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Featured Application: The magnetic core can be used in targeting but also in magnetic actuation
while silica can have multiple role: compatibilizing agent, protecting agent even in harsh condi-
tions, drug reservoir or adsorbent, etc. Thus, magnetite-silica core/shell nanostructures can be
used in many applications including development of drug delivery systems, contrast agent, spe-
cific adsorbent, filler in different polymers, magnetic micro devices, etc.

Abstract: The interconnection of nanotechnology and medicine could lead to improved materials,
offering a better quality of life and new opportunities for biomedical applications, moving from
research to clinical applications. Magnetite nanoparticles are interesting magnetic nanomaterials
because of the property-depending methods chosen for their synthesis. Magnetite nanoparticles can
be coated with various materials; resulting in “core/shell” magnetic structures with tunable prop-
erties. To synthesize promising materials with promising implications for biomedical applications,
the researchers functionalized magnetite nanoparticles with silica and, thanks to the presence of
silanol groups, the functionality, biocompatibility, and hydrophilicity were improved. This review
highlights the most important synthesis methods for silica-coated with magnetite nanoparticles.
From the presented methods, the most used was the Stober method; there are also other syntheses
presented in the review, such as co-precipitation, sol-gel, thermal decomposition, and the hydro-
thermal method. The second part of the review presents the main applications of magnetite-silica
core/shell nanostructures. Magnetite-silica core/shell nanostructures have promising biomedical
applications in magnetic resonance imaging (MRI) as a contrast agent, hyperthermia, drug delivery
systems, and selective cancer therapy but also in developing magnetic micro devices.

Keywords: magnetite-silica; core/shell nanostructures; biomedical application

1. Introduction

Nanotechnology and nanoscience involve the ability to manipulate matter with at
least a dimension between 1 and 100 nanometers being related to imaging, measure, and
model, but also to the improvement of materials and applications by exploring their
unique properties exposed at the nanometric scale [1].
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Over the past decade, nanotechnology has been integrated into medicine and biology
by developing a new active and significant research area, nanomedicine, which was ma-
terialized in clinical applications such as diagnosis and therapy, having many perspec-
tives to broaden these applications and to extend them from lab to clinic [2,3]. In this new
area of interest, nanobiotechnology approaches have been used in developing core/shell
nanostructures of different functionalities. The most common materials used for biomed-
ical applications were superparamagnetic nanoparticles and, especially, magnetite nano-
particles because of their unique properties that will be explained in this review [4].

Nanotechnology offers nano dimensioned materials such as nanoparticles, nano-
tubes, nanowires, thin films, and nanocomposites functionalized or coated on a specific
surface to obtain different nanomaterials that can be useful in many applications [4,5]. As
drug delivery platforms, nanoparticles would be able to load bio-therapeutic agents and
dissolve in any environment with great potential in biomedical applications, such as can-
cer diagnosis and therapy [1,4,5]. For in vivo applications of nanoparticles, certain prop-
erties need to be considered, such as surface morphology, chemistry, and molecular
weight. Depending on the materials used and the structure of the materials in the nano-
particles, we classify them into distinct groups, such as polymeric nanoparticles, lipid na-
noparticles, liposomes, polymeric micelles, quantum dots, dendrimers, metallic nanopar-
ticles, carbonaceous materials, core/shell nanoparticles, and others [6].

Nanotechnology is one of the most important areas of research worldwide [7-23].
Using nanotechnology in various research sectors, significant improvements were rec-
orded, with some of these sectors including information, medicine, energy, environmental
science, and transport. Nanomaterials and nanoparticles have contributed to the develop-
ment of modern computing and electronics such as transistors, memory chips, and semi-
conductors [22,23]. Through nanotechnology in medicine, researchers have designed and
developed nanoparticles and nanomaterials for the prevention, diagnosis, and treatment
of different diseases [7,8]. Researchers have incorporated nanotechnology into solar pan-
els and batteries, and have developed many new, efficient, and renewable energy sources
[18-20]. Engineers have manufactured nanomaterial membranes that clean the contami-
nants from wastewater [21]. The nanoengineering materials used in the automotive in-
dustry have provided innovative solutions to improve transportation infrastructure [24].

The next section will present significant information regarding the most studied na-
noparticles for biomedical applications. Magnetite nanoparticles are interesting magnetic
nanomaterials, considered a challenge for modern scientific research because of their oxi-
dative sensitivity to other magnetic mixtures; “superparamagnetics” are particles that are
guided with the help of an external magnetic field, and they can be magnetically stirred
to the desired tumor/place. Magnetite particles have significant properties depending on
the synthesis methods [4,5,25].

Magnetite nanoparticles are used in multiple applications, particularly in biomedi-
cine, because of the magnetic field, the fact that they can carry specific drugs, and that
they can support specific receptors to ensure targeting of various tissues, organs, or even
cells [26]. Magnetite nanoparticles are also widely used in environmental applications be-
cause they can easily be removed from the environment. These magnetite nanomaterials
are used as absorbents, and also as photocatalysts to degrade various agents, including
organic pollutants, antibiotics, and pesticides [27-31]. To avoid agglomeration and im-
prove the stabilization of magnetite nanoparticles in the target tissue, they are generally
covered with a coating shell [4,32].

Another great applicability of magnetic iron oxide nanoparticles is in superparamag-
netic iron oxide nanoparticles (SPIONs), which have attracted attention due to their prop-
erties for loading biological active agents with multiple purposes in biological applica-
tions. For this reason, it has been shown that superparamagnetic iron oxide nanoparticles
(SPIONS) coated with silica presented potential in biomedical applications such as imag-
ing, contrast agents, and drug targeted therapy [33].
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Guo et al. [34] demonstrated a facile, low-cost synthesis for the fabrication of a dif-
ferent type of magnetite such as monodisperse superparamagnetic single-crystal magnet-
ite nanoparticles with a mesoporous structure (MSSMN) through a very simple solvother-
mal method with promising applications in drug delivery.

In the context of surface functionalization, surface characteristics are aspects that
should be considered when applying nanoparticles in biomedical applications. The size
of nanoparticles and the surface ratio of atoms in a nanoparticle are critical issues when it
comes to magnetization. Thus, the nanoparticles and their oxides have a ferromagnetic
effect. For a better understanding of the characteristics of ferromagnetism, it has been
brought to our attention that non-magnetic nanoparticles such as cerium oxide and alu-
minium oxide present magnetic hysteresis at room temperature, and materials such as
niobium nitride have ferromagnetic properties. Since nanoparticles are small, the higher
the ferromagnetic function is [15]. The sum of magnetization of a nanoparticle consists of
two effects: one that occurs on the surface and the second inside the particle core. Accord-
ing to this research, the existence of superficial defects has promoted a magnetic disturb-
ance that continues within the closest layer. The most prominent characteristic of magnetic
nanoparticles to be understood is the superficial effect and anisotropy; therefore, their un-
derstanding is primordial in the development of magnetic nanoparticles with applications
in biomedicine, such as MRI and magnetic hyperthermia [15,35].

