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Abstract

Magnetic hyperthermia (HT) using biocompatible ceramics is a ground-breaking, competent,
and safe thermo-therapeutic strategy for cancer treatment. The magnetic properties of
bioceramics, along with their structure and synthesis parameters, are responsible for controlled
heating of malignant tumors and are the key to clinical success. After providing a brief overview
of magnetism and its significance in biomedicine, this review deals with materials selection and
synthesis methods of bioceramics/glasses used for HT. Relevant researches carried out on
promising bioceramics for magnetic HT, with focus on their size, shape, surface
functionalization, magnetic field parameters, and in vitro/vivo properties to optimize cancer
therapy, are also discussed. Recent progress in magnetic HT combined with chemotherapy,
radiotherapy, and phototherapy is especially highlighted, with the aim to provide
interdisciplinary knowledge to advance further the applications of bioceramics in this field.
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1- Introduction

Hyperthermia (HT) is a rapid cancer therapy inducing cellular apoptosis by increasing the
local temperature of cancerous tissues between 41 °C and 43 °C. The tumors are highly
susceptible to this thermal range at which cancerous cells are destroyed, while the normal cells
undergo no significant damaging effects. HT is induced by using magnetic materials under an
alternating magnetic field (AMF). Benefitting from some favorable characteristics of magnetic
nanomaterials (MNPs), magnetic HT has drawn enormous attention and reduced the adverse side
effects related to conventional treatments of several tumors such as prostate, glioblastoma,
metastatic bone cancer, etc. This method is usually combined with other therapeutic approaches
like chemotherapy (drug delivery), radiotherapy, photothermal therapy, gene therapy,
immunotherapy, and high intensity focused ultrasound, which are critically discussed in this
paper [1].

Both biocompatible ceramics and glasses are considered for different HT biomedical
applications [2 -5]. Several bioceramics could be mainly used as thermo-seeds for HT cancer
treatment. Particularly, nanostructured bioceramics are primarily employed under alternating
magnetic field (AMF) to provide adequate heat and local temperature increase up to 43 °C.
Besides, biocompatible glass-ceramics (GCs) are also widely investigated for this application.
Iron oxide-based nanomaterials, including magnetite and maghemite nanoparticles, have
captured considerable attention, and this is due to their relatively easy preparation approach,
being controllable, having low cytotoxicity, and overall tunable properties. In addition to oxide-
based MNPs used for this application, other metallic materials like nickel, cobalt, etc., are
intensively used to improve heating efficiency and treatment feasibility. In order to enhance heat
generation efficacy, reducing the particle size and lowering the Curie temperature are two

indispensable approaches [5].

Several kinds of clinical researches have been reported on this therapeutic approach since
2006. The first clinical study done on the magnetic HT was employed to treat glioblastoma
multiform. This research was performed on 14 patients, who all received an average of 6-time
treatments following about 0.2 ml magnetic fluid per ml tumor volume and the single fraction of

2 Gy of radiotherapy of average 30 Gy. It was demonstrated that using aminosilane-coated iron
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oxide nanoparticles (IONPs) for magnetic HT provided a temperature of about 44.6 °C. It was
also revealed that magnetic HT was a safe treatment for glioblastoma multiform [4]. In another
research, a magnetic fluid including IONPs dispersed in water was employed for magnetic HT,
and the results revealed that magnetic thermotherapy could be well-designed in the treatment of
solid tumors [5]. In this work, Wust et al. concluded that the moderate H-field increase leads to
enhancing the coverage, promoting the nanofluid-based heating technology’s therapeutic
efficiency. To be more specific, the 2 kA/m increase in the H-field results in the improvement of
42 °C coverage towards 100% (98%). Matsumine et al. compared two different treatment
approaches for metastatic bone tumors, comprising a group cured by HT treatment and another
group where tumors were destroyed by surgery. The results showed that magnetic HT treatment
was more effective than surgery alone. In this research, calcium phosphate cement (CPC)
containing FezO4 nanoparticles was reported to have excellent control of metastatic bone lesions
[6]. Another clinical study was done by Johannsen et al. on 10 patients with locally recurrent
prostate cancer using superparamagnetic nanoparticles. This research showed a drastic decrease

in prostate antigen in 8 patients after the magnetic HT treatment [5, 6].

