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Abstract: Since their discovery, magnetic nanoparticles (MNPs) have become materials with great
potential, especially considering the applications of biomedical sciences. A series of works on the
preparation, characterization, and application of MNPs has shown that the biological activity of
such materials depends on their size, shape, core, and shell nature. Some of the most commonly
used MNPs are those based on a magnetite core. On the other hand, synthetic biopolymers are
used as a protective surface coating for these nanoparticles. This review describes the advances
in the field of polymer-coated MNPs for protein immobilization over the past decade. General
methods of MNP preparation and protein immobilization are presented. The most extensive section
of this article discusses the latest work on the use of polymer-coated MNPs for the physical and
chemical immobilization of three types of proteins: enzymes, antibodies, and serum proteins. Where
possible, the effectiveness of the immobilization and the activity and use of the immobilized protein
are reported. Finally, the information available in the peer-reviewed literature and the application
perspectives for the MNP-immobilized protein systems are summarized as well.

Keywords: magnetite nanoparticles; magnetic nanoparticles; immobilization; protein; polymer coating

1. Introduction

Nanotechnology development and the application of nanomaterials has been a very
attractive topic for several years. Among synthesized and used nano-sized structures,
magnetic nanoparticles (MNPs) are one of the most interesting and widely applied [1,2].
Such nanostructures are usually composed of a magnetic core and the surrounding shell.
The core is mostly iron oxides, which can be in the form of magnetite (Fe3O4), hematite
(α-Fe2O3), maghemite (γ-Fe2O3), and FeO [3–6]. However, of the mentioned iron ox-
ides, magnetite (Fe3O4) is most often used as the core for MNPs preparation [7]. Apart
from superparamagnetism, magnetite nanoparticles are characterized by many useful
and unique properties such as high surface area, large surface-to-volume ratio, and easy
separation under an external magnetic field. Due to this properties, they are widely used in
bioseparation, catalysis, industrial processes and, above all, in biomedical sciences [8–11].

The biomedical applications of magnetite nanoparticles are primarily cancer diagnos-
tics and therapies (Magnetic Resonance Imaging, Hyperthermia, Magnetic Field-Assisted
Radiotherapy, Photodynamic Therapy), biocatalysis, pharmaceutical analysis, tissue en-
gineering, biosensor, and the immobilization of biomolecules such as proteins [3,12–15].
However, pure, uncoated magnetite nanoparticles have some limitations in use by reason
of the ability to spontaneously form aggregates (a result of the system’s desire to reduce
surface energy, both under the influence of the magnetic field and the biological environ-
ment) [16]. Moreover, non-functionalized Fe3O4 nanoparticles are characterized by high
chemical activity and susceptibility to oxidation, which often leads to a decrease or com-
plete loss of magnetic properties. Covering the magnetite core with a coating, which may
be inorganic and organic compounds, surfactants and polymers lead to the stabilization
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of the nanomagnetic material and, as a result, to the possibility of its wider use, e.g., in
industry [17–19].

One of the most universal and widely used applications of magnetite nanoparticles
is their treatment as carriers for protein immobilization [20,21]. The main problem in
working with free, non-immobilized protein is the difficulty of its separation from the
supernatant, which requires such techniques as ultrafiltration [22], ultracentrifugation, and
microdialysis [23]. Protein immobilization on a magnetic carrier allows for a simple and
quick separation of the nanoparticle–protein system from the supernatant by applying a
simple magnet [20]. The basic condition that must be met by such a system is to maintain
the activity of the immobilized protein. Moreover, the immobilization of a protein causes
its structure to be targeted and, in some cases, this may facilitate e.g., the formation of an
active protein–ligand complex. In the case of the immobilization of enzymes on the surface
of magnetite nanoparticles, it is possible to reuse such a catalytic system, which is very
beneficial [24–27].

As already mentioned, the surface of the magnetite core can be coated with various
compounds, of which polymers seem to be the most attractive [12]. Deposition of the
polymer on the surface of magnetite nanoparticles provides its chemical and thermal
stability [16,28,29]. In addition, in the case of nanoparticles coated with polymers, a
smaller tendency to their aggregation is observed, which significantly increases their
usability [30,31]. Furthermore, most polymers, and in particular biopolymers, have in their
structure reactive amino, carboxyl, and hydroxyl groups, which can be successfully used
in the immobilization of proteins [30]. Therefore, in recent years, there has been a growing
interest in the synthesis of magnetite nanoparticles coated with macromolecules and their
subsequent application for the immobilization of bioligands [32–34].

The following review describes the utility of magnetite nanoparticles coated with
polymers in protein immobilization. Both the cases in which the protein was immobilized
by physical interactions (adsorption) and by covalent bonding with the polymer surround-
ing the magnetite core are discussed. Particular attention is paid to nanoparticles coated
with natural polymers as those that find wider application in biomedicine as a result of
their biocompatibility.

2. Synthesis of Magnetite Nanoparticles—Chemical Methods

Synthetic methods for magnetic nanoparticles preparation can be classified according
to the type of process that results in obtaining magnetic nanomaterial. Currently, the
following synthesis approaches can be distinguished: chemical, physical, and biological.
All of the listed methods have their advantages and disadvantages. Biological methods
involving the use of microorganisms for the synthesis of nanoparticles allow for precise
control of the obtained material. They are characterized by high process efficiency and very
high repeatability. Moreover, they are inexpensive, but the fermentation process is quite
time-consuming. Although physical methods for obtaining MNPs are easy to perform, it is
difficult to control the size of the resulting nanoparticles in contrast to chemical methods
covering about 90% of all techniques (Figure 1) [19].

The first literature reports of MNPs preparation appeared in the late 1960s in the works
of Papell, who obtained nanoparticles by the physical method—grinding microcrystalline
magnetite powder in the presence of solvents and surfactants in a ball mill. Unfortunately,
MNPs obtained by this way were characterized by a high polydispersity index [35]. To
prevent particle–particle agglomeration or sedimentation, Papell finally added oleic acid
as a dispersing agent [36]. Subsequent works on this subject published by Sugimoto and
Matijević concerned the chemical preparation of monodisperse magnetic nanomaterial of
narrow size distribution, with mean diameters ranging between 0.03 and 1.1 µm. MNPs
were obtained by FeSO4 interaction with potassium hydroxide in the presence of nitrate
ion, and the resulting gelatinous suspension was kept at 90 ◦C for several hours [37]. In
2002, Sun and Zeng developed a synthesis of monodisperse magnetic nanoparticles with a
small diameter of 4 nm. They used for this purpose the thermal decomposition of iron (III)
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acetylacetonate in phenyl ether in the presence of ethanol, oleic acid, and oleylamine [38].
Since then, new methods of preparation of MNPs with the desired sizes and properties are
practically constantly being sought.
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Figure 1. (a) A comparison of the synthesis of magnetic nanoparticles (MNPs) by three different routes; (b) classification of
chemical methods for the synthesis of magnetic nanoparticles.

Due to the fact that the methods of chemical synthesis of magnetic nanoparticles are
the most commonly used in their preparation, only these methods are discussed in the next
part of this review.

2.1. Co-Precipitation Reaction

The co-precipitation reaction is the most popular method of magnetic nanomaterials
synthesis. This route is widely used for the preparation of magnetite nanomaterials
intended for biomedical applications due to non-toxic reagents. Co-precipitation is about
reaction of magnetite formation in alkaline solution. It is necessary to keep anaerobic
reaction conditions to prevent the conversion of magnetite to iron (III) oxide and then iron
(III) hydroxide. Such conversion is very unfavorable for biomedical applications due to the
ability of iron (III) oxide to form free radicals and the insolubility of iron (III) hydroxide.
To avoid the oxidation of magnetite during the synthesis of nanoparticles, various types
of stabilizers are introduced to protect the magnetite against oxygen. Moreover, magnetic
phase and particle size can be controlled by changing the Fe2+/Fe3+ ions ratio, temperature,
pH, and the type of used base solution [39,40]. The scheme of the magnetite synthesis from
alkaline solutions of iron (II) and (III) salts is presented in Figure 2.
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2.2. Thermal Decomposition

Thermal decomposition is based on the decomposition of metal precursors (e.g.,
acetylacetonates, carbonyls, or oleates) at high temperatures (150–300 ◦C) in the presence
of organic solvents characterized with high boiling point (250–300 ◦C) such as octadecene
or benzyl ether [41]. The presence of dispersants and hydrophobic ligands, including oleic
acid, lauric acid, oleylamine, and hexadecyl amine, is required to control the size and shape
of formed nanoparticles and prevent their aggregation [42,43]. This synthesis procedure is
divided into three main steps. Firstly, a mixture of solvent with organometallic precursors,
surfactants, and stabilizing agents is heated at a constant rate to reach the nucleation or
decomposition temperature of the precursor. Next, the solution is heated to the boiling
point of the solvent, which leads to the formation of small nanocrystals, and the final step
consists of growth phase in which the solution is refluxed for some time and cooled to
room temperature [44]. The schematic representation of this type of synthesis is presented
in Figure 3.
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However, the synthesis procedure becomes more complex, time-consuming, and more
difficult to scale than the co-precipitation reaction; this method allows obtaining magnetite
nanoparticles with very narrow size distribution and well-defined magnetic property [16].
Additionally, the appropriate proportions of the reagents and temperature control deter-
mine the synthesis of MNPs of defined shapes, sizes, and crystallinity. Unfortunately, there
is often a lack of repeatability of the results obtained in this method due to the need to
control many parameters during the process. Moreover, the MNPs prepared in this way
are dispersible only in non-polar solvents (e.g., hexane) and are not miscible with water (as
opposed to those obtained by co-precipitation), which can be a major limitation in some
applications, especially biomedical [45].

2.3. Microemulsion Method

Microemulsions are thermodynamically stable colloidal suspensions in which, thanks
to surfactants, two initially immiscible liquids coexist in one phase. In this technique, a
stable dispersion of two immiscible solvents (water/oil) stabilized with a surfactant (e.g.,
dodecyl sulfate) is prepared [46]. Substrates for the production of nanoparticles are closed
inside the micelle formed from water droplets surrounded by surfactant. The continuous
phase in this case is the oil phase. The synthesis of MNPs takes place by introducing a
second emulsion or a solution of a base into the system, which causes the rupture and
coalescence of the micelles with the substrates, leading to the preparation of magnetite
nanoparticles. The use of micelles allows for the stabilization of the system by limiting the
nucleation, growth, and agglomeration of nanoparticles [47]. Obtained nanoparticles are
separated from the emulsion by extraction with an organic solvent. The microemulsion
method leads to nanoparticles with sizes from 1 to 100 nm. Compared to other methods,
this procedure has several advantages, including the use of simple apparatus, the ability
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to synthesize many different materials with a high degree of control of particle size and
composition, the preparation of nanoparticles with a crystalline structure and large specific
surface area, and the use of simple synthesis conditions closed to ambient temperature
and pressure [18]. Properties of magnetic nanomaterial prepared with the microemulsion
method depend on the type and structure of the used surfactant [48].