Through the surface functionalization of magnetite nanoparticles, researchers
achieve unique and significant improvements in their properties, especially stability
[36,37]. The silica coating can be one of the best options for surface functionalization be-
cause of its greater stability against degradation compared to most organic shells. The test
results suggested that functionalized silica exhibited improved properties compared to
before functionalization. The immobilization of biological agents such as enzymes and
drugs onto the porous structure of silica was conducted in developing better stability of
the nanostructure [38]. Silica has groups of silanol on the surface and their presence im-
proves the capacity for functionalization, biocompatibility, and hydrophilic-hydrophobic
ratio, making them excellent materials for different biomedical [39-41] and environmental
applications [42]. Hui et al. [43] used the Stober method to coat silica on magnetite nano-
particles during trials, and Roca et al. [44] used the sol-gel method to coat silica on ma-
ghemite nanosphere. The literature provides many studies involving micro-emulsion and
reverses micro-emulsion that describe the coating methods for iron oxide with silica.
These synthesis methods offer significant advantages in obtaining preferential nanoparti-
cles and have significant implications for biomedical applications. The major challenge for
researchers was to integrate the structure of cubic magnetic nanoparticles into the struc-
ture of magnetite and functionalize it with silica for developing a rising material for bio-
medical applications. Through this study, a facile and novel development of the tunable
silica thickness and enhancement in stability and biocompatibility of the FesO4/SiO:
core/shell nanocubes was demonstrated. These materials presented excellent magnetiza-
tion and an affinity for binding molecules of the formed core/shell, which make them
promising materials for diverse bio-sensing applications [45,46]. Many types of research
illustrate the use of magnets in different special applications, for example, the removal of
different metallic parts such as safety pins [47,48], bullets, grenade splinters, dental pros-
theses, and catheters navigating through the brain and body [35,49].

Recently, magnetic nanoparticles have been intensively used in magnetic guide ap-
plications, bioaccumulation, and hyperthermia, especially because of their magnetic prop-
erties and their interaction with external electromagnetic fields. Magnetite nanoparticles
are interesting because of the two valence states of the iron cations, Fe?* and Fe?, that have
inverse spinel structures with a special surface modification capacity. This also includes
the possibility to be coated and to manufacture core/shell systems only by maintaining
the superparamagnetic properties of the core [50-52].

Magnetite nanoparticles have gained interest in applications from biomedical fields,
such as drug delivery [53,54] and therapeutic treatments [55,56], as well as contrast agents
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for MRI [54], magneto-thermal therapy [57], enzyme immobilization [58,59], bio-separa-
tion [54,55], cells labelling [60,61], hyperthermia [53,54], and tissue engineering [54,55].
Recently, studies have demonstrated that biomedicine uses coated magnetic nanoparticles
to improve their stability and biocompatibility. Researchers have seen excellent materials
such as silica that were considered as shells for magnetic nanoparticles, because they had
protective behavior and adapted to various chemicals and molecules. The most common
method used for the functionalization of silica on the surface of magnetite nanoparticles
is the Stober sol-gel method [5,50,51,62,63].

The Stober sol-gel method is a chemical synthesis usually used to prepare silica na-
noparticles with controllable growth and uniform size particles for diverse applications.
Since it was discovered, the Stober method remains the most widely used wet chemistry
synthesis approach to synthesize silica nanoparticles. Through the Stober sol-gel method,
researchers were able to produce large silica particles with diameters ranging from 50—
2000 nm, depending on conditions. Researchers were able to understand their kinetics and
mechanisms, and more control over particle size, distribution, and tunable physical prop-
erties were also achieved [64,65]. Typically, in the Stober method, ethanol and ammonia
(catalyst) are mixed with a small amount of deionized water, followed by the addition of
tetraethylorthosilicate (TEOS) under continuous stirring, which can be replaced by soni-
cation. In this method, the rate-determining steps which can affect the physicochemical
properties of silica nanoparticles are a concentration of TEOS, ammonia, water, type and
amount of solvent, reaction temperature, and pH [6].

The major advantage of the Stober method is that it can synthesize almost monodis-
perse silica nanoparticles and, as already said before, it remains the most widely used wet
chemistry synthesis approach for silica nanoparticles. Because monodisperse silica nano-
particles with controlled sizes are produced, the process is considered a convenient ap-
proach in preparing silica nanoparticles for applications including intracellular drug de-
livery and biosensing [66,67].

This advantage of synthesizing silica nanoparticles through the Stoéber method sug-
gests that silica coated over magnetite nanoparticles can significantly improve their sta-
bility for long-term storage conditions, thus retaining their medical properties by improv-
ing their shelf life. This is one of the crucial parameters for developing MRI-based contrast
agents for clinical and commercial applications [68].

Besides the presented advantages of the Stober method used for synthesizing silica
nanoparticles, another important aspect is their functionalization with diverse materials
to obtain novel nanostructures for biomedical applications. For instance, worth mention-
ing is that the preparation of FesOs@SiO2 double layered with hydroxide core-shell re-
sulted in microspheres with applications in protein separation and also the controllable
fabrication of streptavidin-modified three-layer core-shell FesOs/ SiO2/Au as a magnetic
nanocomposite which has been demonstrated to have good applicability in fluorescence
detection [69,70].

The aim of this work highlights the synthesis methods for magnetite@silica nanopar-
ticles to develop core@shell nanostructures, corroborating the synthesis routes with their
characteristics. In this way, new strategies of functionalization were discovered. The most
important aspects of this work are related to the applications and performance of magnet-
ite@silica nanoparticles, especially in the biomedical field. The review is based on a liter-
ature search, using EndNote X9 distributed by Clarivate Analytics (US) LLC searching
capability and limiting the search to the Web of Science Core Edition (Clarivate) database
and the main keyword, Fes04@SiO.. However, the information was further updated based
on other additional searches.

2. Synthesis of Magnetite-Silica Core/Shell Structures

The most stated synthesis method for magnetite-silica core/shell nanostructures is
the Stober sol-gel method, which is a chemical synthesis route used to prepare silica shells
of controllable and uniform size over the magnetite nanoparticle acting as a core [71].
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The introduction describes the SPIONs as superparamagnetic iron oxide nanoparti-
cles for biomedical applications. Besides the synthesis methods of the magnetite-silica
core/shell structures, the process synthesis for SPIONs was also introduced. The literature
[33,72] illustrates the synthesis methods for SPIONs such as gas deposition, thermal de-
composition, hydrothermal, and other methods which have distinct procedures and dif-
ferent conditions for each type of nanoparticles. For SPION synthesis, the most used meth-
ods are co-precipitation and thermal decomposition [33].