The successful history and significant promising advances in treating cancers by HT and bio-
ceramics encouraged us to write this review, which we believe will provide a brief critical
assessment of the relevant state-of-the-art. First, some short information about the theory of
magnetism in the HT is presented. A comprehensive summary of the synthesis methods and
applications, with special focus on cancer therapy feasibility and efficiency by ceramic materials
and glasses, is provided. The HT approach for cancer treatment can be used alone or combined
with other therapeutic methods like chemotherapy, radiotherapy, phototherapy, gene therapy,
immunotherapy, and high intensity focused ultrasound employed in conjunction with HT. Lastly,
the opportunities, a view to future work, and challenges are discussed. While the existing
reviews in the field are usually quite general and clinically-oriented, the present one is
specifically addressed to biocompatible ceramics for HT and their use in conjunction with other

anticancer techniques.

2- Basic concepts on magnetism and HT
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Knowing about the basic concepts of magnetism will help us understand the mechanism of
HT and heat-mediated cancer treatment. Magnetic agents consist of a variety of materials, which
are widely used in a range of biomedical applications, especially magnetic resonance imaging
(MRI), biosensors, drug delivery, magnetic separation, and magnetic fluid hyperthermia (MFH)
[7-11]. Regarding the magnetic responses of the materials in the presence of an external

magnetic field, they can be generally classified into ferromagnetism, ferrimagnetism,

antiferromagnetism, paramagnetism, and diamagnetism. As illustrated in
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Figure 1a, various magnetic behaviors can be observed in materials exposed to an external

magnetic field due to the magnetic orientation of dipoles. In the magnetic field, aligned regions
start to either amplify or weaken the initial field. The characteristic magnetic parameters like

saturation magnetization (Ms), remnant magnetization (M;), and coercive force (Hc) of



ferromagnetic, paramagnetic, and superparamagnetic materials shown
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Figure 1b are of great interest for HT.
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Figure 1- (a) Magnetic moment arrangements in diamagnetic, paramagnetic, ferromagnetic,
ferrimagnetic, and antiferromagnetic materials. (b) Hysteresis curve of ferromagnetic,
paramagnetic, and superparamagnetic materials.

Due to the near-zero remnant magnetization of superparamagnetic materials, they are
superior to the ferromagnetic and ferrimagnetic materials in many applications. Besides,
superparamagnetic materials like superparamagnetic iron oxide nanoparticles (SPIONs) can be
removed from the suspension and disperse with and without applying a magnetic field,
respectively. Additionally, in magnetic HT, the magnetization and reorientation of materials,
which lead to energy losses, are significantly important. The area inside the second quadrant of
the magnetic hysteresis loop is a good indication of the energy stored in one cycle, which can be
used in HT treatment and is affected by the intrinsic and extrinsic properties of materials
including magnetocrystalline anisotropy, particle size and shapes, and microstructure. Regarding
the hysteresis curve of superparamagnetic materials, no hysteresis losses would be found in these



materials. However, the relaxation time of these particles is more useful for HT heat and energy
generation and dissipation. In other words, superparamagnetic behavior has been beneficial in
magnetic HT as compared to other types of magnetic materials since the Neel relaxation is more
effective than hysteresis losses, which is responsible for temperature rise in superparamagnetic

materials [14].

Several features can diminish magnetic materials efficiency in biomedical applications, like
aggregation, oxidation, toxicity, high protein absorption, etc. Hence, researchers often employ
relatively-affordable surface modification and functionalization strategies to improve some
unwanted characteristics and overcome some biological barriers of magnetic materials,
especially SPIONs. Several modification agents, such as amino acids, folic acid, polyethylene
glycol (PEG), etc., are used to functionalize MNPs via surface treatment, thus shelling the

magnetic core with more biologically compatible materials [12-16].

