illustration of L-Asparaginase immobilization onto PVDMA-Modified Magnetic Nanoparticles and simulation of extracorporeal shunt system using the enzyme reactor. Adapted [179,180,181]. 
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Table 1. Fitting parameters of the adsorption isotherm of protein/enzymes adsorbed on Fe3O4.
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Enzyme/Protein

	
Support

	
Isotherm Adjust

	
Kd

(µM)

	
qmax

(mg g−1)

	
Ref.






	

	
Cellulase

	

	
Langmuir

	
370

	
[92]




	
430




	
Bovine hemoglobin

	
Cu2+-EDTA-Fe3O4

	
Langmuir and

Freundlich

(better fit results with Langmuir model)

	
-

	
1277

	
[114]




	
(BHb)

	




	
Bovine serum albumin (BSA)

	
311




	
Lysozyme (Lyz)

	
192




	
Bovine hemoglobin

	
Fe3O4@ytterbium

silicate microspheres

	
Langmuir and

Freundlich

(better fit results with Langmuir model)

	
-

	
304.4

	
[115]




	
(BHb)

	




	
β-Lactoglobulin

	
~75




	
(β-Lac)

	




	
Lysozyme

	
~60




	
(Lyz)

	




	
α-Lactalbumin

	
~50




	
(α-Lac)

	




	
Bovine serum albumin (BSA)

	
~45




	
Fetuin

	
~32




	
Lysozyme

	
Fe3O4

	
Langmuir and

Freundlich

(better fit results with Langmuir model)

	
17.9

	
370.4

	
[116]




	
[C4MIM]-Fe3O4

	
3.8

	
400.0




	
[C6MIM]-Fe3O4

	
3.0

	
500.0




	
[C8MIM]-Fe3O4

	
6.0

	
526.3




	
Mms6 (magnetosome membrane specific protein)

	
SP35 (spherical magnetite nanoparticle)

	
Langmuir

	
9.52

	
11.1

	
[117]




	
Lipase (BSA as standard protein)

	
Bare Fe3O4

	
Langmuir

	
-

	
19.3

	
[118]




	
Bovine serum albumin

(BSA)

	
Nickel ferrite

nanoparticles

	
Langmuir

	
-

	
916

	
[119]




	
Lysozyme

	
Poly(sodium 4-styrenesulfonte)

PSS@Fe3O4

	
Langmuir and

	
-

	
476.2

	
[120]




	
Ovalbumin

	
Freundlich

	
4.5




	
Conalbumin

	
(better fit results with Langmuir model)

	
1.8




	
α-amylase

	
Cellulose(28 wt.%)@Fe3O4

	
Langmuir

	
-

	
18.2

	
[121]




	
Ureasa

	
Fe3O4/SiO2/APTES

	
Langmuir

	
0.12

	
~300

	
[122]




	
Fe3O4/SiO2/APTES/MTES

	
0.063

	
~450




	
Fe3O4/SiO2/APTES/PTES

	
0.08

	
~1000




	
Fe3O4/SiO2/TMPED

	
5.0

	
~500








BSA: Bovine Serum Albumin; EDTA: Ethylenediaminetetraacetic acid; C4MIM, C6MIM, C8MIM: ionic liquids, butyl, hexyl or octyl-methylimidazolium; APTES: aminopropyltriethoxysilane; MTES: methyltriethoxysilane; PTES: n-propyltriethoxysilane; TMPED: N-[3-trimethoxysilylpropyl]ethylendiamine.













[image: Table] 





Table 2. Enthalpy and entropy contributions to the adsorption process.
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	Enthalpy Contributions
	





	Electrostatic interaction
	ΔH negligible vs. −TΔS



	Hydrophobic interaction
	ΔH > 0 (unfavorable to a.p.)



	Entropy Contributions
	



	Decrease in the translational, rotational

and vibrational entropy
	ΔSconfig < 0 (unfavorable to a.p.)



	Reduction in conformational stability

of the adsorbed enzyme
	ΔSconform > 0 (favorable to a.p.)



	Release of a large number of water molecules

solvating both the nanoparticle surface and

the residues exposed to the solvent by the enzyme
	ΔShydrat > 0 (most favorable factor to a.p.)







a.p.: adsorption process.
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Table 3. Thermodynamic parameters of adsorption enzymes on surface.
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Enzyme/Protein

	
Support

	
Method of Determination

	
Kd (µM)

	
ΔH

(kJ mol−1)

	
ΔS

(kJ K−1 mol−1)

	
ΔG

(kJ mol−1)

	
N

	
Ref.