It is important to mention that core/shell magnetic structures are developed to com-
bine the advantages of the two layers; the magnetic one is responsible for the magnetic
properties, while the shell ensures greater stability and can also bring new features. Be-
sides the benefits of the core/shell nanostructures, more complex nanostructures with two
or more shells are developed [73-75].

The methods of synthesis of nanoparticles were classified into two general categories,
depending on the size of the precursors and their evolution. According to the used ap-
proaches, a bottom-up and a top-down approach of synthesis can be defined (Figure 1)
[76]. The top-down technique requires resizing big particles into smaller particles, involv-
ing etching, grinding, and cutting techniques to shape them [77].

/ TOP-DOWN Approach \

Lithography
Laser Beam SPIONs
Sputtering Deposition
Gas Deposition
. . Sol-gel Method
Thermal Decomposition
- . . Hydrothermal
\ Micrometric Co-precipitation
\\ Powder
oYs Cluster « . i
* e @
00 %0 S df (X
- -
. G w60 Nanoparticles . . .
W)
Atoms Film Deposition . .
LaserPyrolysis . . .
Microemulsion ’ .
Co-precipitation SPIONs

Vapour Deposition
BOTTOM-UP Approach

Figure 1. Nanoparticle’s synthesis methods.

The bottom-up process starts from smaller units to obtain a larger one using the prop-
erties that smaller units have, only generating the desired size and form. Also, the bottom-
up technique can be used to produce metal and metal oxide nanoparticles with proper
size and shape which could bring great interest in desired applications [78-80]. In this
way, only by adding an atom to an atom can the particle be formed into preferred sizes
[77].

In continuation, Figure 1 describes some examples of the most used techniques,
which include chemical vapour deposition [81,82], film deposition [83,84], laser pyrolysis
[85,86], and others [87]. In the case of top-down approaches, the methods are different and
involve mechanical techniques, laser beam processing [88,89], and lithography [6,90].

It was concluded that the synthesis of core@shell nanoparticles requires, especially, a
bottom-up approach where the shell is built onto the magnetic core. To assist the synthesis
of the core@shell structures and to control their characteristics, the method for preparing
the core of nanoparticles can be either a top-down or a bottom-up approach; however,
usually, the shell is obtained through a bottom-up approach, being more convenient for
developing uniform coatings for the shell material over the core nanoparticles [4].
Through the top-down approach, significant crystallographic imperfections on the surface
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structure are developed, which is the major limitation of this method. Depending on the
device design and fabrication, these limitations might conduct in supplementary manu-
facturing challenges. In comparison with the top-down approach, the bottom-up ap-
proach has gained attention regarding its low cost and other advantages, such as prefer-
ential control over the manufacturing process, precision and low energy loss, and, most
importantly, the formation of a smaller particle size [4]. Therefore, depending on the syn-
thesis methods, the methods in which core@shell nanoparticles are manufactured are di-
vided into two types: (1) in situ synthesis followed up by coating the shell material coating
[91-93]; (2) core@shell formation through different methods [94-96]. The methods have
similarities that showed changes in particle size, surface reactivity, and the composition
of the core@shell, and optical and magnetic properties of the constituent parts confirmed
the formation of the core@shell nanostructures [91,92,94]. The results also showed that the
synthesis of core@shell nanostructures via the methods described presented magnetic and
biocatalytic applications [91,92]. The bottom-up approach is more useful than the top-
down approach, as it is more proper for the preparation of materials at the nanoscale and
generates uniform size, shape, and distribution. Top-down routes are not suitable for pre-
paring uniform shapes and are difficult to design nanoparticles with, with the biggest
problem being designing an imperfect surface structure. It has been reported that the
grinding technique has been successfully used in the synthesis of magnetite nanoparticles
by a top-down approach and that it significantly reduced the grinding time to 5 h com-
pared to the previously reported studies [73,97]. With the help of top-down nanofabrica-
tion techniques such as lithography, monodispersed particles with controlled shapes and
dimensions can be generated. The top-down approach used to synthesize nanoparticles
proves to be an alternative to overcome the disadvantages and obstacles of the bottom-up
method [98,99]. The approaches described above have multiple advantages and disad-
vantages; however, comparing the two techniques has shown that the bottom-up method
is cost-effective and facilitates the manufacturing of 2D and 3D materials with multiple
applications [78].

Table 1 describes various core@shell nanoparticles, their synthesis methods, and their
application.

Table 1. Various core/shell nanoparticles and their synthesis methods and applications [4].

. . Ref-
Core-Shell Nanoparti- Core Shell Methods ?f Synthe- Size Application er-
cles sis (nm)
ences
The targeting carriers im-
Co-precipitation fol- prove the therapeutic effi-
Core-shell magnetite NPs FesOs NPs  Chitosan lowed by 136 £2.3  ciency of the anticancer  [100]
chitosan coating drugs by reducing the side
effects.
Th 1 i-
pH-responsive therag- erma fiecompos1 Prolonged drug release and
. BSA shell& tion )
nostic core-shell corona Fe3Os core 50-85 reduced the side effects of [101]
PEG corona  followed by BSA
NPs . the chemotherapy.
coating
Fes04@Si02-NH2 c.ore- FesOs NPs  SiO»NH: Sol-gel process 200 As adsorbent for Pb (II) re- [102]
shell nanomaterials moval.
Chemical co-precipi-
tation followed by . .
FesO4/SiO: core-shell NPs FesO:NPs  SiO: coating withsilica 29 ‘rdsorptionof chiralaro- 0.
N matic amino acids
shells by Stober