2.4. Hydrothermal Method

The hydrothermal method was first described by the German geologist Karl Emil
von Schafhäutl in 1845 [45]. The general system is composed of (solid) metal linoleate,
a liquid phase of ethanol–linoleic acid, and a hydrothermal (high temperature and high
pressure) water–ethanol solution [18]. Typically, the reaction is carried out at about 220 ◦C,
13.79 MPa pressure for 72 h. [45,49]. As can be deduced from the high-pressure conditions,
hydrothermal reactions are carried out using autoclaves or special reactors. For example,
Wang, Zhuang, and Peng obtained monodispersed Fe3O4 nanoparticles with a size of 9 nm
using a vigorously stirred mixture of FeCl3, ethylene glycol (high-boiling reducing agent),
sodium acetate (electrostatic stabilizer), and polyethylene glycol as surfactant. The mixture
was closed in an autoclave made of Teflon-coated stainless steel at a temperature of 200 ◦C
up to 72 h (Figure 4) [50].
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2.5. Sonochemical Processing

Sonochemical reactions involve the use of ultrasound to synthesize nanomaterials
with a controlled size distribution using co-precipitation or decomposition reactions. [51].
This technique uses during synthesis the phenomenon of acoustic cavitation consisting
of the propagation of sound waves in the range from 20 to 10 MHz. Sound waves cause
pressure changes in the liquid layer close to the surface, as a result of which gas bubbles
form. After placing the solution in an ultrasonic reactor of high temperature (>500 K),
high pressure (>20 MPa), and high cooling rate (1010 Ks−1), nanoparticles are generated by
the collapse of the bubbles [52,53]. These conditions are favorable for the production of
highly monodisperse nanomaterials. This method has been used for preparation of several
nanocomposites, and its versatility has been successfully confirmed in the synthesis of
magnetite nanoparticles [54]. Vijayakumar described the sonochemical synthesis of pure
Fe3O4 powder, which is a monodisperse material with a particle size of 10 nm, minimizing
the nanoparticle agglomeration process [55].

2.6. Electrochemical Methods

The literature describes many methods of electrochemical preparation of magnetic
nanoparticles [4,56–63]. Moreover, a lot of articles indicate a significant impact of the
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density (J) and potential (E) of used redox systems on the prepared MNPs size as well as
the possibility of its control [57,58,61–63]. In one of them, magnetite nanoparticles, ranging
in size from 20 to 30 nm, were produced by electro-oxidation using iron as an electrode
material: anode and cathode. The required distance between the two electrodes was about
1 cm. Tetramethylammonium chloride ((CH3)4NCl) was added to the electrolyte solution
as a surfactant, and the reaction was carried out in 30 min at relatively low temperature
(6 ◦C) [57]. This reaction conditions lead to magnetite nanoparticles homogeneous in size
and spherical in shape. Subsequently, another electrochemical method was proposed with
iron as the anode and water as the electrolyte without any surfactant addition [61]. In
this procedure, a change in the distance between the electrodes (from 2 to 6 cm) and the
current density from 205 to 415 µA/cm2 was used for the size of the resulting nanoparticles
regulation. Moreover, it was noticed that the particle size (from 10 to 30 nm) increased
simultaneously with the increase of the current density and decrease of the distance
between the electrodes [61]. Marques et al. proposed the electro precipitation of magnetic
nanoparticles in ethanol solution with iron (III) nitrate nonahydrate (Fe(NO3)3 × 9H2O) as
an iron precursor, and the precipitation of Fe(OH)3, which was then reduced to magnetite in
the presence of hydroxyl ions formed at the cathode [62]. This route enables the production
of superparamagnetic magnetite nanoparticles with controlled size and dispersion [62].

Summarizing, Table 1 shows a comparison of the advantages and disadvantages of
the chemical methods of magnetite nanoparticles preparation that were discussed above.

Table 1. Chemical methods for the synthesis of magnetic nanoparticles; their advantages and disadvantages [19,20,64].

Methods Advantages Disadvantages

Chemical Co-precipitation simple and effective not suitable for the preparation of high-purity
accurate stoichiometric phase

Thermal Decomposition particle size and shapes are controllable time-consuming synthesis at high temperatures

Microemulsion uniform properties surfactants are difficult to remove; small amount can
be synthesized

Hydrothermal particle size and shapes are easily
controllable homogeneity high pressure and high temperature reaction

Sonochemical size distribution in narrow particle mechanism not still understood
Electrochemical easy to control particle size reproducibility

3. Modification of Bare Magnetite Nanoparticles

Bare magnetite nanoparticles without surface modification with low- or high-molecular
compounds have a limited applications as a result of the spontaneous aggregates forma-
tion [65]. In addition, uncoated MNPs are characterized by many unfavorable properties,
such as chemical instability, poor biodegradability in the physiological environment, and
non-specific interaction with blood serum proteins [66]. Moreover, the lack of a stabilizing
coating for the magnetic core makes magnetite susceptible to oxidation with oxygen in
the air, which as already mentioned is particularly negative for biomedical applications.
The cover layer also reduce the risk of adverse effects of material when nanoparticles
are used as therapeutic agent [67,68] and allows for the improvement of nanoparticle
dispersion in solutions, limiting their toxicity, as well as improving the physicochemical
and functional properties. The shell covering the magnetic core can be generated in situ
during the preparation of the nanoparticles themselves, or then, the previously obtained
pure nanoparticles can be coated. Organic surfactants and inorganic compounds, bioactive
compounds, as well as natural and synthetic polymers are used for surface of nanoparticles
coating (Figure 5) [69].
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3.1. Organic Surfactants

Surfactants such as oleic acid, lauric acid, alkylsulfonic, and alkylphosphonic acids are
used for magnetic nanoparticles stabilization [20]. Sahoo et al. proved based on photos from
an electron microscope that carboxylate surfactants provide particles with better isolation
and dispersibility than phosphonate surfactants [70]. Unfortunately, long hydrocarbon
chains from the surfactant structure cause the nanoparticles to be highly hydrophobic,
which makes their use in vivo much more difficult [71]. The research of Luchini and
co-authors was aimed at overcoming these limitations. They showed that the use of
surfactants with low critical micelle concentration (CMC) values for the functionalization
of MNPs resulted in their greater dispersion in solutions, and additionally, the coating
process of nanoparticles was more efficient than with surfactants with higher CMC values
(Figure 6) [72].
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3.2. Inorganic Compounds

Coating the magnetite core with inorganic compounds, apart from ensuring the sta-
bility of nanoparticles, quite significantly broadens the area of their application [73]. The
most commonly used compounds for this purpose are silicon compounds, metals and
their oxides, sulfides, carbon in the form of graphene and its oxide, and nanotubes [74–76].
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Silica is a classic coating material for nanoparticles, as it can enhance their dispersion in
aqueous solutions, endows them greater durability, and protects them in acidic environ-
ments [69,77,78]. The coating of nanoparticles with silica (SiO2) was carried out based on
a modified Stöber process [79]. This method uses tetraethoxysilane (TEOS) as a silicon
shell precursor in the hydrolysis and condensation reaction (Figure 7). The synthesis is
carried out in an aqueous ethanol solution in the presence of ammonia as a homogeneous
catalyst [79]. The presence of silanol groups on the surface of magnetic nanoparticles
reduces their potential toxicity and also causes the colloidal stability of nanoparticles in
the physiological pH range. Thanks to that, MNPs can be successfully used in molecular
biology and medicine [80–82].
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Another example of a silicon compound used for magnetite core stabilization is
aminosilane (SiO2-NH2). This compound due to the presence of the basic amino group
is positively charged at a pH value of about 7.4. Since plasma membranes have huge
negatively charged domains, it has been proved that cationic aminosilan easily penetrates
inside the cells [83,84].

Carbon-based materials as an inorganic compound are also applied to MNPs surface
coatings to enhance their stability, biocompatibility, and dispersity. Carbon-coated mag-
netite nanocomposites have found wide application as catalysts, electrode supercapacitors,
microwave absorbers, and anode materials for lithium-ion batteries [74–76].

Noble metals such as gold and silver, which are characterized with biocompatibility
and resistant to chemical reactions such as oxidation and corrosion, were usually used
for MNPs stabilization [85]. The surface of the nanoparticles covered with these metals
characterizes not only the stability under physiological conditions, but also, its ligand
binding ability would be enhanced and also the formation of harmful free radicals could
be prevented [86].

Increasingly, metal oxides such as TiO2 [87–89], SnO2 [73,90], Cu2O [91], ZnO [92],
CdS [93], ZnS [94], PbS [95], Bi2S3 [96], or sulfides have been also used for the protection or
functionalization of MNPs. For example, Saffari et al. prepared superparamagnetic Fe3O4-
ZnO nanocomposites with 10% ZnO content by adopting the sonochemical method. It was
reported that the Fe3O4/ZnO nanocomposite has excellent photocatalytic properties. [92].

3.3. Polymers and Bioactive Molecules

Biological active compounds such as lipids, peptides, and proteins are used for mag-
netic nanoparticles coating without loss of material magnetization [73,80,97,98]. Jahanban-
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Esfahlan and co-authors deposited human (HSA) and bovine (BSA) serum albumin on
magnetic nanoparticles surface via desolvation [99]. Such nanoparticles have a negatively
charged surface that prevents electrostatic interactions with negative biological elements
such as plasma proteins and blood cells, thus preserving the stability of nanoparticles [100].
Nosrati used a magnetic nanoparticles coated with BSA prepared by chemical desolvation
and co-precipitation as curcumin carriers [100].

Polymers are widely used as a shell covered the surfaces of nanomaterials. They
can prevent MNPs oxidation and give nanoparticles collateral stability [101]. Several
approaches have been developed for MNPs functionalization with polymers, where the
common methods include in situ and post-synthesis coating [73]. In the in situ approach,
the conventional routes are mini/micro-emulsion polymerization and the sol–gel process,
while the post-synthesis coating method is carried out as a result of chemical reactions or
by non-covalent interactions of the polymer with the magnetite core. [73]. The nature of the
polymer may be synthetic: polyethylene glycol, polyacrylic acid, poly (vinylpyrrolidone),
poly (vinyl alcohol), poly (methacrylic acid) or natural, as in the case of chitosan, starch,
cellulose, agarose, and dextran.

4. Protein Immobilization Methods

Protein immobilization is a biotechnological technique where protein is fixed in a
suitable matrix that restricts its movement to increase stability and, in the case of an enzyme
protein, to allow its reuse with maintaining immobilized protein activity [102]. The first
literature reports on the immobilization of catalytic proteins come from 1916 when Griffin
and co-authors adsorbed the enzyme invertase on a solid matrix of charcoal and aluminum
hydroxide [103].

Choosing the right immobilization technique for a given protein plays a very impor-
tant role. The cost of immobilization, the possible inactivation of the protein, the toxicity
of the reagents, and the properties of the system obtained in this way should be taken
into account [104]. Protein immobilization methods can be divided into two categories:
chemical and physical. The chemical method uses the formation of new covalent or ionic
bonds, and the physical method mainly involves hydrophobic or van der Waals interactions
between the protein and the support. While chemical immobilization creates strong bonds
between the molecule and the carrier, this results in greater durability of the immobiliza-
tion compared to physical immobilization but may cause changes in the structure of the
immobilized molecule. The most commonly used techniques for the immobilization of
proteins, including enzymatic proteins, are adsorption, trapping, covalent bonding, and
cross-linking. As a rule, immobilized proteins are less sensitive to changes in pH, temper-
ature, and the action of toxins. Due to the possibility of changing the protein structure,
immobilization is not a flawless method. For example, carrying out the immobilization
process may reduce the catalytic properties of the enzyme. Factors that may affect the
activity of the immobilized protein are the stiffening of the protein structure and diffusion
resistance in the free transport of ligands to and from the active center of the protein [105].