	
Lysozyme

	
Fe3O4

	
From adsorption isotherm at different temperatures

	
17.9

	
−12.3

	
−0.036

	
1.72

	
-

	
[116]




	
[C4MIM]-Fe3O4

	
3.8

	
31.0

	
0.129

	
−7.38




	
[C6MIM]-Fe3O4

	
3.0

	
11.5

	
0.053

	
−4.26




	
[C8MIM]-Fe3O4

	
6.0

	
16.6

	
0.071

	
−4.60




	
BSA

Lysozyme

	
DEAPA-Fe3O4

	
ITC

	
-

	
~0

	
-

	
-

	
-

	
[124]




	
PAA-Fe3O4

	
-

	
~2 kcal mol−1

	
-

	
-

	
-




	
DEAPA-Fe3O4

	
-

	
~0

	
-

	
-

	
-




	
PAA-Fe3O4

	
1p: 0.14

	
1p: −2.2

	
1p: 0.12

	
1p: −39.2

	
14.6




	

	
2p: 29.4

	
2p: −27.2

	
2p: −0.004

	
2p: −25.9

	
69.5




	
HSA

Human IgG

	
5_Fe3O4-PAOZ

	
ITC

	
3.1

	
−320

	
−1.0

	
−31.6

	
2.2

	
[125]




	
8_Fe3O4-PAOZ

	
34

	
−240

	
−0.7

	
−25.6

	
7.0




	
5_Fe3O4-PAOZ

	
1.6

	
−340

	
−1.0

	
−34.1

	
1.1




	
8_Fe3O4-PAOZ

	
0.4

	
−110

	
−0.26

	
−36.5

	
0.9




	
Trypsin

	
PVPr-co-P4VP/Fe3O4 hydrogel

	
From adsorption isotherm at different temperatures

	
316.4 (a)

	
20.4

	
0.116

	
−14.26

	
-

	
[126]








N: binding stoichiometry; PAA: poly(acrylic acid); BSA: Bovine Serum Albumin; DEAPA: (PAA)-co-3-(diethylamino)-propylamine; ITC: Isothermal Titration Calorimetry; 1p: first process, 2p: second process; HSA: Human Serum Albumin; IgG: immoglobulin G; PAOZ: poly(2-alkyl-2-oxazoline); PVPr-co-P4VP: copolymer of polyl-N-vinylpyrrolidone and poly-4-vinylpyridine; (a): dimensionless; [C4MIM], [C6MIM] y [C8MIM]: ionic liquids.
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Table 4. Thermodynamic and kinetic parameters of free and immobilized enzymes.
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Enzyme/

Protein

	
Support

	
Method

Immo.

	
Ed

(kJ mol−1)

	
ΔH

(kJ mol−1)

	
ΔS

(kJ K−1 mol−1)

	
ΔG

(kJ mol−1)

	
Km

(mg/mL)

	
Vmax

(µmol ml−1 min−1)

	
Reference




	
f

	
i

	
f

	
i

	
f

	
i

	
f

	
i

	
f

	
i

	
f

	
i

	






	
Catalase

	
Fe3O4/SiO2

	
Covalent

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.3 (mM)

	
16.6

	
4.02

	
3.47

	
[104]




	
mSiO2@Fe3O4/SiO2

	
21.2

	
2.36




	
α-amylase

	
CSM-Fe3O4

	
Adsorption

	
15.3

	
18.8

	
12.7

	
16.2

	
−0.28

	
−0.28

	
101.7

	
104.2

	
0.45

	
1.03

	
34.48 *

	
15.4 *

	
[129]




	
CSM-GLY-Fe3O4

	
Covalent

	
35.4

	
32.8

	
−0.24

	
106.8

	
0.53

	
25.0 *




	
CSM-GLA-Fe3O4

	
Covalent

	
28.3

	
25.7

	
−0.26

	
106.4

	
0.57

	
19.6 *




	
CSM-CSM-Fe3O4

	
Covalent

	
23.6

	
21.0

	
−0.27

	
104.8

	
0.65

	
16.4 *




	
Candida rugosa lipase (CRL)

	
AP-SiO2-Fe3O4

	
Covalent

	
93.3

	
112.9

	
87.7

	
110.3

	
233.7

	
293.2

	
14.6

	
17.0

	
6000

	
583

	
3330

	
833.3

	
[130]




	
Inulinase

	
GSH-Au-Fe3O4

	
Covalent

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
5.4

	
6.8

	
3.55

	
3.03

	
[131]




	
α-amylase

	
GO-Fe3O4

	
Covalent

	
85.4

	
79.0

	
74.2

	
79.1

	
−0.17

	
−0.14

	
114.3

	
106.2

	
0.6

	
0.9

	
450

	
333.3

	
[132]




	
β-Glucosidase

	
Bare Fe3O4

	
Covalent

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3.5 (mM)

	
4.3 (mM)

	
0.72

	
0.89

	
[133]




	
Candida rugosa lipase (CRL)

	
A-SiO2-Fe3O4

	
Covalent

	
113.9 (ag.)