method
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Lectin-conjugated . . .
h f
Fe:0s@Au core@shell  Fe:Os NPs Au Synthesis by redox o, | o Using contrastagents forin .
reactions vivo detection of tumour
NPs
Superparamagnetic  crystalline amorphous Biomedical applications: hy-
Fes04@SiO:z core-shell  magnetite silica Sol-gel approach 5 perthermia, MR, drug de-  [4]
nanostructures cores shell livery systems.
. Core mag- . . Pro.mising' bio—sensing appli-
Fes04/SiO:2 core/shell . . Sol-gel, thin, micro- cations using the cubic struc-
netite Silica . 5-16 . [45]
nanocubes emulsion ture of magnetite NPs func-
nanocubes . . s
tionalized with silica.
Used as a protein in enzyme
., Fucan poly- . . e .
Fucan-coated magnetite saccharide Magnetite Co-precipitation 10 immobilization, bio-separa- [52]
NPs . NPs precip tion, MRI, hyperthermia,
coating .
drug delivery.
Superpara-
Fe304@mSiO: core-shell magnetic Mesoporous A modified Stober Targeted cancfer and non-
. . 200-250 cancer tumors in the human [105]
nanostructures magnetite silica shells method
body.
core
Amino-
Amino-functionalized Magnetite funrcrtlil(r)lrcl)al- Co-precipitation Recyclable adsorbent for the
Fes0s@SiO2 core-shell & . . precip 10-20 removal of heavy metals [106]
. . NPs ized silica method
magnetic nanomaterial from wastewater
shell
Magnetite core is ob-
ta1.n ed by.CO—pI'eC.lf.)l— A potential magnetic candi-
o tation while the silica
Magnetite-silica core- . . . date that targets the treat-
Magnetite .. shell is obtained by 540 + 51 .
shell nanospheres and Silica shell s . ment of malignant tumours [107]
core modifying hydrolysis 149 + 19 .
nanocapsules . by photodynamic therapy
and condensation us-
. (PDT).
ing tetraethyl ortho-
silicate
Monodisperse superpar- Drug loading ability and fa-
ic single- 1 i le rel
amagn?tlc sing e. crystal Magnetite Silica shell Solvothermal method 70 + 10 vourable .re ease p.ro.perty 34]
magnetite NPs with mes- ~ NPs for Dox with promising ap-
oporous structure plications in drug delivery.
Sil:a;(;(;i’fjsq; ;;lizilc Magnetite Controlled hydrol Mag@SiOz NPs effectively
& & Silica shell . y y 60+ 10 wused as a T2 contrast agent [68]
trast agent NPs 518 in commercial MRI
(Mag@SiO: HER-2) ]
Magnetite-silica core- Magnetite Mafl::aeljlﬂi)eyljgcsﬁsrigca_ Magnetite-silica core-shell
shell NPs NPs Silica shell CTAB@TEA@ TEOS 25+5 NPsare us?d 1?1 medical ap- [108]
plications.
as surfactants sol-gel
These core-shell Fes0.@SiO:
Core- shell Magnetite ... modified Stober Még-zo; NPs w.1th controlled Slhcé
. Silica shell Silica shell thicknesses are used in [43]
FesOu@ SiO2 NPs NPs method . ) . .
12.5-45  bio-conjugation applica-
tions.
A three-step method These core@shell@shell
Magnetite Mesoporous was applied involv- structures are exploited as a
Fes0s@m-Si0:@Co-Zr-Sb ' -8 silicashell * o> aPP , - . potte [74]
NPs and Co-Zr-Sp 8 the synthesis of catalyst in the reduction of

magnetite, followed

nitroarenes to azoxy arenes
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by coating with mes-
oporous silica, and fi-
nally, Co-Zr-Sb
trimetallic growth on
the surface
Fes04@Si02@ Au@po-
rous
5iO:2 can be obtained
by a step-by-step ap-
proach, starting from
magnetite, followed
by coating with a

These core@shell@shell
structures were designed for

Fes04@SiO2@Au@ Porous SiO:@Au@ magnetic targeting and dox-
. Magnetite SiOz layer and ad-  70-100 S geng
SiO:2 porous . orubicin delivery from the [75]
NPs . sorbing Au onto the  nm -
Structure SiO: second layer of silica (meso-

face. Af A
surface. After an Au porous) with the aid of

adsorption, an addi- . . L.
P Near-Infrared irradiation.

tional 20nm SiO:
layer is deposited
and etched to control
the degradation of

SiO2 in NaOH.
The first step repre-
sents the synthesis of
the FesOu core fol- These core@shell@shell
lowed by an interme- structures are designed to

Magnetite  SiO.@Kit-

Fe:04@SiO:@Kit-6/NH2 NPs 6/NH:

diate silica shell dep- <50 nm adsorb specific dyes from [109]
osition because the the water via the immobi-
last step occurs in lized amino groups

acidic conditions, just

to protect magnetite.

The table above presents examples with various core/shell nanoparticles, their syn-
thesis methods, and their applications, and, next, will summarize some of the most used
methods of synthesis for magnetite-silica core/shell nanostructures. The selection of the
synthesis methods for core and shell are very important and require good judgment in
choosing the proper material for a better outcome regarding the final applications of the
core-shell nanoparticles. For the formation of core, nanoparticles have been used and have
gained great attention in therapeutic applications. Besides their core, metal nanoparticles
are being used for drug delivery applications. Using quantum dots as the core and shell
can entrap diverse drugs within and can develop interesting core-shell nanoparticles for
theranostic applications. Considering the type of precursors used to prepare the core, dif-
ferent preparation methods are needed [6].

The nanoprecipitation method has the advantage of being simple, fast, and repro-
ducible; it has been used widely in the fabrication of nanoparticles as well as nanocap-
sules. In this method, a few factors affect the physicochemical properties of the nanopar-
ticles, such as concentration, nature, and concentration of surfactant/dispersing agents.
These parameters can significantly influence the particle size and entrapment, as well as
loading efficiency, when it comes to deciding on the proper applications [6,110].

The coprecipitation method is the most widely used method for the synthesis of
metal oxide nanoparticles with controlled size and magnetic properties. In this method,
aqueous salt solutions are used as precursors, with the precipitation of the desired nano-
particles being controlled by the addition of an alkaline solution. Different factors, such
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as ionic strength, pH, and temperature of the reaction system, as well as the nature of the
precursors, highly influence the morphology and composition of the magnetic nanoparti-
cles [6].

Therefore, Farimani et al. [4] describe an approach based on the preparation of elec-
trostatically stabilized FesOs nanoparticles as seeds synthesized by the Stober method.
They used stabilized trisodium citrate molecules to change surfaces and cover the mag-
netite nanoparticles with silica. In Mitra’s work, as mentioned above, Fes0.@SiO:
core/shell nanocomposites were synthesized through a sol-gel method and were consid-
ered promising tools in various biomedical applications such as targeted drug delivery,
magnetic hyperthermia, MRI, and bio-separation [111-113].

Alternatively, the shape of the magnetite nanoparticles is an important aspect when
it comes to evaluating their bio-applications; in this case, nanocubes are attractive options
in terms of surface/volume ratio, which means an increase in biomolecules on the surface.
The synthesis of FesO4/SiO2 core/shell nanocubes structures was performed in two steps
[114,115]. The first one consists of the synthesis of magnetite hydrophilic nanocubes,
which is performed by a sonochemical method, and then the magnetite nanocubes ob-
tained are taken from the precipitate using a magnet. Besides, the surface of the magnetite
nanocube is functionalized through a modified sol-gel method. The obtained precipitate
is collected and dried. If core/shell nanocubes with different thicknesses are desired to be
developed, the amount of TEOS in the reaction must be controlled [45]. One of the syn-
theses of silica magnetite nanoparticles has been used oleic acid as a surfactant to stabilize
the magnetite core on the silica shell [116].