There are some parameters describing the performed immobilization such as the yield
of immobilization (protein loading), and in the case of enzymatic protein, efficiency and
activity recovery [106].

In processes using proteins such as analytics, bioseparation, and catalysis, separa-
tion of the used protein from the supernatant is a key parameter prompting the use of
immobilization. As already mentioned, the immobilization of the protein on the surface of
magnetic nanoparticles (MNPs) primarily ensures easy separation of the carrier–protein
system using an external magnetic field. In recent years, MNPs are one of the most
frequently used supports for this purpose because of their large surface area and easy
functionalization. The main advantage of using MNPs as carriers for the immobilization of
e.g., enzymatic proteins is the possibility of reusing the biocatalyst after separation from the
reaction medium. Immobilization on a magnetic carrier is mainly physical immobilization
and covalent bonding on the surface of the support. Due to the fact that the immobiliza-
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tion takes place on the surface of a permanent support, physical adsorption and covalent
binding are usually applied [104,107–109].

4.1. Adsorption of Protein on MNPs Surface

As it was discussed, the adsorption of proteins on solid carriers is one of the oldest
and simplest physical immobilization techniques. The protein can be immobilized by
mixing with an appropriate adsorbent. It is important to ensure the right immobilization
conditions: pH and ionic strength of the solution. Only weak interactions, such as hy-
drophobic and van der Waals interactions and hydrogen bonds, keep the protein molecule
on the surface of the carrier. In general, enzyme immobilization through the technique of
physical adsorption is quite simple and may have a high commercial potential due to its
simplicity, low cost, and retaining high enzyme activity as well as a relatively chemical-free
biomolecules binding. Naturally, this method suffers from several disadvantages such as
low resistance to changes in pH, temperature, and the ionic strength of the buffer. Further-
more, the physical interaction is generally too weak to hold the protein bound to the carrier,
which may cause the protein desorption from the carrier surface in solution [109–111].
Desorption usually leads to a loss of protein activity and contamination of the supernatant
with protein, which may prevent the reuse of immobilized proteins, especially for analytical
applications. Additionally, protein adsorption on the carrier surface often leads to confor-
mational changes in its structure and loss of protein activity. This immobilization technique
allows the use of many carriers, because the most important part of this method is the
appropriately high affinity of the carrier to the immobilized protein. However, depending
on the type of used carrier, the amount of deposited protein may be different, and the
effectiveness of immobilization depends not only on the type of support but also on the
used enzyme and the immobilization conditions.

4.2. Covalent Binding of Protein on MNPs Surface

Covalent immobilization is a chemical method of protein binding on the carrier sur-
face. It involves the formation of a covalent bond between the functional groups of the
protein and support. It is advisable to use such protein functional groups in the immobiliza-
tion process, which are susceptible to chemical modification and do not participate in the
stabilization of the third and fourth-order structure of the protein [104]. The cysteine thiol
group, phenyl ring of tyrosine, imidazole group of histidine, and amino group of lysine are
most often used for this purpose. In order to easily react the above-mentioned functional
groups of the protein, the surface of the support should contain reactive amino, hydroxyl,
carboxyl, vinyl sulfone, vinyl ketone, oxirane, aldehyde, halide, and thiol groups. Depend-
ing on the type and presence of functional groups on the carrier surface, the formation of
the carrier–protein covalent bond consists in the following reactions: arylation, amidation,
diazotization, alkylation, and the formation of Schiff bases or amide bonds. Coupling
agents such as glutaraldehyde (GA) [112], glyoxal [4], epichlorohydrin [104], 1-ethyl-3-(3-
dimethyl-aminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide (NHS) [113] are
often used in protein covalent immobilization [114]. For example, EDC activates carboxyl
groups of protein and forms an amine reactive O-acylisourea intermediate that sponta-
neously reacts with primary amines to form an amide bond and an isourea by-product.
The O-acylisourea intermediate is unstable in aqueous solutions, and failure to react with
an amine will cause hydrolysis of the intermediate, regeneration of the carboxyls, and the
release of an N-substituted urea [115,116]. Therefore, it is necessary to quench the EDC
activation reaction with a thiol-containing compound such as 2-mercaptoethanol. EDC
couples NHS to carboxyls, which forms an NHS ester that is considerably more stable than
the O-acylisourea intermediate and allows for efficient conjugation to primary amines at
physiological pH. The advantageous quality of EDC is that it is water soluble and dissolves
in aqueous buffer solutions, similar to most biological macromolecules [117]

The efficiency and effectiveness of immobilization depends, inter alia, on the number
of these groups present on the surface of the support. Naturally, the immobilization effi-
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ciency increases with the increase in the number of functional groups on the carrier surface
that are available for protein binding. However, in the case of the enzyme protein, too
much “packing” of the enzyme on the support surface may lead to decrease in enzymatic
activity or inactivation [106].

The number of carriers that can be used in this immobilization technique is less than
in physical immobilization. The support surface can be covered with inorganic and organic
compounds as well as composites and polymers, and the most important criterion when
selecting a carrier is the presence of reactive functional groups on its surface that are able
to form covalent bonds.

As it can be seen, each of the methods has its advantages and disadvantages, which
are briefly summarized in Table 2.

Table 2. Advantages and disadvantages of most commonly known immobilization methods [114,118,119].

Method of Immobilization Binding Nature Advantages Disadvantages

Adsorption

weak interactions such as
hydrogen bond, hydrophobic,

and van der Waals
interactions

- does not or little affects the enzyme
structure
- simple, cheap, and easy
- no conformational change of the
protein
- no need to use reagents

- low stability
- non-specific adsorption

5. Immobilization of Proteins on Polymer-Coated Nanoparticles

As a result of susceptibility to modification, thermal stability, and resistance to pH
changes, as well as mechanical properties, polymers are very often used for a magnetite
nanoparticles core coating. As it is known in view of the structure and source of obtaining
the polymer, we can divide them into synthetic and natural polymers (biopolymers).
Consequently, in this article, polymer-coated nanoparticles used for protein immobilization
were divided based on this division.

5.1. Immobilization of Proteins on Nanoparticles Coated with Synthetic Polymers

Synthetic polymers, in contrast to natural macromolecules, are prepared from the
corresponding monomers by chemical synthesis. These polymers are characterized by
high purity and their weight and composition are controlled in the synthesis process. The
purity of the material is of particular importance for their use in biomedicine and e.g.,
pharmaceutical formulation [120]. The basic methods of obtaining synthetic polymers
are generally bulk, solution, suspension, or emulsion technology using homogeneous
or heterogeneous catalysts of acid, alkali, or radical species or transition and rare metal
catalysts. Moreover, synthetic polymers are versatile materials that can be processed into
biomedical foams with a wide range of mechanical, thermal, and degradation properties.
The tailoring of these properties can be achieved by using different polymeric families
such as polyesters, polyurethanes, and tyrosine-derived polymers. One of the parameters
determining the final properties of a polymer is also its porosity [121]. The applications
of magnetite nanoparticles coated with synthetic polymers in protein immobilization are
presented below.

5.1.1. Immobilization of Proteins on Nanoparticles Coated with Polyethylene Glycol (PEG)

Polyethylene glycol (PEG) is hydrophilic, uncharged, and non-immunogenic linear
polyether macromolecule. As a result of its low toxicity and ease of excretion from the
body through the kidneys (for PEGs less than 30 kDa) and in feces (for PEGs > 20 kDa),
PEG is also very often used for biomedical and therapeutic applications [122]. In addition,
of all the synthetic polymers, this macromolecule is the most widely used for magnetic
core coating, especially to ensure the high colloidal stability of the nanomaterial [123].
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However, in the literature, there are only a few reports on the use of PEG-coated magnetite
nanoparticles as a carrier for proteins.

On the basis of Mukhopadhyay’s [124] research, it can be concluded that PEG coatings
are effective means of protecting biomolecules against the toxicity generated by magnetite
nanoparticles. Mukhopadhyay [124] et al. described the interaction of magnetic nanoparti-
cles coated with ethylene glycol and Cytochrome C, which acts as an electron transporter
in the respiratory chain. The interaction of naked uncoated nanoparticles with Cytochrome
C led to the reduction of this protein, while the magnetite nanoparticles coated with PEG
showed no affinity for Cytochrome C and finally did not reduce it (Figure 8).
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Chang and co-authors successfully applied magnetite nanoparticles coated with
polyethylene glycol (PEG) to the novel method of the exosome purification. For this
purpose, they used nanoparticles obtained by chemical co-precipitation reaction. Next, this
material was used to remove fetal bovine serum (FBS) from a biological fluid by means of
physical immobilization [125]. Exosomes are secreted e.g., by cancer cells that are responsi-
ble for metastasis and subsequent cancer growth. The detection of exosomes is a key step
in the early cancer diagnosis [126,127]. Exosomes exist in a biological fluid such as blood
that also contains proteins, so it is important to remove proteins from the biological fluid
before exome detection to avoid test interference. The research results indicate that the
proposed method of using PEG-coated magnetite nanoparticles for protein removal and
exosome purification is quick and simple.

5.1.2. Immobilization of Proteins on Nanoparticles Coated with Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) is hygroscopic, colorless, and odourless biocompatible and
biodegradable synthetic macromolecule [128]. One of the most important properties of
PVA is the ability to form multiple hydrogen bonds between the polymer chains, which
prevents aggregation and agglomeration of magnetic nanoparticles coated with this poly-
mer [80,129,130].

Mahmoudi [131] et al. published the physical immobilization of human protein—
transferrin on magnetite nanoparticles, both naked and coated with PVA. In addition, it
was also the first article to describe the irreversible conformational changes of a specific
protein as a result of interaction with MNPs. After the adsorption of transferrin on the
nanoparticles surface, the main function of the protein, which is the transport of iron
between cells, was changed. The changes that took place in the structure and activity



Materials 2021, 14, 248 13 of 40

of transferrin were irreversible. The activity of the desorbed protein was tested, and
transferrin was found to be inactive.

Laochai [132] and co-authors published the synthesis of magnetite nanoparticles
coated with a mixture of polyvinyl alcohol and chitosan (CS). Bare magnetite nanoparticles
were synthesized by a simple method of co-precipitation and in the next stage coated with
PVA and s chitosan (CS) layer. Then, the horseradish peroxidase was immobilized on the
surface of prepared nanoparticles. This enzyme is usually used for hydrogen peroxide
detection via catalytical oxidation of the substrate of hydrogen peroxide and o-dianazidine.
A colored product of this reaction is formed whose concentration is proportional to the con-
centration of enzyme and measured [133]. It was also proved that peroxidase immobilized
on PVA/CS-coated magnetic nanoparticles retained its activity in ten catalytic cycles.