	
128.5

	
111.2 (ag.)

	
122.8

	
0.29 (ag.)

	
0.32

	
16.8 (ag.)

	
18.3

	
13.8 (mM)

	
18.0 (mM)

	
0.30

	
0.28

	
[134]




	
Laccase

	
Fe3O4-SiO2-AP

	
Covalent

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.0015 (mM)

	
0.0062 (mM)

	
0.32

	
0.062

	
[135]




	
α-amylase

	
ZnO-Fe3O4

	
Adsorption

	
18.9

	
21.6

	
15.5

	
18.8

	
−0.28

	
−0.28

	
108.3

	
110.9

	
0.61

	
0.65

	
18.7

mg ml−1 min−1

	
18.2

mg ml−1 min−1

	
[136]




	
Candida rugosa lipase (CRL)

	
SiO2/Fe3O4/GO

	
Covalent

	
27.6

	
32.3

	
25.0

	
29.7

	
0.035

	
0.048

	
13.8

	
14.5

	
-

	
-

	
-

	
-

	
[137]








f: free; i: immobilized; Ed: activation energy of denaturation; CSM: Chitosan; GLY: glyoxal; GLA: glutaraldehyde; GO: Graphene oxide; AP or A: 3-aminoporpyltriehoxysilane; ag.: aggregated CRL; *: µmol mg−1 min−1; mSiO2: mesoporous silica.
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Table 5. Examples of enzymes immobilized on coated Fe3O4 and biocatalytic applications.
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	Enzyme
	Coating Reagent
	Fe3O4 Preparation Method
	Immobilization Method
	Application Field
	Specific

Applications
	Ref.





	Lipase A
	Chitosan
	Co-precipitation
	Covalent

(Glutaraldehyde)
	Industry
	Biolubricants production
	[3]



	Lipase A

Lipase B
	APTES
	Co-precipitation
	Covalent

(Glutaraldehyde)
	Industry
	Ethyl butyrate production
	[20]



	Catalase
	Silica (TMOS, APTES)
	Solvothermal
	Covalent

(Glutaraldehyde)
	Scientific

purpose
	Enzyme shielding
	[104]



	Lipase
	Silica magnetic nanoparticles on (3-glycidoxypropyl) trimethoxylsilane

(GPTMS)
	Co-precipitation
	Covalently

(Epoxy groups/nucleophilic groups on the surface of enzyme)
	Industry
	Biodiesel production
	[141]



	Pectinase
	Polyethilene glycole

(PEG)
	Co-precipitation
	Covalent

(trichlorotriazine

Cyanuric chloride)
	Industry
	Fruit juice clarification
	[142]



	Tissue plasminogen activator (tPA)
	Silica (TEOS, PEG, TREG)
	Oxidation-precipitation
	Covalent

(NHSS-EDC and tresyl chloride)
	Medicine
	Treatment of thrombosis in coronary arteries
	[143]



	Fibrinolytic protease (FP)
	Polyaniline
	Precipitation
	Covalent

(Glutaraldehyde)
	Medicine
	Treatment of cardiovascular diseases (degradation of the γ chain of human fibrinogen)
	[144]



	Glucose oxidase (GOx)
	-
	Co-precipitation
	Adsorption
	Industry
	Removal of acid yellow 12
	[145]



	Glucose oxidase (GOx)
	Magnetic nanoparticles (EM1-100/40)
	Purchased from Merck Co.
	Covalent
	Scientific

purpose
	Study of enzyme inactivation
	[146]



	Lipase
	Polymer-coating

(Gum Arabic)
	Co-precipitation
	Covalent

(Glutaraldehyde)
	Industry
	Biocatalyst a flavor ester, production
	[147]



	Lipase
	AGMNP-Co2+
	Co-precipitation
	Metal chelate

affinity
	Industry
	Biodiesel production
	[148]



	Lipase
	Polyaniline (Pani)
	Co-precipitation
	Adsorption
	Scientific

purpose
	Enzyme adsorption
	[149]



	β-fructofuranosidase
	Chitosan
	Co-precipitation
	Adsorption
	Industry
	Produce fructooligosaccharides

(growth of desirable gut microflora)
	[150]



	Tripsin
	Gallic acid (GA)
	Co-precipitation
	Adsorption
	Industry
	Hydrolysis of bovine milk
	[151]