Depending on the applications and conditions of synthesis, such as pH, temperature,
stabilizing agents, and reaction time, the size, morphology, and even the magnetic prop-
erties of nanoparticles can be tuned [33]. To obtain core-shell magnetic nanoparticles for
biomedical application, it is necessary to overcome some constraints on the FesOu effects
on the blood as well as its limited stability in blood circulation. The above limitations can
be resolved by functionalizing ionic oxides with stabilizers [117,118]. The FesO.@SiO:
preparation starts from the microemulsion water-oil, where nanocomposites are formed
due to silica’s ability to coat hydrophobic nanoparticles [5].

The solvothermal methods are based on the assistance of the temperature and pres-
sure to form metal oxide nanoparticles. The solvothermal method is superior, concerning
control of particle size and shape distributions, along with crystallinity, compared to the
classical precipitation methods [6]. Using this synthesis method, monodisperse superpar-
amagnetic single-crystal magnetite nanoparticles (MSSMN) were obtained [34]. These ob-
tained materials were characterized by their morphology and crystalline structure, result-
ing in nanoparticles with a size of 70 nm. The most interesting aspect was that the mag-
netite nanoparticles had mesoporous structures, having a pore size of 5-10 nm. The en-
ergy-dispersive X-ray spectroscopy (EDS) and photoelectron spectroscopy (XPS) tests
proved that the FesOs NPs are a pure phase. Besides, in the analysis of transmission elec-
tron microscopy (TEM), a thin shell of silica was observed to be coated on the core of FesOs
NPs [34]. It has been shown that the change in the amount of sodium hydroxide (NaOH)
controls the size of the mesoporous FesOs NPs, which shows that an excess of sodium
hydroxide impacts the formation of irregular mesoporous FesOs NPs. This porous mate-
rial was designed to incorporate drugs or genes into functionalized pores, which demon-
strated that MSSMN has applications in drug delivery [34]. The titanium dioxide catalyst
(TiOz) (including the photocatalyst) properties were used to develop nanomaterials with
increased photoreactivity. Some researchers have coated the magnetite with silica (5iO2),
followed by coating with a further TiO: shell through a facile and effective sol-gel method
sustained by sonication. The photocatalytic assessment of the FesOs/SiO2/TiO:2 core-
shell/shell nanoparticles was conducted with or without UV irradiation. Based on the
TEM evaluation, the FesOs/ SiO2 core-shell nanoparticles have approximately 120nm and
the TiO:z layer has 20-30 nm, meaning that the FesO4/S5i02/TiO: core/shell/shell structures
have ~150 nm [119,120].
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The silica-coated magnetite nanoparticles can be used as T2-weighted MRI contrast
agents for theranostic [33]. The usual method used for the manufacturing of magnetic na-
noparticles was thermal decomposition followed by coating with silica shell by controlled
hydrolysis [68]. Based on the TEM, it has been demonstrated that the particles have poly-
dispersion and quasi-cubic morphology, with particles ranging from 40 to 60 nm, and
with the silica shell being approximately 20 nm. The conclusion indicated that FesOs@SiO:
nanoparticles are used as an effective tool in the T2-weighted MRI contrast agent within
the tissue [68,121].

Another study reported the core-shell magnetite-silica nanoparticle synthesis
through two steps [108]. In the first phase, the synthesis of magnetite nanoparticles was
performed by a coprecipitation method followed by the silica shell obtained with the ad-
dition of cetyltrimethylammonium bromide (CTAB), triethanolamine (TEA), and tetrae-
thyl orthosilicate (TEOS) as surfactants, and a precursor for the silica shell formation via
a sol-gel process. To use these magnetite-silica core-shell nanoparticles in specific appli-
cations, the pore characteristics from the silica shell should be controlled. The main as-
pects to be studied were the diameter of the pores, the volume of pores, and the surface
area [108]. Through the analysis of the surface area of Brunauer-Emmett-Teller (BET), it
was possible to determine the surface area of the pores of 177 m?/g; the pore size was 5.25
nm, and the model was the adsorption of gas. In the Barrett—Joyner-Halenda (BJH) pore
size and volume analysis, the pore size distributions were estimated using the Kelvin
model in the pore filling. One of the most important features that is also considered is the
magnetic effect, evaluated using a vibrating sample magnetometer (VSM), measuring 60
emu/g. The images of the transmission electron microscopy (TEM) confirmed that the
cores are uniformly surrounded by shells with an average particle size of 25 nm [108].

In their work, Hui et al. [43] reported a modified Stober method for FesOs@SiO:
core/shell nanoparticles using 20 nm hydrophilic FesO4 NPs as seeds. This paper is rele-
vant for synthesis, which interests us in manipulating the magnetic properties of sil-
ica/magnetite nanocomposite materials by controlling their surface properties and silica
coating thickness [122]. The X-ray diffraction (XRD) results were confirmed by the TEM
data that concluded that the magnetite core is of a single crystallite size. These FesOs@SiO:
core/shell nanoparticles with controlled shell thickness are used in bioconjugation appli-
cations [43].

Another study reported the synthesis using a modified Stober method that was ap-
plied for the magnetite-silica nanostructures having 30-40 nm in diameter when the silica
shell coats the magnetic nanoparticles. To use magnetite nanoparticles as a magnetic part
in nanocomposites, they should be stabilized [43]. This paper supports the possible use of
the magnetic properties of silica-magnetite composites, only stipulating that their proper-
ties and the thickness of the silica coating should be controlled. The study implies that the
support of adequate encapsulation of magnetic nanoparticles is imperative in preserving
adequate superparamagnetic properties, and the possibility of synthesizing large mag-
netic nanocomposites persists if the appropriate silica shell separates the individual mag-
netite nanoparticles [122].

The core/shell nanostructures have brought great attention to developing structures
because the core and shell contribution is essential in tuning the performances of these
structures. Here, the first shell mainly ensures stability (even during future shell deposits),
while the outer layers assure activity. This example is linked to the Fe3O01@SiO@Au@po-
rous SiO:z structures in which the SiO2 layer covering the FesOs core also supports the Au
layer capable of generating mild photothermal, which is generated by NIR irradiation and
can lead to faster delivery of the doxorubicin housed in the external porous SiOz layer [75].
In this way, additional control of the delivery rate can be considered, and the delivery can
be enhanced, when needed, in a stimuli-responsive way. External control is also important
and can be considered anytime to assure personalized therapy.