Sahin and co-authors published the synthesis of magnetic nanoparticles coated with
polyvinyl alcohol and trypsin covalent immobilization on their surface with glutaralde-
hyde as a linker [134]. Trypsin is hydrolase that selectively catalyzes the hydrolysis of
peptide bonds [135]. According to the published results, immobilized trypsin showed
at 40 ◦C greater stability than the free enzyme. Additionally, after 12 days of storage at
4 ◦C, immobilized enzyme retained about 50% of its initial activity, while the activity of
free trypsin stored under the same conditions was only 19%. In addition, the reuse of
immobilized enzyme was also tested. After eight catalytic cycles, the trypsin deposited
on the MNPs retained 56% of the original system activity. The efficacy of the immobilized
trypsin was assessed in a study based on the digestibility of Cytochrome C. Immobilized
trypsin showed effective proteolytic activity in a shorter time (15 min) than free trypsin
(24 h).

5.1.3. Immobilization of Proteins on Nanoparticles Coated with poly(D,L-lactide-co-
glycolide) (PLGA)

Poly(D,L-lactide-co-glycolide) is a copolymer synthesized by a random ring-opening
copolymerization of two different monomers, cyclic dimers of glycolic acid (1,4-dioxane-
2,5-diones) and lactic acid [136]. It shows great potential in drug transport and tissue
engineering due to its biocompatibility and biodegradability [137,138], and it is soluble
in most commonly used solvents. Depending on the proportion of each monomer in the
copolymer structure and polymer molecular weight, PLGA shows different properties.
Usually, higher amounts of lactide in PLGA lead to less hydrophilic material with slow
degradation as a result of lower water absorption [69].

PLGA-coated magnetite nanoparticles have many advantages in drug delivery, es-
pecially in drugs protection against degradation. Moreover, they can also improve the
pharmacokinetic and pharmacodynamic profiles of transported drugs. Another important
advantage of PLGA over other polymers is that this macromolecule is approved by the
FDA (U.S. Food and Drug Administration) and EMA (European Medicines Agency) in
various drug delivery systems, which means that PLGA-coated nanoparticles can be used
in clinical trials in a shorter period of time [139,140]. One of the most interesting applica-
tions of MNPs in biomedicine is their design to have additional fluorescent or luminescent
properties. Such structures can be obtained by chemical or physical modification of the
polymer shell surrounding the magnetite core [141,142]. This multimodal approach en-
sures the specific recognition and attachment of MNPs to the target cell, drug delivery, and
the possibility of in vitro and in vivo bioimaging using optical methods, tomography, or
magnetic resonance.

Jaemoon Yang and co-authors synthesized a multimodal nanocomposite using in-
organic and organic materials for cancer detection and treatment [143]. The nanoemul-
sion method was used to incorporate doxorubicin, an anti-cancer drug (DOX), into mag-
netic nanoparticles coated with a mixture of poly (D,L-lactide-co-glycolide) and PVA
(Figure 9) [144]. The Herceptin (HER) antibody used in the treatment of breast cancer
was also immobilized on the surface of these nanoparticles (with EDC/NHS as a linker)
without loss of its affinity for cancer cells. Additionally, the drug enclosed in the polymer
shell was released in a balanced manner without any inhibition. These multi-functional
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composites may have applications in targeted drug delivery, MRI probes, and also cell
separation.
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Shubhra and co-authors published a modification of the surface of magnetite nanopar-
ticles coated with poly (D,L-lactide-co-glycolide) with a non-ionic copolymer—poloxamer
(Pluronic F68, PF68) for the immobilization of bovine serum albumin (BSA) [145]. The pro-
tein adsorption capacity of this material was compared with poly(D,L-lactide-co-glycolide)-
coated nanoparticles (Figure 10). The UV-Vis spectrophotometric analysis showed that the
BSA adsorption on PF68-modified nanoparticles was reduced by about 50% in relation to
poly (D,L-lactide-co-glycolide) modified nanoparticles.
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5.1.4. Immobilization of Proteins on Nanoparticles Coated with Polyethyleneimine (PEI)

Linear polyethyleneimines contain only secondary amines as opposed to branched
PEI, which contains primary, secondary, and tertiary amine groups. There are two carbon
atoms in each PEI molecule with one protonated nitrogen atom. Due to the different pKa
values of the primary, secondary, and tertiary amine groups, PEI can scavenge protons
under different pH conditions, which is known as the “proton sponge” mechanism. PEI
was developed to condense DNA through the electrostatic interaction between the positive
and negative charges of the DNA phosphate group [146,147]. A quaternary ammonium
derivative of branched polyethyleneimine (bPEI-met) has also been synthesized, and it was
found that it exhibits antibacterial activity by disrupting bacterial cell membranes [148].
Due to its unique properties, PEI appears to be one of the most suitable molecules for the
surface modification of MNPs for biomedical applications.
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In 2016, Xia and co-authors described the synthesis of polyethyleneimine-coated
nanoparticles (Fe3O4–NH2–PEI MNPs) [149]. Afterwards, this nanomaterial was chelated
with copper ions in order to immobilize the Trametes versicolor laccase by physical immobiliza-
tion—adsorption (Figure 11). Laccase as a multi-copper oxidase (belongs to the group
of polyphenol oxidases) can be produced by numerous plants, funguses, and bacte-
ria [150,151]. As a result of its relatively low substrate specificity and high catalytic activity,
it has gained extensive attention in various fields such as environmental remediation, the
pulp and paper industry, and biosensing [152]. However, the industrial applications of this
enzyme are limited due to the low stability and poor reusability of free laccase [150,153].
The results obtained for the enzyme immobilized on (Fe3O4–NH2–PEI MNPs) nanopar-
ticles were compared with those obtained for the enzyme immobilized on the particles
without a polymer coating (Fe3O4–NH2 MNPs) containing only amino groups. It was
noticed that polymer-modified nanoparticles show a higher adsorption capacity compared
to nanoparticles without the polymer coating. Additionally, the recovery of laccase activity
for nanoparticles with polyethyleneimine was two times higher than for magnetite nanopar-
ticles without polymer. In addition, the activity of the immobilized enzyme improved
significantly; the specific laccase activity was 101.33 times higher than for free enzyme.
Moreover, immobilization allowed the enzyme to be reused. Immobilized enzymes on
PEI-coated nanoparticles preserved 44.89% of their original activity after the 5th reuse. The
activity loss in these steps may be related to particle agglomeration and the inactivation of
laccase upon use.
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and immobilize laccase.

Interesting research with polyethyleneimine-coated magnetic nanoparticles in gene
therapy—magnetofection was published by Zuvin et al. in 2019 [154]. In this study, a new
magnetic trigger system consisting of four rare earth magnets on a rotating table for a better
magnetofection effect was designed and manufactured. Magnetic nanoparticles coated
with polyethyleneimine with a green fluorescent protein (GFP) carrying DNA were used
as model material. Magnetofection has been tested on the breast cancer cell line (MCF7).
The results showed that the magnetic field exposure increased the transfection efficiency.

It can be seen that polymers have different protein adsorption capacity resulting
from the presence of different functional groups, different arrangements, and different
molecular weight. Wiogo et al. performed the co-precipitation synthesis of bare mag-
netic nanoparticles that were in the next step modified by sonication with linear poly-
methacrylic acid (20 kDa), linear and branched polyethyleneamine (25 kDa), and branched
oligoethyleneimine (800 Da) [155]. Next, the adsorption capacity of each material was
tested using the biological serum proteins (fatal bovine serum). Based on the obtained
results, it can be concluded that nanoparticles coated with branched polyethyleneimine
adsorb the largest amount of serum protein, while nanoparticles coated with linear poly-
methacrylic acid showed the lowest interaction with proteins. The differences in the
amount of immobilized protein resulted from the conformation of the polymer on the
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surface of the MNPs. The results of the interaction of nanoparticles obtained by Wiogo
et al. with serum proteins are presented in the Table 3.

Table 3. Results of LC-MS/MS analysis checking which of the FBS proteins remain on the surface of bare MNPs and MNPs
functionalized with polymethacrylic acid, linear polyethylenimine, and branched polyethylenimine after MNPs have been
contacted with biological solution containing 10% FBS [155].

Protein Bare MNPs MNPs Coated with
Polymethacrylic Acid

MNPs Coated with
Linear

Polyethylenimine

MNPs Coated with
Branched

Polyethylenimine

Albumin + + + +
Antithrombin - - - +

α-2-HS-glycoprotein + - - -
Inter- α-inhibitor - - + +

Apolipoprotein A-1 - - + +
Apolipoprotein E - - + +

Complement
Component 4A - - + +

Tetranectin + + - -
α-fetoprotein - - - +

α-1-antiproteinase - - - +
Kininogen - + - -

Complement factor H + - - -
Hemoglobin + + + +

Immunoglobulin - + - -
Complement factor I + - - -
Complement factor B + + - -

Apolipoprotein B + - - -
Lactoferrin - + - -

It was shown that the design of nanoparticles for biomedical applications can be im-
proved through the appropriate selection of functionalization polymers and understanding
the factors governing the stabilization mechanism.

Kannan et al. reported the immobilization of two lipases: Candida rugosa and Mucor
miehei on polyethyleneimine (PEI)-coated MNPs [156]. These nanoparticles were used in
chromatography as an anion exchanger for lipase separation, which resulted in retaining
a significant part of the enzyme on the support. Moreover, PVP (polyvinylpyrrolidone)
has been used in this research to reduce the amount of protein bound to the filling. The
PEI-coated Fe3O4 nanoparticles were further coated with (1.0–2.5%) PVP solution at about
4 ◦C with 200 rpm for overnight to (1.0–2.5%) PVP-PEI-Fe3O4. Shielding with 2% PVP
improved the elution of lipases with 1 M NaCl as eluent. The elution of Mucor miehei
lipase increased from 56.8% to 68.3%. Similar results were observed for lipase from Candida
rugosa.

Gräfe et al. [157] and Calatayud et al. [158] published the formation of the protein
corona on PEI-coated magnetic nanoparticles. Materials designed for biomedical and ther-
apeutic applications generally come into contact with protein reach body fluids. Proteins
are usually adsorbed on the surface of material to form an enveloping layer known as
the “protein corona”. This process can be thought of as physical immobilization. The
protein corona, which is formed as soon as nanoparticles come into contact with biological
systems, plays a key role in the biological role of nanoparticles. Gräfe et al. describe a
strategy to control the amount of adsorbed proteins on the surface of nanoparticles and
the effect of such corona proteins on particle–cell interactions. Polyethyleneimine (PEI)-
coated magnetic nanoparticles (MNPs) were incubated in a medium consisting of fetal calf
serum (FCS) and the nutrient broth used for cell culture. As it can be expected, during
the incubation process, the surface of PEI-modified magnetic nanoparticles was covered
with serum proteins by physical immobilization. Next, the human HBMEC (Human Brain
Microvascular Endothelial Cells) line was used to study the interaction with nanoparticles.
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The results show that the presence of the corona reduces the interaction of the nanoparticles
with HBMEC during short-term incubation depending on FCS concentration [157].