Magnetic properties like Hc M, and Ms are greatly influenced by size, shape, and surface
coating. Due to the core-shell interface and shielding effects of the modification layer, the
magnetic properties of the pristine sample will be decreased. Moddy and his coworkers
demonstrated the size-dependent magnetic response of magnetic materials [20]. Large magnetic
particles consist of several subdomains possessing uniform magnetization and are separated by
the walls to reduce the energy of the system. By reducing the materials size, the surface energy
of domain walls is becoming more noticeable than the magnetostatic energy. When the materials
size decreases below the critical range, the needed energy to create the domain walls becomes
higher than the formation of single-domain states. Indeed, by decreasing the size of the particles,
Hc will initially increase and subsequently single-domain small particles will reveal near-zero
coercivity; therefore, Hc is highly dependent on article size. As a result, MNPs show almost-
superparamagnetic behavior, greatly widening their biomedical applications [21].

Additionally, shape anisotropy is another element affecting the materials coercivity. Different
synthesis methods lead to various shapes and morphologies like cubic, parallelepiped,
cylindrical, or triangular prism [18-21]. Lu et al. demonstrated that the magnetic coercivity of
MNPs increases with increasing value of aspect ratio, i.e. when the nanoparticle shape changes



from spherical to elliptical. The Hc reduction is mainly due to the distortion and anisotropy and

small deviations from uniformity, which can induce additional anisotropy [22, 23].

The transformation of magnetic energy to thermal energy is measured by the value of the
specific absorption rate (SAR):

SAR =C (d—T) (ﬁ) 2)

dt) \m,,

where C is the specific heat capacity of dispersion medium (kcal/kg.°C), (%) is the initial slope

of the time-heating curve, mg and m,,, are the mass of the solvent and MNPs, respectively. Like
the Hc value, SAR is also affected by size, shape, surface modifications, amplitude, and
frequency of the AMF. The MNPs with higher SAR have a high potential to be used as MFH
[12].

Since there are a few blood vessels and weak vessel networks in cancerous tumors, the need
to find a way to destruct cancer cells is becoming widely growing. Up to now, HT is a high-
efficiency method to eliminate the cancerous cells at high temperatures (ranging from 41-46 °C)
by using glass and ceramic nanoparticles, which can be transferred through blood vessels [24—
27]. The side effects of this method, once properly optimized, are negligible since the mentioned
heat is more likely to kill malignant cancer cells, while just few normal cells are damaged at this
temperature. HT treatment can be either localized, if microwave, radiofrequency plate antennae
applicators or small magnetic seeds are employed, or regional using heated perfusates (hot water)
[28-30]. Although the HT method possesses several benefits, it suffers from the difficulty to
reach the target temperature and control the localized tumor heating. Another drawback of the
HT method is the hard control over avoiding normal cell damage in hardly accessible tumors; in
this cases, use of magnetic mediators (fluids) is advised [35].

Generally, based on the magnetic particles used in HT treatment, this method can be divided
into four main categories. Intracellular HT is a method using rod-like or needle-like MNPs with
superparamagnetic properties. In this method, a fluid containing the nanoparticles is injected into
the human body and cells can incorporate them by endocytosis. In extracellular HT, larger

particles (micrometric scale) with ferromagnetic properties, which are stabilized by surfactant in
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water, are used. Magnetic ferrofluid HT uses ultrafine SPIONs, which are modified with
different types of biocompatible agents. Magnetite nanoparticles are commonly used as a
mediator of heat when exposed to a high-frequency external AMF. Finally, there is an HT
method that uses magnetic materials in “bulk” form, which are surgically inserted in the tumor
site. The cancer cell death principle in all of these methods is almost the same. Besides being
minimally-invasive, MFH has some advantages over the other HT therapy techniques: for
example. compared to the NIR laser-based HT, it has better heating efficiency due to the high
tissue penetration/enhanced accumulation in the tissues [36] [37].