The coating (shell) of the magnetic structure can be dense or porous, depending on
the specific properties and applications. Dense shells are desired, especially when the core
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is exposed to harsh conditions, having a protective role, and porous structures are devel-
oped specifically for loading biologically active agents within their pores followed by their
controlled release [75]. Silica is an important support material for binding different func-
tionalities on its surface to develop multifunctional core@shell nanoparticles with precise
biomedical applications. In this context, nanocomposites have become the ultimate trend
solution for tumor imaging and treatment. Nanocomposite functionalized with silica
could provide biocompatibility, polyfunctionality, and assure a controllable release of the
drugs in the targeted cells [45].

Another interesting application of FesOs/S5iO2 nanoparticles is in adsorbent applica-
tions for Zn removal from aqueous systems. Subsequent studies revealed that superpara-
magnetic core-shell FesOs/SiO2 nanoparticles are used in various bioconjugation applica-
tions [10,58].

3. Surface Functionalization

Promising biomedical applications can be achieved through surface functionaliza-
tion of the magnetic core. As has already been discussed, the surface features of nanopar-
ticles are important aspects that must be considered in functionalization. Based on these
assumptions, significant progress has been made in the preparation of magnetic nanopar-
ticles with specific properties for certain biomedical applications. Such examples include
stabilization agents such as chelating organic anions (citric acid, palmitic acid, gluconic
acid, oleic acid, amino acid [123,124]), inorganic shells—metal or metal oxides (copper,
silica) —or polymeric agents such as dextran, alginate, chitosan, etc. [125], as presented in
Figure 2.

Organic
compounds
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Surface stabilization
+«—— | agents for magnetic :
nanoparticles {

)

Inorganic
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Core@shell structure - Core shell structure
Dense shell Porous shell

Figure 2. Surface stabilization protocols in developing porous versus non-porous core@shell mag-
netic nanostructures.

Figure 2 is a representation of surface functionalization in developing both dense and
porous core@shell structures. Under certain conditions, a combined approach can be used,
such as the core@shell@shell structures, such as even Fe;01@S5i0@mSiO: core@shell@shell
developed by Yang et al. [75] from FesOs and two layers of silica, the internal one being
dense, while the exterior is mesoporous. Many biomedical applications are reported for
mesoporous silica, as well as for the diagnosis and treatment of cancer and diabetes [126],
thus offering the premises that, for these Fes04@5i0@mSiO: core@shell@shell structures
to be used in such applications, the core must be additionally protected.

The Fes04/SiO:z core-shell nanocubes have good biomedical applications and their
loading with streptavidin, the most common globular protein used in imaging, detection,
drug delivery, and surface modification, has confirmed the ability of these nanocubes to
bind to biomolecules. Furthermore, the stability of core-shell nanostructures is critical in
practical applications, the core-shell FesO4/SiO2 nanocubes preparations have been exam-
ined and the tests confirmed the stability of core/shell nanocubes against severe conditions
by reconstructing the samples coated in the presence of gaseous hydrogen [45,114]. An-
other important aspect that needs to be taken into consideration, especially from the bio-
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applications point of view is biocompatibility, and studies in HeLa cells have shown good
biocompatibility. In conclusion, the FesO4/SiO2 core/shell nanocubes, where magnetite
nanocubes have been coated with uniform silica shells, make them suitable nanostruc-
tures for biosensing applications [12].

In the work conducted by Vegerhof et al. [57], stable magnetic nanoparticles of con-
trollable particle size were successfully synthesized with high efficiency in hyperthermia
applications. These results concluded that good heating rate and surface functionalization
are a perfect synergy that helped to develop a nanomaterial with magnetic properties for
biomedical applications, which are influenced by their surface characteristics [4,53]. To
use magnetic nanoparticles in biomedical applications, it is necessary to be able to present
tuneable surface characteristics. The literature provides many magnetic nanoparticles
with great applications; however, the surface coating is highly studied to improve their
required properties [41].

As is well known, the functionalization of silica-based materials can occur easily and
lead to significant improvements from both loading and release capacity. In this attempt,
Fe304@SiO2 was functionalized by linking amino moieties, and these nanostructures can
be further used for the immobilization of 5-nucleotidase enzyme to detect cancer bi-
omarkers. Therefore, Chapa Gonzalez et al. [127] developed magnetite nanoparticles to
separate the 5-nucleotidase enzymes (5eNT). Furthermore, magnetic nanoparticles were
covered in a core/shell with silica, aminosilane, and a double shell of silica-aminosilane.
An ScFv (fragment antibody) and anti-CD73 antibody were attached to the coated nano-
particles to separate the enzyme. The XRD patterns of the analyzed nanoparticles high-
light a crystallite size of 12.8 nm, which was similar to the values observed by TEM; this
suggested that the magnetite nanoparticles are monocrystalline. TEM images showed an
agglomeration of particles with a narrow distribution of 16 +4 nm. Also, through the FTIR
technique, the coating of magnetite with silica was confirmed. Analyzing the magnetiza-
tion, it was confirmed that the presence of the coating material decreased the magnetiza-
tion. The magnetic separation of this enzyme with the fragment antibody was found to be
28% higher than for the anti-CD73 antibody, and the enzyme adsorption was improved
with the double-shell structures due to the increased length of the polymer chain. Mag-
netite nanoparticles with a double shell (silica-aminosilane) were also found to be more
sensitive than magnetite with a single shell in the detection of biomarkers [127].

Cyclodextrin glycosyltransferase (CGTase) from alkaliphilic Amphibacillus sp. NPST-
10 was immobilized on amino-functionalized silica magnetic magnetite nanoparticles to
develop a suitable candidate for industrial applications of CGTase, as described by Ibra-
him et al. [128]. The XRD patterns analysis revealed that the spinel magnetite has a pure
phase of magnetite nanoparticles and TEM images showed broad distribution with a par-
ticle size of 50 nm. Furthermore, FTIR measurements confirmed that the coating of mag-
netite nanoparticles with silica functionalized the nanoparticles with regards to aminopro-
pyl groups. The results have proven significant improvement of the thermal and pH of
CGTase upon immobilization. Moreover, the kinetic study showed higher enzyme affinity
toward the substrate compared with free CGTase. The immobilized CGTase could retain
87% of its initial activity after five cycles of utilization, indicating that immobilized
CGTase on FesOs/NH2-5iO2 has good durability and magnetic recovery. The improvement
in kinetic and stability parameters of immobilized CGTase makes the proposed method a
suitable candidate for industrial applications of CGTase [128].