On the other hand, Calatayud et al. [158] focused on the process of protein adsorption
on magnetic nanoparticles functionalized with polyethyleneimine and poly (acrylic acid)
after immersing them in a cell culture medium (Figure 12). It was noticed that after 24-h
incubation, large aggregates of proteins are formed on MNPs with a hydrodynamic size
of 1500 nm (for nanoparticles coated with poly aryl acid) and 3000 nm (for nanoparticles
coated with polyethyleneimine) [158].
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The study presents the effect of the produced protein clusters properties on the
absorption of SH-SY5Y cells. Despite the negative z-potential with similar values for both
MNPs in cell culture, it was observed that PEI-MNPs are incorporated in in much greater
amounts than polyacrylic acid (PAA)-MNP units. Quantitative analysis showed that
SH-SY5Y cells can incorporate 100% of the added PEI-MNPs up to 100 pg/cell, whereas
for PAA-MNPs, the uptake was less than 50%. This result suggests the possibility of
controlling non-specific protein adsorption onto MNPs by proper functionalization of their
surface. The impact of the final properties of these clusters on the cell uptake, which is
typified by the much larger mass of attached PEI-MNPs compared to the PAA-MNPs, was
demonstrated.

5.1.5. Immobilization of Proteins on Nanoparticles Coated with Polyacrylic Acid (PAA)

Polyacrylic acid (PAA) is a non-toxic polyanion (in which each unit has a carboxyl
group), synthetic, high molecular weight polymer [159]. PAA is a weak polyelectrolyte
with a degree of dissociation depending on the pH of the solution and its ionic strength.
Moreover, it is a water-soluble macromolecule with a high density of reactive functional
groups. These properties provide strong connections between iron oxide and biomolecules,
which makes PAA-coated magnetite nanoparticles very attractive for biomedical appli-
cations [160]. Based on Sanchez’s observations, it is known that the amount of PAA
covering the magnetic core affects the size and polydispersity of nanoparticles: the greater
the proportion of PAA, the smaller and more monodisperse the nanoparticles that were
obtained [161].

Hamidrez and co-authors modified magnetic nanoparticles coated with a mixture of
PAA and chitosan with two proteins: BSA (Bovine Serum Albumin) and IgG (Immunoglob-
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ulin G). The surface of the nanoparticles was first coated with chitosan in order to stabilize
the structure; then, polyacrylic acid (PAA) was used as the outer layer [162]. After incuba-
tion with BSA and IgG protein, it was noted that the adsorption of BSA was very low in
contrast to IgG protein binding. These results indicate that magnetic nanoparticles coated
with polyacrylic acid (PAA) and chitosan mixture can be a good carrier for the transport of
drugs [163].

An interesting application of magnetic nanoparticles coated with polyacrylic acid
(PAA) was described by Huang et al. [164]. PAA-coated magnetite nanoparticles were
obtained by co-precipitation and then used for the immobilization of the lipase from
Candida rugosa from aqueous solutions [165]. It was shown that the maximum lipase
adsorption was found to be 0.605 mg of enzyme per 1 mg of nanoparticles. Additionally,
the desorption process and the enzyme activity after this process were investigated. The
percentage of enzyme desorption was about 80%, while the enzyme activity recovery was
95.5% of the initial lipase activity value before the immobilization process [164].

Ma et al. used polyacrylic acid (PAA)-coated magnetic nanoparticles in the treatment
of arterial embolism [166]. Tissue plasminogen activator (rtPA), an enzyme responsible for
the fibrinolysis process, was immobilized on such surface-modified nanoparticles, using
the amide bond formed with EDC/NHS. The system prepared by this way was used in
an animal model to test its effectiveness in the physiological process of breaking down
an arterial thrombus. The rtPA activity tested after immobilization was about 87% of the
initial enzyme activity. Moreover, the results described in the conclusions indicate that
after 75 min, it was possible to improve the patency of the artery to 82%, and the used
material did not adversely affect the number of blood cells and hemoglobin [166].

In the case of the design and synthesis of materials as drug carriers, it is impor-
tant to study their interaction with serum proteins. Zhao and co-authors [167] studied
the interactions of lysozyme (LYZ) and bovine serum albumin (BSA) with two types of
magnetic nanoparticles: coated with polyacrylic acid (PAA) and the other type resulting
from the modification of PAA-coated MNPs with 3-(diethylamino) propylamine (DEAPA)
(Figure 13) [168]. Poly(acrylic acid) modified with (PAA)-co-3-(diethylamino)-propylamine
(DEAPA)) is an important zwitterionic polymer with positively and negatively charged
moieties on different monomer units.
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The results of the study of the interaction of these nanoparticles with LYZ and BSA
showed that the lysozyme has a high affinity for nanoparticles coated with pure, un-
modified PAA, in contrast to BSA, which deposited small amounts on this material. For
nanoparticles coated with PAA modified with 3-(diethylamino) propylamine, it was ob-
served that both proteins LYZ and BSA were adsorbed in significant amounts, which was
higher than for nanoparticles coated with PAA alone [167].
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5.1.6. Immobilization of Proteins on Nanoparticles Coated with Poly(methacrylic acid)
(PMAA)

Poly(methacrylic acid) (PMAA) is a polymer synthesized from methacrylic acid, which
is a viscous liquid with a specific smell. PMAA has a pKa of ≈4.8, which means that at
neutral pH, the methacrylic acid groups in the lattice are almost completely deprotonated,
making it an anionic polymer. PMAA can act as a polyelectrolyte with the ability to absorb
and hold water. It was shown that PMAA used for a magnetic nanoparticles surface coating
prevents nanoparticles aggregation and agglomeration [169–171].

Mexeriwattana and co-authors [172] investigated the interactions of blood serum
proteins with poly (methacrylic acid) (PMAA)-coated magnetite nanoparticles obtained by
the co-precipitation method [173]. PMAA-coated and bare magnetite nanoparticles were
subjected to interaction with fetal calf serum (FCS). It has been shown that modification of
the surface with poly (methacrylic acid) reduces the degree of coverage of the material by
blood serum proteins compared to pure magnetite nanoparticles [172].

5.1.7. Immobilization of Proteins on Nanoparticles Coated with
poly(N-isopropylacrylamide) (PNIPAM)

Poly(N-isopropylacrylamide) is a temperature-sensitive polymer. It is widely studied
due to its water solubility and lower critical solution temperature (LCST) close to the phys-
iological temperature value (about 36.5–37.5 ◦C) [174]. Poly(N-isopropylacrylamide) has a
relatively simple structure based on a hydrophobic skeleton and strongly hydrophilic amide
groups (-CONH2) substituted with isopropyl moiety [175]. When heated in water above
32 ◦C, it undergoes a reversible phase transition with a lower critical solution temperature
(LCST) from the swollen hydrated to a contracted dehydrated state, losing about 90% of its
volume. It was notice that magnetic nanoparticles coated with poly(N-isopropylacrylamide)
(PNIPAM) are characterized by thermal resistance and high magnetization as well as an-
tibacterial properties [174,176].

Shamim et al. published a study on the effects of temperature, pH, and ionic strength
on the adsorption and desorption of bovine serum albumin (BSA) on magnetic nanopar-
ticles coated with a PNIPAM layer [177]. The influence of the incubation temperature
on the amount of bound protein was also investigated. It was found that the amount of
adsorbed protein was greater at higher temperatures (Figure 14). This behavior is attributed
to the hydrophobic and hydrophilic properties of the nanomagnetic particles above and
below the PNIPAM LCST, respectively. The effect of pH was also investigated, and it was
observed that less protein was adsorbed at higher pH value. It was probably due to the
electrostatic repulsion force between the protein molecules and the polymer shell covering
the nanoparticles. The maximum amount of protein was adsorbed near the isoelectric
point of BSA. The process of BSA desorption from the surface of nanoparticles was also
investigated. The results showed that more protein was desorbed when adsorption was
performed at the lower temperatures with the yield exceeded 80%.
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An equally interesting potential application of poly(N-isopropylacrylamide) (PNIPAM)-
coated magnetic nanoparticles has been described by Dionigi et al. [178]. The material
obtained by co-precipitation was used as a matrix for the immobilization of vascular en-
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dothelial growth factor (VEGF). This article explores the possibility of delivering a cell
growth factor, such as VEGF, under cell-friendly conditions to assure a high level of cell
viability of HUVEC, (Primary Human Umbilical Vein Endothelial Cells) a well-known
class of human cells. PNIPAM-coated magnetite nanoparticles incubated with HUVEC
and loaded with VEGF demonstrated the release of the latter at 37–38 ◦C. The effect of the
release of VEGF on the proliferation of cultivated HUVEC demonstrated both the loading
and the preservation of the biological characteristics of the released VEGF. No adverse
effect on cell proliferation was detected from the presence of MNPs. Summarizing, the
PNIPAM-coated MNPs can be therefore considered as a promising material for controlled
release of VEGF or other proteins able to stimulate vascular cells inside a scaffold.

5.2. Immobilization of Proteins on Nanoparticles Coated with Natural Polymers

Polymers of natural origin, the so-called biopolymers, are macromolecules especially
used in biomedical sciences, including for the preparation of biocompatible and non-
toxic materials. Due to the presence of reactive functional groups in their structure, these
macromolecules can be easily subjected to chemical modification toward materials with
better performance properties than the original biopolymer.

5.2.1. Immobilization of Proteins on Nanoparticles Coated with Chitosan (CS)

Chitosan (CS) is one of the most widely used biopolymers for magnetite core sta-
bilization. This material is natural polysaccharide containing varying amounts of sta-
tistically decomposed structural units of 2-acetamido-2-deoxy-β-D-glucopyranose, (N-
acetylglucosamine) and 2-amino-2-deoxy-β-D-glucopyranose (‘-glucosamine) connected
via β—(1→4)—glycosidic bonds [179]. Chitosan has proven antiviral, anti-inflammatory,
analgesic, and antibacterial activity [180,181]. It is non-toxic, biocompatible, and biodegrad-
able polymer. It was proven that coating magnetic nanoparticles with CS does not change
the thermal and magnetic properties of the magnetite material. One-pot synthesis in the
presence of low molecular weight CS showed that it can protect nanoparticles from aggre-
gation due to electrostatic repulsion between positively charged nanoparticles. Chitosan-
coated nanoparticles can easily penetrate cell membranes, which is often used in biomedical
research. Free hydroxyl and amine groups of chitosan allow the surface modification of
nanoparticles [182–185]. In an acidic environment, free CS amino groups gain a positive
charge, thanks to which they can react with negatively charged groups of nucleic acids,
which are used, among others, in MRI imaging [186]. Park et al. in the review on chitosan
describe its numerous applications in the delivery of low molecular weight drugs [187].

There are many literature reports on the synthesis of chitosan-coated magnetic nanopar-
ticles for the immobilization of catalytic proteins. Liang and Zhang [188] carried out the
immobilization of papain from Carica papaya on magnetic nanoparticles coated with car-
boxymethyl chitosan. Magnetite nanoparticles were obtained by co-precipitation, and
chitosan, before coating, was modified with monochloroacetic acid. Next, the chemi-
cal immobilization was performed and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)/N-hydroxysulfosuccinimide (Sulfo-NHS) was used to couple the enzyme with
the polymer (Figure 15). Conjugated papain showed increased enzymatic activity, better
tolerance to pH and temperature changes, and increased storage stability compared to the
native enzyme form.
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In 2008, Li and co-authors synthesized chitosan-coated magnetic nanoparticles for the
immobilization of Saccharomyces cerevisiae almond dehydrogenase (SCMD) [189]. Dehy-
drogenase was physically immobilized on the MNPs surface, and the effect of adsorption
on its activity was examined. For this purpose, an SCMD-catalyzed reduction reaction of
phenylglyoxylic acid to (R)-mandelic acid was used. After determination of the enzyme
activity in the free and immobilized form at the temperature of 25 ◦ C and pH 7.0, it was
shown that after immobilization, the enzyme retained about 50% of its activity compared
to the free form of the protein. The possibility of immobilized SCMD reuse was also inves-
tigated. After each cycle, the immobilized SCMD was recovered by magnetic separation
and recycled for the reduction of phenylglyoxylic acid. The activity of the first batch was
taken as 100%. After seven catalytic cycles, the remaining activity was about 48.26% of the
first use.