	L-Asparaginase
	Amine-functionalized silane modifier, APTES
	Co-precipitation
	Covalent
	Industry
	Reduce acrylamide

content in the food system (carcinogen and neurotoxin)
	[152]



	β-agarase
	Tannic acid (TA)
	Co-precipitation
	Adsorption
	Industry
	Bioactive neogaro-oligosaccharide (varying antioxidant activities)
	[153]



	D-allullose-3-epimerase
	ZIF67 (MOF)
	Solvothermal
	Encapsulation into ZIF67 (Chemical bonds Co2+)
	Industry
	Preparation of D-allulose (rare low-calorie sugar)
	[154]



	Horseradish peroxidase (HRP)
	Polymethil methacrylate (PMMA)
	Purchased from

Sigma-Aldrich
	Encapsulation
	Industry
	Removal of wastewater aromatic pollutants
	[155]



	Ene-reductase
	Non-functionalized MNP (After add (HR)4tag)
	Co-precipitation
	Adsorption
	Scientific

purpose
	Study enzyme immobilization
	[156]



	Sortase A
	Peptide
	Co-precipitation
	Covalent
	Scientific

purpose
	Produce and bioquemically characterize immobilized proteins

(single-molecule FRET)
	[157]



	β-D-galactosidase (lactase)
	Fe3O4–chitosan

(Fe3O4–CS)
	Co-precipitation
	Covalent (Glutaraldehyde)
	Industry
	Galactooligosaccharides (GOS) production
	[158]



	Tyrosinase
	Magnetic beads poly(GMA–MMA)
	Co-precipitation
	Covalent ((Glutaraldehyde)
	Industry
	L-Dopa (1-3,4-dihydroxy phenylalanine)
	[159]







AGMNP: 5-Aminoisophthalic acid (5-AIPA) (A), 3-Glycidoxypropyltrimethoxysilane (GOPTS) (G), MNP (Magnetic Nanoparticles); ZIF67 (MOF): Zeolitic imidazolate frameworks (metal–organic frameworks); TMOS: Tetramethyl orthosilicate, APTES: aminopropyltriethoxysilane; PEG: Polyethylene glycol; TREG: tetraethylene glycol; (HR)4tag: (His-Arg)4 peptide-tag;; EM1-100/40: 57 μequiv. of COOH/g, containing 54% ferrite; MMA: methyl methacrylate.
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Table 6. Examples of enzymes immobilized on coated Fe3O4 for cancer therapy applications.
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	Enzyme
	Coating Reagent
	Fe3O4 Preparation Method
	Immobilization Method
	Specific

Applications
	Ref.





	Glucose oxidase (GOx)
	Silica (TEOS, EPTES)
	Co-precipitation
	Covalent

(Glutaraldehyde)
	Cytotoxic study for biomedical applications
	[176]



	Choline-binding domain

of N-acetylmuramoyl-L-alanine amidase–D-amino acid oxidase (CLytA-DAAO)
	Diethilaminoethanol (DEAE)
	Purchased from

Chemicell GmbH (Berlin, Germany)
	Adsorption (between CLytA domain and DEAE)
	Anticancer therapy for pancreatic and colorectal carcinoma and glioblastoma
	[177]



	LDHA (isoenzyme of Lactate Dehidrogenase, LDH)
	Amino groups (APTES)
	Co-precipitation
	Covalent

(Glutaraldehyde)
	Cancer treatment (identification of LDH inhibitors)
	[178]



	β-Glucosidase
	Polyethylene glycol, PEG (by hydroxysuccinimide chemistry)
	Purchased from

Chemicell GmbH (Berlin, Germany)
	Covalent

(Glutaraldehyde)
	Enzyme/Prodrug therapy in cancer
	[179]



	L-Asparaginase
	Poly(2-vinyl-4,4-dimethylazlactone
	Co-precipitation
	Covalent
	Construct an efficient enzyme reactor (potential application in leukemia treatment)
	[180]



	L-Asparaginase
	Poly(HEMA-GMA)
	Purchased from

Sigma-Aldrich (St. Louis, MO, USA)
	Covalent
	Lymphoblastic leukemia

(Remove L-Asparagine, an essential factor of protein synthesis)
	[181]



	Glucose oxidase (GOx)
	Fe3O4@PDA
	Purchased from

Sigma-Aldrich

St. Louis, MO, USA)
	Adsorption
	Cancer treatment
	[182]







TEOS: Tetraethyl orthosilicate; EPTES: N-(β-ethylenamine)-γ-propylamine triethoxylsilan; APTES: aminopropyltriethoxysilane; Poly(HEMA-GMA): 2-hydroxyethyl methacrylate (HEMA), glycidyl methacrylate (GMA); PDA: polydopamine; DDAO: D-amino acid oxidase.
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