Another study proposes an original synthesis method to modify, in one step,
core/shell nanoparticles grafted with polymer and functionalized with amino groups. This
method presented the PVA cross-linked onto superparamagnetic iron oxide nanoparticles
(SPIONS) by the addition of silica precursors with and without amino groups. This study
has proven that combining classical silica and amino-functionalized silica precursors at a
volume ratio of 3/1 with PVA-coated SPIONs (PVA-SPIONSs) allowed for an easier and
better synthesis of core/shell silica/SPIONs with PVA covalently grafted onto their sur-
face. In conclusion, precoating oxide nanoparticles with PVA and then using a classical
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sol-gel route to encapsulate them in silica shells is an interesting and promising method
to develop biocompatible nanoparticles for industrialized nanomedicine [129]. The Figure
3 consists of a graphical representation of a surface functionalization model.

\>
1
p s
2
P z N
Polymer/covalent Stober Amino functionalization in_f 1=
— _ -
grafting 2PN process o =
VA \ :
( A \ .
PVA ( m\/,\/\n. ) & ¢ i,

N @ A ‘

TEOS
Figure 3. Graphical representation of a surface functionalization model.

Noma et al. [130] published a paper aiming to provide insights regarding acidic or
basic modified particles that are more effective for enzyme immobilization; therefore,
amino (FesO4s/SiO2/NHz) and carboxyl-functionalized (FesOs/SiO2/COOH) core-shell
Fes04/SiO: for L-asparaginase immobilization (ASNase) were prepared. Worth mention-
ing is that ASNase (EC 3.5.1.1) is an enzyme used effectively in anti-leukemia chemother-
apy and is an essential amino acid for cancerous cells, but not for normal cells. Therefore,
depending on the subject applications in sensor technology, the functionalization mecha-
nisms are directly influenced by the level of asparagine presented in the blood circulation.
Thanks to the FesO4/5iO2 modified with amino and carboxyl functional groups, it was
possible for a facile immobilization of ASNase. FTIR, SEM, and EDX analysis to success-
fully confirm the presence of ASNase on the surface of FesOs/SiO2/NH: and
Fes04/S102/COOH particles. Moreover, Fes04/Si02/NH2/ASNase and
Fe304/Si02/COOH/ASNase exhibited good reusability. However,
Fes04/SiO2/NHz/ASNase showed more stability than FesO4/SiO2/COOH/ASNase because
of many possible interactions and conformational stability. Cumulatively, FesO4/SiO2/NH-
and Fes04/SiO2/COOH particles are very promising supports for ASNase immobilization,
providing multiple attachments between the enzyme and support, and resulting in excel-
lent stabilization [130].

4. Biomedical Applications

This section of the review will display recent studies regarding magnetic nanoparti-
cles which have garnered great interest regarding the most important techniques used in
biomedical applications. One of them, the MR], is a diagnostic technique used to visualize
the internal structure of the body in detail. This technique has the advantage of obtaining
a high display of soft tissues and is non-invasive, compared with computed tomography
[131]. Also, unlike other diagnostic methods such as computed tomography (CT), sonog-
raphy, nuclear scintigraphy, and X-ray imaging, MRI does not cause radiation damage
and offers a high resolution of soft tissues which allows this method to be successfully
applied to diagnosing a variety of diseases [7]. Along with the drug delivery capability of
these systems, they can generate hyperthermia which can be used either to enhance de-
livery or to kill tumoral cells. Hyperthermia that treats cancer is also called thermal ther-
apy, thermal ablation, or thermotherapy [53,54,62,88].

Andhariya et al. [107] developed core@shell nanostructures from modified silica
magnetite nanoparticles loaded with a photosensitizer (PS) and a model drug “methylene
blue” (MB) for biomedical applications such as drug delivery. The main concern of mod-
ern medicine is to treat cancer with few side effects. Based on this concept, photodynamic
therapy (PDT) has been developed [132], in which certain photosensitizers (PS) were
loaded into drug delivery vehicles (DDVs) because of their ability to induce photothermy
or to assist the drug delivery in a personalized manner. First, the targeted place for the



Appl. Sci. 2021, 11, 11075

14 of 22

implementation of PS is reached and, then, through the irradiation, it is directed to a spe-
cific, targeted area. Even if PS touches normal tissues, it is toxic only when exposed to
light, and thus no, or limited, side effects occur in healthy tissues. Oscar Raab was the first
to initiate the PDT concept by using a dye as a PS in the photodynamic therapy. Studies
concluded that acridine dye activated by light could kill paramecia, which was a finding
that led to the basis of PDT [133,134]. More recent research has shown the significant pro-
gress that photosensitizers have brought to cancer treatments. Studies in clinical photo-
dynamic therapy have received increased attention since the hospital administrations
have permitted using photosensitizing drugs in curative and palliative treatments of di-
verse diseases [135,136].

Studies conducted by Marinin [5] and Campbell et al. [137] confirmed that the mag-
netite core of the-SPIONs coated with silica shells present promising applications in the
biomedicine field, such as contrast agents for magnetic resonance imaging and drug de-
livery systems [25,138].

Since ancient times, the early diagnosis of various diseases, such as cancer and sepsis,
has always been a major problem of vital importance in medicine. Thus, special attention
has been paid to the study of efficient methods of auxiliary diagnosis [1]. Magnetic reso-
nance imaging (MRI) is one of the most powerful medical diagnostic methods that pro-
vides MRI imaging with excellent anatomical details based on soft-tissue contrast and
functional information in a non-invasive method of real-time monitoring [6]. MRI results
are strongly influenced by both the different imaging methods used in detecting and es-
tablishing medical problems, and the contrast agent (CA), which can significantly im-
prove the contrast of biological targets around the tissue [9]. However, because the con-
ventional contrast agent RM (CA) is expensive, and confers a low spatial resolution, early
tiny tumours cannot be detected and, at the same time, no distinction can be made be-
tween benign and malignant tumours [8]. Therefore, the development of new CAs can
effectively enhance the imaging effect.

Magnetic nanoparticles are also applied in biomedical applications using different
stimuli, and each living system responds to stimuli, regardless of the type of stimuli, even
if it is temperature, pH, or light. Applying several stimuli to the body, we obtain an an-
swer, and this response is vital for the proper operation of the whole system [108]. These
features have been an inspiration for scientists to develop “smart” materials designed to
react to various stimuli such as temperature, pH, or magnetic field; as they are sensitive
to a magnetic field, they can incorporate magnetic nanoparticles and lead to smart mate-
rials with good magnetic guidance and (magnetic) stimuli release. To transform energy
into heat, magnetic particles were used as heat generators. The above phenomenon is im-
portant in cancer therapy because hyperthermia can be used in killing cancer cells, but
also in targeted delivery, and increasing temperature will increase diffusion, therefore in-
creasing the drug delivery [139]. Many studies have confirmed that nano-magnetic and
micro-particles have great applicability in magnetic storage media, biosensing and bio-
medical applications, as contrast agents in MRI—using them in tumor tissue under the
action of magnetic fields—and also in new applications that aim to deliver and control the
release of chemicals [35,131,140].