Wang [190] and Li and co-authors [189] obtained magnetic nanoparticles coated with
chitosan cross-linked with glutaraldehyde and used them as a support for Alcalase 2.4L
alkaline protease. The immobilization of Alcalase 2.4L alkaline protease on chitosan-coated
magnetic nanoparticles caused an increase in enzyme activity, and the optimal range of
temperature and pH profile was also significantly extended. As a model reaction to check
enzyme activity, the hydrolysis of soy protein isolate (SPI) was performed by free and
immobilized enzyme. The test results showed that the degree of SPI hydrolysis after 140
min was 18.38% for the immobilized enzyme and 17.50% for the free enzyme form. In
addition, immobilized alkaline protease Alcalase 2.4L maintained approximately 86% of its
original activity after ten cycles of reuse.

In turn, Sojitra et al. used chitosan-coated MNPS for pectinase immobilization [191].
Enzyme was chemically bonded to the MNPs surface with dextran polyaldehyde as a
linker. Immobilization parameters such as linker concentration, time of immobilization,
and support to enzyme ratio were optimized. Studies have shown that the thermal stability
of pectinase immobilized on the surface of nanoparticles is twice as high as that of the
free enzyme in the 55–75 ◦C temperature range. Moreover, the activity of immobilized
pectinase was about 85% after seven reuse cycles and retained up to 89% after fifteen days
of storage. Next, the obtained biocatalytic system was used for apple juice clarification.
During this process, the turbidity was reduced to 74% after 150 min of juice treatment.
In addition to obtaining a catalytic system that preserves the enzyme activity, this work
showed that dextran polyaldehyde is a good linker for the chemical immobilization of
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enzymes on the surface of chitosan-coated nanoparticles. This immobilization technique
includes a renewable and biocompatible natural biopolymer as a functionalizing and
linking agent, making it an environmentally friendly technique and safer for workers
compared to traditional chemicals.

Articles describing the immobilization of lipases on magnetic nanoparticles coated
with chitosan have been published by Kuo, Wang, Monteiro, Hosseini, Ziegler-Borowska,
Sikora, and Siodmiak [182,183,192–197].

Kuo et al. [195] used the response surface methodology (RSM) to find the optimal
lipase immobilization conditions and to investigate the factors affecting the activity of the
immobilized enzyme. It was shown that the optimal immobilization conditions were 2.14
h immobilization time, pH 6.37, and enzyme/carrier ratio 0.73 (w/w). The highest lipase
activity was 20 U/g of chitosan-coated nanoparticles. Additionally, after twenty repeated
cycles, the immobilized lipase retained over 83% of its initial activity. The immobilized
enzyme showed better operational stability, including wider thermal and pH ranges than
native protein, and it remains stable after 13 days of storage at 25 ◦C.

Wang et al. [196] describe the immobilization of lipase from Thermomyces lanuginosus.
Chitosan-coated magnetic nanoparticles were prepared by a simple in situ co-precipitation
that was used to covalently immobilize the enzyme via chemical conjugation after electro-
static entrapment (CCEE) (Figure 16).
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As optimal immobilization conditions, the protein/carrier ratio 19.8 mg/g, pH 5.0,
time 4 h, and temperature 30 ◦C were used. A high immobilization efficiency at the level of
75% and a bounded protein amount of 16.8 mg/g of the carrier were obtained. Moreover,
the immobilized lipase retained about 70% of its initial activity after ten catalytic cycles.
The prepared catalytic system was used for the synthesis of ascorbyl palmitate, which
resulted with above 50% conversion of ascorbic acid to the appropriate ester. Based on
these data, it was noticed that the immobilization of lipase on magnetic nanoparticles
coated with chitosan by the CCEE method is an efficient and simple way to obtain a stable
catalytic system.

Monteiro et al. [197] investigated the immobilization of lipase A from Candida antarctica.
Chitosan-coated magnetite nanoparticles were activated with glutaraldehyde, and Lipase
A from Candida antarctica was attached to the carrier surface by covalent bonding with 84%
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immobilization efficiency. Additionally, the immobilized biocatalyst showed a half-life
about 8–11 times longer than for the free enzyme at solution with pH 5–9 and greater
activity at almost all tested pH values.

Hosseini et al. [194] and Monteiro [197] synthesized chitosan coated magnetic nanopar-
ticles in two steps. In the first step, FeCl3·6H2O and sodium acetate reacted in ethylene
glycol, and then the polymer shell was crosslinked with citric acid with the use hydroxyl
and amine groups of chitosan at neutral pH. The resulting nanoparticles were used for Li-
pase B from Candida antarctica immobilization with glutaraldehyde as the linker (Figure 17).
The results showed that the immobilized enzyme has higher storage stability than free
protein. It has also been successfully used to itaconic anhydride oligomerization by ring-
opening esterification. This process is a green approach for the production of functional
oligoesters and can be applied to make photo-curable esters.
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Figure 17. Enzyme immobilization on chitosan-coated magnetite nanoparticles with glutaraldehyde
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Ziegler-Borowska et al. [182] synthesized magnetite nanoparticles with surface mod-
ified with a mixture of two polymers: chitosan and poly [N-benzyl-2-(methacryloxy)-N,
N-dimethylethanaminium bromide] (PQ) (Figure 18).
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Nanoparticles with different mass ratios of these polymers were used for the im-
mobilization of lipase from Candida rugosa. The enzyme was covalently bounded to the
nanoparticle surface by EDC/sulfo-NHS activation. The activity recovery of the immobi-
lized enzyme was estimated by the hydrolysis of olive oil, and its maximum value was
about 82% for CS–PQ nanoparticles (1:1). The residual activity of immobilized lipase
was over 90% after five catalytic cycles and remained at the level of 70–72.1% after 10
cycles. Moreover, it was noticed that the presence of the quaternary ammonium salt had a



Materials 2021, 14, 248 24 of 40

positive effect on the dispersion and stability of the solutions due to the spatial effects and
electrostatic repulsion of polymer chains. As a result of quaternary ammonium salt biolog-
ical activity, the studied magnetic nanoparticles may be also of particular importance in
antimicrobial applications. On the other hand, Siódmiak and co-workers used this catalytic
system for kinetic separation through enantioselective esterification of (R, S)-ibuprofen—a
widely used non-steroidal anti-inflammatory drug [183]. Lipase, immobilized on the sur-
face of CS/PQ magnetic carriers with (EDC)/(sulfo-NHS) activation showed high catalytic
activity, which allowed obtaining (S)-methyl ibuprofen ester with high enantioselectivity
(E = 50.6). Moreover, the properties of this magnetite particles allow for better optimization
of the enantioselective esterification of (R, S)-ibuprofen and as a result could reduce the
overall cost of this reaction. In addition, the use of this nanocatalytic system allowed for
maintaining high enantioselective activity after repeated use.

Later, Ziegler-Borowska and co-authors prepared magnetite nanoparticles coated
with chemically-modified chitosan rich in free amino groups remote from the polymer
chain (Figure 19) [183,185,198–202]. First, chitosan-coated magnetite nanoparticles were
synthesized by an in situ co-precipitation reaction in an alkaline solution. Then, the reactive
chitosan groups, hydroxyl and amino, were used for its functionalization, obtaining three
polymer coatings with different content of amino groups able to bind protein (Figure 19).
Prepared nanoparticles were used for the chemical immobilization of proteins: lipase from
Candida rugosa [183,193,201], human serum albumin (HSA) [185,199], and the androgen
receptor (AR) [202].
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Sikora and co-authors [193,201] used these magnetic nanoparticles with immobilized
lipase from Candida rugosa for the enantioselective acetylation of (R, S)-atenolol. Addi-
tionally, the catalytic activity of two types of commercially available lipases from Candida
rugosa immobilized on two different magnetic nanoparticles was compared. Among all
the tested catalytic systems, the best results were obtained with the lipase from Candida
rugosa immobilized on Fe3O4-CS-Et(NH2)1 (E = 66.9, c = 41.84%, ee = 94.1%). Additionally,
these studies also showed that even after five catalytic cycles, the immobilized lipase
maintains high catalytic activity. Next, Marszałł et al. [202] used these same supports for
immobilization of the androgen receptor (AR). The research involved comparing various
AR carriers, such as silica-coated magnetic nanoparticles and chitosan-coated nanoparticles
with varying amounts of amino groups. Immobilization was performed in two ways: by
covalent immobilization of the AR via an amino terminal group or available carboxyl
groups. The initial characterization of AR-coated magnetic nanoparticles was performed
with dihydrotestosterone as a well-known AR ligand. Subsequently, chitosan-modified
nanoparticles with distant primary amine groups (Fe3O4-CS-Et(NH2)3) were used for the
isolation of AR ligands (bicalutamide, flutamide, hydroxyflutamide, and levonogestrel)
from the mixture. Based on the obtained results, it was noticed that the selected nanoparti-
cles are a promising semi-quantitative tool for the identification of compounds with high
affinity for AR and may be of particular importance in the identification of new agonists
or antiandrogens. Finally, these materials were used for HSA immobilization. Moreover,
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the influence of the selected method of functionalization of the polymer coating covering
magnetite nanoparticles (MNP) as well as drying methods of the carrier on the immobi-
lization of human serum albumin HSA was performed [185]. Albumin was immobilized
on three types of nanoparticles coated with aminated chitosan with different content of
amino groups at a large distance from the Fe3O4-CS-Et(NH2)1–3 surface. It was noticed that
both the synthesis method and the method of drying nanoparticles have a large impact
on the effectiveness of immobilization. The largest amount of protein was immobilized
on Fe3O4-CS-Et (NH2)3, and it was 210.32 mg/g nanoparticles. In the case of the mate-
rials Fe3O4-CSEt(NH2) and Fe3O4-CS-Et(NH2)3 dried by the freeze-drying method, the
efficiency of protein immobilization was 200% higher than in the case of nanoparticles
dried in a vacuum dryer. In another work, Ziegler-Borowska et al. used such immobilized
albumin for protein–drug interaction study [184].

The synthesis of magnetite nanoparticles coated with a mixture of chitosan and colla-
gen with the use of various cross-linking agents of the polymer coating, glutaraldehyde
(Glu) and squaric acid (SqA), was also described by Ziegler-Borowska and co-authors [192].
Obtained nanomaterials were prepared in a standard co-precipitation reaction and then
coated with chitosan (CS), collagen (Coll), and a mixture of these two biopolymers and
cross-linked. As a result of the performed syntheses, six types of nanomaterials were
obtained: CS/Glu (Fe3O4), Coll/Glu (Fe3O4), CS–Coll/Glu (Fe3O4), Coll/SqA(Fe3O4),
CS/SqA (Fe3O4), and CS–Coll/SqA(Fe3O4). Subsequently, lipase from Candida rugosa im-
mobilization was carried out on the surface of the obtained nanoparticles with EDC/NHS
activation. The best results in terms of recovered lipase activity and specific activities were
observed for nanoparticles with a polymer coating cross-linked with squaric acid. The
specific activity of lipase immobilized on SqA cross-linked materials was 52 U/mg lipase,
and it was about two times higher than for the enzyme immobilized on nanomaterial with
glutaraldehyde 26 U/mg lipase. Additionally, after the fifth catalytic cycle, the residual
activity for all tested magnetic nanoparticles was about 80–90%, and at the end of the
tenth cycle, the immobilized lipases still retained almost 80% of their activity. Moreover, a
little hyperactivation of lipase immobilized on CS/SqA (Fe3O4) and CS–Coll/SqA(Fe3O4)
nanoparticles was observed.