Another good example of a multifunctional magnetic nanocomposite is Fes01@SiO,
with biomedical applications related to the production of hyperthermia, which is an ef-
fective method to fight cancer. Hyperthermia is also combined with radiotherapy and
chemotherapy, and is used to adjust the delivery rate of the chemotherapeutic drugs. The
review describes the most important applications, and some of them are presented in this
section. An important biomedical application worth mentioning is the use of magnetic
nanomaterials in applications such as hyperthermia and controlled drug delivery
[4,53,54]. As the term implies, hyperthermia means using heat in cancer therapy. Magnetic
nanoparticle-based hyperthermia has proven to generate local heat that releases drugs at
a specific site [5,32,62,68,117,140-142]. In medical hyperthermia, magnetic nanoparticles
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are used as a generator to raise tissue temperatures to 41 (mild)—43 °C (curative hyper-
thermia) in tumour cells, tissues, or organs. Coated magnetic nanoparticles can be func-
tionalized/loaded with different molecules, such as drugs or antibodies, for use in targeted
tumours from specific tissues/organs [35,143].

A new material synthesized by a solvothermal method with promising applications
in drug delivery is monodisperse superparamagnetic single-crystal magnetite nanoparti-
cles (MSSMN). Tests were conducted and the most important result stated that MSSMN
is efficient in drug delivery applications. Doxorubicin (Dox) has been used as an anti-
cancer drug, and the results have shown that these materials have a perfect loading ca-
pacity and favourable delivery profile for Dox [4,5,34]. Figure 4 is a graphical representa-
tion of the MSSMN synthesis as well as its use in biomedical applications.
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Figure 4. Graphical representation of biomedical applications.

Researchers are trying to develop certain modalities to control the transport of drugs
and the rate of release, in a targeted way, on the specific tumour site. Through nanoengi-
neering, an efficient drug delivery carrier was developed that can precisely localize the
targeted tissue and release the perfect amount of medication that annihilates cancer with-
out harming those in good health, which is the most desired challenge [5,105,107].

After many studies, breast tumours are classified by histopathological degree, type,
and stage; the classification was determined to find the best treatment, such as chemother-
apy or immunotherapy [33,101]. Tumours were classified according to the epidermal
growth of the factor receptor family in HER1, HER2, HER3, and HER4. Magnetite@silica
nanoparticles proved to be biocompatible and excellent contrast agents in imaging studies
through cellular magnetic resonance, and magnetite coated with silica showed great ap-
plicability for HER2 in targeting breast tumours. Magnetite coated with silica can be used
in radiofrequency-induced heating techniques, as well as for the treatment of breast can-
cer [5,68].

Another interesting study that researched Alzheimer’s disease investigated a new
technique involving enzymes immobilized in magnetic microspheres through elec-
trospray mass spectrometry (ESI-MS). To explain the model for immobilization of the ac-
etylcholinesterase (AChE) enzyme on the modified 3-glycidoxypropyltrimethoxysilane
(GLYMO ) silica, the role of acetylcholinesterase (AChE) in the nervous system is demon-
strated. The role of the enzyme was to transfer impulses to cholinergic synapses through
an active neurotransmitter (acetylcholine) to inactive choline. It has been demonstrated
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that a reduction in AChE inhibition activity improves Alzheimer’s treatment, leading to a
slower progression of the disease [144].

Because of the properties of magnetic nanoparticles and their biocompatible charac-
ter, they were used intensively in biomedical applications. By exposing them only to a
magnetic field, magnetic nanoparticles are guided directly towards the tumor tissue, al-
lowing nanomaterials to accumulate in the tumor. Because of the superparamagnetic and
ferromagnetic properties, magnetic nanoparticles are used in MRI and hyperthermia tech-
niques [145].

Azcona et al. [146] have synthesized, through a simple, traditional, and inverted co-
precipitation method, highly suitable and promising magnetic nanosystems for diagnosis
and therapeutic applications. One study revealed that the obtained nanomagnetic parti-
cles with supermagnetic properties, having a saturation magnetization of 88.1 emu/g and
squareness ratio of 0.14, can be used as a contrasting agent in magnetic resonance imaging
(MRI) diagnosis [147].

For using magnetite nanoparticles for drug delivery, certain aspects have to be taken
into consideration such as saturation magnetization, size, shape, surface charge, drug
loading capacity, release rate, profile and factor, biocompatibility, and toxicity. Therefore,
when selecting magnetite nanoparticles for drug delivery applications, they should be
chosen carefully based on the mechanism of binding with other conjugates or else they
can produce toxic effects that could harm the body system, which is not desirable [148].

5. Conclusions

This review highlights the synthesis methods for magnetite-silica core/shell
nanostructures through different preparation routes and which have interesting applica-
tions in medical applications. Based on all the presented research, it has been shown that,
for the preparation of magnetite nanoparticles coated with silica, the most used was the
modified Stober method. Although, there are still some difficulties to be achieved in the
synthesis method of magnetic composites with tunable features. However, in addition to
the Stober method, other synthesis methods such as water-oil, micro-emulsion, gas depo-
sition, coprecipitation, sol-gel, thermal deposition, and hydrothermal methods are pre-
sented.

In addition to the synthesis methods of magnetite-silica core/shell nanostructures,
this review illustrates their characteristics and their superficial effects through functional-
ization, but also focuses on their applications, especially in the biomedical field such as
hyperthermia, MRI, and drug delivery systems. From the presented research, it can be
stated that magnetite-silica core/shell nanostructures have beneficial applications in many
therapies and, through surface functionalization, they can load various drugs and further
assist their delivery to obtain personalized therapy for the treatment and diagnosis of spe-
cific diseases, combining the benefits provided by the two components, the magnetic core
and the silica shell. It is important to mention that core@shell@shell nanostructures are of
growing interest and, most probable, their applications will be expanded and partially
replace pure silica materials. Besides, great attention was devoted to the development of
mesoporous shells that can host and release biologically active agents under triggered
conditions that can be initiated by hyperthermia or other factors such as photothermy and
pH. It is worth mentioning that all the experimental research done in the biomedical field
could provide promising outcomes and also show the potential of magnetite-silica
core/shell nanostructures, and it is believed that their usage in clinical treatment is far
from over.
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