5.2.2. Immobilization of Proteins on Nanoparticles Coated with Agarose

Agarose is a polysaccharide usually obtained from some red seaweed. It is a linear
polymer composed of the agarobiose repeating unit, which is a disaccharide consisting of D-
galactose that is well soluble in water 3,6-anhydro-L-galactopyranose (Figure 20) [203,204].
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After cooling of its aqueous solution, this inert polymer forms thermo-reversible
gels. The biocompatibility of agarose hydrogels and the mild conditions required for
their gelling make the composite hydrogel widely used in the biomedical industry. As a
result of the non-toxicity of agarose-coated MNPs, they are widely used in drug delivery
systems [205–207].

Chen and co-authors synthesized agarose-coated magnetic nanoparticles for β-glucosidase
(BGL) immobilization [208]. Magnetite nanoparticles coupled with agarose (AMNPs)
were prepared via co-precipitation reaction in alkaline condition with span–80 surfactants
addition in organic solvent. Next, iminodiacetate was attached to the MNPs through
epichlorohydrin agent and then chelated with metal ions. Enzyme immobilization was
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performed by the physical adsorption. Cobalt ion chelated nanoparticles prepared by this
way showed a high enzyme adsorption capacity of 1.81 mg/g nanoparticles. Moreover,
a hyperactivation of immobilized β-glucosidase was observed (enzyme activity of 117%
per gram of protein in β-glucosidase immobilization). Additionally, compared to free BGL,
the immobilized enzyme showed higher hydrolytic activity and thermostability and better
operational stability. After running for 15 catalytic cycles, this catalytic system retained
over 90% of its initial activity.

5.2.3. Immobilization of Proteins on Nanoparticles Coated with Starch

Starch is one of the most interesting natural polysaccharides used for MNPs coating.
It is a plant polysaccharide, consisting only of glucose units linked by α-glycosidic bonds,
acting as an energy store in plants [209]. Starch hydrolyses only to α-D-glucose but is not a
chemically homogeneous compound—it consists of two fractions: unbranched amylose
and branched amylopectin (Figure 21).
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The presence of highly reactive hydroxyl groups and the relatively good solubility of
starch make it susceptible to modifications, which inspires the creation of new materials
with potential properties such as biodegradability and non-toxicity [210]. For chemical
modifications of this polysaccharide oxidation, esterification, and etherification reactions
are used [211,212]. It was also confirmed that starch-coated magnetite nanoparticles retain
their magnetic properties [213] and are characterized with high biocompatibility as well
as colloidal stability. As a result of that, starch and modified starch-coated magnetite
nanoparticles can be considered as one of the biomaterials with biological potential for
applications in the biomedical department [214,215].

Ziegler-Borowska [212] carried out the synthesis of starch and modified starch-coated
magnetite nanoparticles. First, starch-coated MNPs were obtained by in situ co-precipitation,
and the polymer shell was modified in the next stage: it was oxidized to dialdehyde starch
and then simply and quickly aminated without solvent (pounding in a mortar) to nanopar-
ticles coated with starch enriched with amino groups (Figure 22).
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These magnetite nanoparticles were used as a carrier for HSA immobilization with
glutaraldehyde as the binding agent. The amount of HSA immobilized on the nanoparticles
was about 149.96 mg HSA/g of the carrier, and the protein retained its activity after
immobilization. Next, these HSA-aminated starch-coated MNPs were used for HSA-
ketoprofen binding study [185].
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Wang et al. used starch-coated magnetic nanoparticles for pectinase produced by
Penicillium oxalicum F67 (PoPase) immobilization [216]. Before the immobilization process,
magnetic nanoparticles coated with corn starch were cross-linked with glutaraldehyde. En-
zyme immobilization on the support was performed by physical adsorption. Additionally,
the influence of various factors on the rate of enzyme regeneration after immobilization
was investigated. Next, free and immobilized enzymes were used to extract apple juice
to evaluate their effect on juice yield. The studies showed that after eight catalytic cycles,
the immobilized enzymes retained about 60% of the initial PoPase activity. This confirmed
that starch-coated magnetic nanoparticles are a good carrier for PoPase immobilization,
which may be applicable to juice processing.

Gagnon and co-authors [217] described the use of starch-coated magnetic nanoparti-
cles for the capture of monoclonal IgG antibodies. A hybrid system that embodies elements
of both PEG precipitation and steric exclusion chromatography on starch-coated 200 nm
nanoparticles enables the magnetic capture of 78 mg IgG per mg of particles, with 98%
antibody recovery.

Wensheng Lu and co-authors published the synthesis of magnetic nanoparticles
coated with dialdehyde starch [218]. They oxidized starch with sodium periodate; then, the
nanoparticles were cross-linked with epichlorohydrin solution, and bovine serum albumin
(BSA) was successfully immobilized on the carrier surface. The support prepared in this
way can be used for targeted drug release.

In 2008, Kuroiwa and co-authors described the immobilization of the enzyme chi-
tosanase on magnetic nanoparticles coated with amylose [219]. As previously mentioned,
amylose is a polysaccharide that is a constituent of starch. Enzyme immobilization on the
support was carried out by two different techniques—physical adsorption and multiple
covalent bonding at different concentrations of the immobilized enzyme. The yield of
the chemical immobilization was higher than that of physical adsorption. A high protein
immobilization capacity (maximum 0.4 g protein/g molecule) was observed for these
nanoparticles. Next, chitosanase immobilized on magnetic amylose-coated nanoparticles
was used to produce chitosan oligosaccharides with high physiological activity. The physi-
ologically active pentamers and hexamers of chitosan oligosaccharide were obtained by
this way in high yield (40%), which was higher than for conventional methods.

5.2.4. Immobilization of Proteins on Nanoparticles Coated with Cellulose

Cellulose is an unbranched biopolymer composed of D-glucose units linked linearly
with β-1,4-glycosidic bonds [220]. Cellulose is the main structural component of plants and
can also be produced by marine animals, algae, fungi, bacteria, invertebrates, and the pul-
pit, which make it the most abundant polymer in nature [221,222]. Coating nanoparticles
with cellulose results in the formation of a hydrophilic surface that prevents agglomer-
ation, increases the dispersion of nanoparticles in physiological solution, and increases
bioavailability; it is also a suitable coating for functionalization [223].

Aguilera and co-authors showed that magnetic nanoparticles coated with carboxymethyl
cellulose—a cellulose derivative—have great potential as drug delivery systems during
neurological treatment [223]. The biodegradability of the coating allows the drug to be
delivered at a controlled and steady rate to the target site. Moreover, such materials are
able to cross the blood–brain barrier (BBB) [223].

Namdeo and co-authors described the synthesis of magnetic nanoparticles coated with
cellulose for the immobilization of α-amylase [224]. Before immobilization, the cellulose
coating was subjected to chemical modifications-oxidation with periodic acid (Figure 23).
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Amylase was covalently immobilized on this support, and it was noticed that nanopar-
ticles coated with 16 and 28 wt % of cellulose bounded about 9.1 and 16.2 mg enzyme/g
nanoparticles, respectively. Therefore, it has been proven that immobilized α-amylose
retains its ability for starch degradation. Later, Ivanova and co-authors also published the re-
sults of immobilization of α-amylase on magnetic nanoparticles coated with cellulose [225].
Another application of these magnetic nanoparticles was presented by Anirudhan and
co-authors [226]. Magnetic nanoparticles coated with cellulose were used for heme pro-
tein adsorption. Nanoparticles were obtained by co-precipitation with nanocrystalline
cellulose, which was further modified by free radical graft copolymerization using VSA
(vinylsulfonic acid) and MAA (methacrylic acid). It has been found that this material can
be an effective myoglobin adsorbent from aqueous solutions. The adsorption was affected
by parameters such as time, temperature, concentration, and pH. The best recovery of
myoglobin was achieved at pH 7.0, near the isoelectric point of the protein, indicating the
existence of electrostatic interaction between the adsorbent and the protein.

Guo and co-authors used magnetic nanoparticles coated with modified cellulose
for protein separation [227]. First, primary hydroxyl groups on the cellulose surface
were selectively oxidized with TEMPO (2,2,6,6-tetramethylpiperidinyloxy). At the same
time, magnetite nanoparticles functionalized with amino groups were synthesized by
co-precipitation reaction and coupled to previously modified cellulose via EDC/sulfoNHS
linking. In the next step, MNPs were complexed with copper ions to provide specific
binding sites for proteins. The prepared material showed high lysozyme binding capacity
(860.6 ± 14.6 mg/g) as well as efficient reutilization for protein separation. Total protein
recovery using simple elution was approximately 98%.

Lately, Mohammadi and co-authors focused on the interaction of bovine α-lactalbumin
(BLA) with variously coated magnetic nanoparticles: naked, dopamine stabilized, and
coated with cellulose [228]. They showed that magnetic nanoparticles coated with cellulose
have the highest protein binding affinity compared to the rest. Additionally, the circular
dichroism spectra revealed that the BLA conformation was preserved after interaction with
magnetic nanoparticles. This important feature, in addition to the exceptionally strong
binding affinity, makes these particles novel model nanostructures for nanomedicine-
focused applications.

5.2.5. Immobilization of Proteins on Nanoparticles Coated with Dextran

Dextran is another natural polysaccharide-based polymer applied for magnetite
nanoparticles coating [229–231]. It is a water-soluble macromolecule consisting of many
glucose molecules linked by α-1,6-glycosidic bonds. It was shown that magnetic nanoparti-
cles coating with hydrophilic organic polymers such as dextran improve their drug delivery
properties and colloidal stability [232–234]. Moreover, hydroxyl groups of dextran structure
can be modified and functionalized with primary amines, which affects their ability to bind
targeted ligands [235].

Weissleder and al. showed that magnetic nanoparticles coated with transferrin (Tf)
could be used to image the transferrin receptor by magnetic resonance imaging (MRI) [236].
These results can be related to the expression of this receptor. After the administration of
magnetic nanoparticles conjugated with transferrin to the body, their high accumulation
in cancer cells was observed, which allows their use as a probe for imaging neoplastic
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sites by MRI [236]. Despite high doses of the probe, the observed signal in MRI imaging
showed very low values. Therefore, in the same year, Hogemann et al. describe the
synthesis of novel nanoparticles for magnetic resonance imaging (MRI) of transferrin
receptors characterized by a much better signal [237]. These nanoparticles were based
on magnetite core coated with dextran and immobilized transferrin. The best imaging
results were obtained for MNPs coated with cross-linked dextran (CL10) and immobilized
oxidized transferrin (Tf-SH) with N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) as
a linker. It was showed that the use of this linker does not affect the activity of immobilized
transferrin (Tf). It was also proved that in such a system, four transferrin (Tf) molecules
were immobilized on one nanoparticle surface. This make it possible to reduce the amount
of potential dose injected into the body in order to obtain the appropriate intensity of
imaging [237].

An equally interesting use of magnetic nanoparticles coated with dextran was pre-
sented by Horng et al., which used this system for the anti-C-reactive protein (CRP)
antibody immobilization [238]. Prepared magnetic nanoparticles were applied to the C-
reactive protein (CRP) detection with use a SQUID (superconducting quantum interference
device) gradiometer. It is well known that C-reactive protein (CRP) is produced by the body
during tissue damage, necrosis, and ongoing inflammation, and it is a non-specific marker
of these phenomena. Standard for CRP detection, commercially available ELISA [239]
assays are used. Results obtained for dextran-coated MPNs showed CRP detection at about
10 ng/mL. This value, compared to standard procedures using ELISA tests, is lower by an
order of magnitude, which significantly improves the measurement possibilities [238].

The immobilization of the antibody on carboxymethylated dextran (CMD)-coated
magnetic nanoparticles was presented by Li et al. (Figure 24) [240]. Anti-BSA was immobi-
lized on the nanoparticles surface with EDC/NHS activation to couple the amino groups
of the antibody and CMC carboxyl groups (Figure 24). Next, this system was tested for the
ability to trap BSA.
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The results obtained in this study indicate that over 20 mg of BSA was bounded per
1 g of anti-BSA immobilized on CMD-coated nanoparticles. Moreover, the potential use of
such systems for selective proteins capture was mentioned [240].

Carboxymethylated dextran (CMD) was also used by Vasić and co-authors in their
research for alcohol dehydrogenase (ADH) immobilization [234]. It was shown that the
remaining ADH activity after immobilization at 4 ◦C oscillates around only 25%.

Ziv and co-authors [241] describe the body’s reactions measured by the amount
of antibodies produced against magnetic nanoparticles coated with dextran and gelatin
with immobilized HSA (human serum albumin) (Gel-MNP-Dex-HSA). The synthesis of
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such a system was performed with the innovative method of nucleation. This procedure
consists of a controlled growth of magnetic nanoparticles coated with gelatin from a gelatin
solution to which iron salts II and III have been added. In the final stage, HSA was
immobilized using the previously prepared coating and the Michael addition reaction.
The body’s response to these systems was tested by measuring the number of produced
antibodies (anti-gelatin, anti-dextran, and anti-HSA). In conclusion, the authors indicate
the correctness of using the gelatin nucleation method due to the very weak immunogenic
nature of this polymer. However, regarding dextran, it was found that it could be replaced
with another biopolymer of lower immunogenicity. Investigating the immunogenicity of
such materials is extremely important from the point of view of biomedical applications;
therefore, Ziv et al. plan further studies of nanomaterials in this area [241].

6. Conclusions

Summarizing the collected information, it can be stated that every year, the use of
magnetite nanoparticles coated with polymers for protein immobilization is increasing.
The design, synthesis, and application of nanoparticles coated with biopolymers in their
original form and after chemical modifications are developing particularly dynamically.
Among the proteins, enzymes are still most often immobilized on magnetite particles,
which is most likely due to the possibility of their reuse in the catalytic cycle. Nevertheless,
there are more and more works on the immobilization of serum proteins and antibodies.
Table 4 below summarizes all the most important applications of magnetite nanoparticles
in protein immobilization discussed in the above work. Such a summary, divided into the
polymer covering the magnetite core and the immobilized protein, can be of convenience
for the reader.

Table 4. List of proteins immobilized on magnetic nanoparticles coated with polymers described in the literature.

Protein Polimer References

Fetal bovine serum (FBS) polyethylene glycol (PEG) [125]
Cytochrome C polyethylene glycol (PEG) [124]

Transferrin polyvinyl alcohol (PVA) [131]
Horseradish peroxidase polyvinyl alcohol/chitosan (PVA/CS) [132]

Trypsin polyvinyl alcohol (PVA) [134]

Herceptin antibody (HER) poly(D,L-lactide-co-glycolide)
(PLGA)/polyvinyl alcohol (PVA) [143]

Bovine serum albumin (BSA) poly(D,L-lactide-co-glycolide)(PLGA) [145]
Laccase from Trametes versicolor polyethyleneimine (PEI) [149]

Green fluorescent protein polyethyleneimine (PEI) [154]
Fetal bovine serum (FBS) polyethyleneimine (PEI) [155]

Candida rugosa lipase i Mucor miehei lipase polyethyleneimine (PEI) [156]
Fetal bovine serum (FBS) polyethyleneimine (PEI) [158]
Fetal bovine serum (FBS) polyacrylic acid (PAA) [158]
Fetal bovine serum (FBS) polyacrylic acid (PAA) [155]

Bovine serum albumin (BSA)
and Immunoglobulin G polyacrylic acid (PAA)/chitosan (CS) [163]

Lipase from Candida Rugosa polyacrylic acid (PAA) [164]
Tissue plasminogen activator (rtPA) polyacrylic acid (PAA) [166]

Lysozyme (LYZ) and bovine serum albumin (BSA) polyacrylic acid (PAA) [167]
Fetal bovine serum (FBS) polymethacrylic acid (PMAA) [172]

Bovine serum albumin (BSA) poly(N-isopropylacrylamide) (PNIPAM) [177]
Vascular endothelial growth factor (VEGF) poly(N-isopropylacrylamide) (PNIPAM) [178]

Streptavidin poly(N-isopropylacrylamide) (PNIPAM) [242]
Papain from Carica papaya Chitosan (CS) [188]

Saccharomyces cerevisiae Mandelated dehydrogenase (SCMD) Chitosan (CS) [189]
Pectinase Chitosan (CS) [191]

Lipase from Candida rugosa Chitosan (CS) [195]
Lipase from Thermomyces lanuginosus Chitosan (CS) [196]

Lipase A from Candida antarctica Chitosan (CS) [197]
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Table 4. Cont.

Protein Polimer References

Lipase B from Candida antarctica Chitosan (CS) [194]
Lipase from Candida rugosa Chitosan (CS) [182]
Lipase from Candida rugosa Chitosan (CS) [183]

Lipase from Candida rugosa and Human serum albumin
(HSA) Chitosan (CS) [198]

Lipase from Candida rugosa Chitosan (CS) [193]
Lipase from Candida rugosa Chitosan (CS) [201]
Lipase from Candida rugosa Chitosan (CS) [192]

Androgen receptor (AR) Chitosan (CS) [202]
Human serum albumin (HSA) Chitosan (CS) [184]
Human serum albumin (HSA) Chitosan (CS) [185]

β-Glucosidase (BGL) Agarose [208]
Human serum albumin (HSA) Starch [212]

Pectinase Starch [216]
Immunoglobulin G Starch [217]

Bovine serum albumin (BSA) Starch [218]
Chitosanase Amylose [219]
α-amylase Cellulose [224]
α-amylase Cellulose [225]

Heme Cellulose [226]
Lysozyme Cellulose [227]

Bovine α-lactalbumin (BLA) Cellulose [228]
Transferrin Dextran [237]

Anti-CRP antibodies Dextran [238]
Anti-BSA Dextran [240]

Alcohol dehydrogenase (ADH) Dextran [234]
Human serum albumin (HSA) Dextran [241]
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27. Leitgeb, M.; Knez, Ž.; Vasić, K. Micro-and Nanocarriers for Immobilization of Enzymes. In Micro and Nanotechnologies for
Biotechnology; IntechOpen: London, UK, 2016. [CrossRef]

28. Philippova, O.; Barabanova, A.; Molchanov, V.; Khokhlov, A. Magnetic polymer beads: Recent trends and developments in
synthetic design and applications. Eur. Polym. J. 2011, 47, 542–559. [CrossRef]

29. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908–931. [CrossRef]
30. Yurkov, G.Y.; Gubin, S.P.; Ovchenkov, E.A. Magnetic Nanocomposites Based on the Metal-Containing (Fe, Co, Ni) Nanoparticles

inside the Polyethylene Matrix. Magn. Nanoparticles 2009, 87–115. [CrossRef]
31. Hanemann, T.; Szabó, D.V. Polymer-Nanoparticle Composites: From Synthesis to Modern Applications. Materials 2010, 3,

3468–3517. [CrossRef]
32. Alnoch, R.C.; Dos Santos, L.A.; de Almeida, J.M.; Krieger, N.; Mateo, C. Recent trends in biomaterials for immobilization of

lipases for application in non-conventional media. Catalysts 2020, 10, 697. [CrossRef]
33. Bezerra, C.S.; De Farias Lemos, C.M.G.; De Sousa, M.; Gonçalves, L.R.B. Enzyme immobilization onto renewable polymeric

matrixes: Past, present, and future trends. J. Appl. Polym. Sci. 2015, 132, 1–15. [CrossRef]
34. Zdarta, J.; Meyer, A.S.; Jesionowski, T.; Pinelo, M. A general overview of support materials for enzyme immobilization:

Characteristics, properties, practical utility. Catalysts 2018, 8, 92. [CrossRef]
35. Khan, U.S.; Khattak, N.S.; Rahman, A.; Khan, F. Historical development of magnetite nanoparticles synthesis. J. Chem. Soc.

Pakistan 2011, 33, 793–804.
36. Benelmekki, M.; Benelmekki, M. An introduction to nanoparticles and nanotechnology. Des. Hybrid Nanoparticles 2014, 2017.

[CrossRef]

http://doi.org/10.1016/j.jhazmat.2011.07.033
http://doi.org/10.1263/jbb.100.1
http://doi.org/10.1002/adsc.201100534
http://doi.org/10.1007/s11051-013-1796-x
http://doi.org/10.3390/biom10050735
http://doi.org/10.1166/jnn.2015.11691
http://doi.org/10.2174/092986710791959765
http://www.ncbi.nlm.nih.gov/pubmed/20629620
http://doi.org/10.3390/pharmaceutics11110601
http://doi.org/10.1039/c4gc00164h
http://doi.org/10.1007/s11671-008-9174-9
http://www.ncbi.nlm.nih.gov/pubmed/21749733
http://doi.org/10.2147/NSA.S99986
http://www.ncbi.nlm.nih.gov/pubmed/27578966
http://doi.org/10.3390/molecules190811465
http://www.ncbi.nlm.nih.gov/pubmed/25093986
http://doi.org/10.3390/magnetochemistry6030030
http://doi.org/10.1016/j.bbapap.2013.12.009
http://doi.org/10.1016/j.reactfunctpolym.2020.104613
http://doi.org/10.3390/molecules21101370
http://www.ncbi.nlm.nih.gov/pubmed/27754434
http://doi.org/10.1039/c7ob01880k
http://www.ncbi.nlm.nih.gov/pubmed/28932860
http://doi.org/10.5772/63129
http://doi.org/10.1016/j.eurpolymj.2010.11.006
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.1002/9783527627561.ch4
http://doi.org/10.3390/ma3063468
http://doi.org/10.3390/catal10060697
http://doi.org/10.1002/app.42125
http://doi.org/10.3390/catal8020092
http://doi.org/10.1088/978-1-6270-5469-0ch1


Materials 2021, 14, 248 33 of 40
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