Owing to the magnetic spins reorientation under an AMF, these materials start releasing heat,
which is mainly due to the irreversible magnetization. The other possibility is the rotation of
particles in a low viscosity environment causing frictional losses and producing heat in the area.
To be more specific, this method mainly involves three steps. Initially, the temperature around
the tumor cells and tissues is fixed at about 41 °C. Then, in the second heating cycle, the
temperature of the tumor environment will rise to 43 °C and remains constant for a specific time.
Finally, although the temperature around tumor tissue may increase, the surrounding normal cells
should be maintained at below 46 °C in order to preserve them from thermal damage [37].

3- Materials for HT applications: a short overview

The recent advances in the usage of nanoparticles for HT therapy helped scientists to face
many of the challenges of this therapeutic approach, but there are still some concerns. HT
therapy can be divided into three main categories for targeting small tissues (local hyperthermia),
larger tissues (regional hyperthermia), and all over the body (whole-body hyperthermia).
Different types of specific materials should be used for each type of therapeutic method, and
each kind of material has its own features, including the amount of heat it can produce,
circulation time, and biocompatibility [38]. When nanomaterials are used for HT therapy, three
factors play a critical role: high saturation magnetization, low magnetic coercivity, and
functionalizable surface. The significance of saturation magnetization and magnetic coercivity
has been already discussed in the previous section. Having an active surface allows the
attachment of the NPs to the target cells or pathogens selectively. Conjugation of antibodies or
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other chemical compounds on the surface of NPs can help scientists to achieve this goal [39].
Having multi-purpose biomedical potential, iron oxide NPs have attracted a huge amount of
attention. Gilchrist et al. pioneered the use of magnetic materials for HT therapy in 1965 [40].
They exposed y-FezO4 particles to an electromagnetic field to heat tissue samples. They also
proved that the heat which was produced by these particles affected the tumor tissue only and no
other normal tissues in the body. In addition to iron oxide nanoparticles (IONPs), a considerable
number of studies have been conducted on different classes of metallic particles, especially iron
(Fe)-based NPs. They have a property that made them very special. These NPs become
superparamagnetic at room temperature when their size distribution is below 15 nm [41]. This
means that they lose their magnetism as soon as the magnetic field is removed. Therefore, a huge
number of studies have been allocated to the usage of metallic alloys, including Fe-Ni-Co, Fe-
Au, and y-Fe-Ni in HT [38-40]. It should be noted that although these NPs show a high magnetic

moment, they are toxic and susceptible to chemical reaction or oxidation.

There are two routes to transport the particles to the vicinity of the tumor cells: particles can
be injected intravenously and transported by blood circulation or the suspension of particles is
directly injected into the desired area. Some of the magnetic NPs (MNPs) mostly have complex
synthesis routes, and they tend to agglomerate [45]. Moreover, IONPs have a low circulation
time in the body since proteins tend to surround them, and the clearance by the immune system
will occur. In order to increase the clearance time and biocompatibility as well as decrease toxic
reactivity and oxidation, these NPs are mostly coated/shielded by various kinds of materials,
especially biocompatible polymers or ceramics [46]. The problem of obtaining stable aqueous
suspensions is typically more critical for metallic NPs than oxide-based NPs [47]. Carbon-based
nanomaterials have also been used for a particular type of non-magnetic HT treatment, called
photo-thermal therapy. Among these materials, carbon dots have gained more attention. These
materials showed low cytotoxicity, and they can be used as imaging agents as well. When these
materials are under irradiation of a specific wavelength of light, they will convert it to thermal
energy; this process is called photothermal therapy or light-induced HT. In this process,
materials with near-infrared (NIR) light adsorptions are the most suitable choices. Therefore, the

poor NIR adsorption of carbon-based quantum dots is their main shortcoming. In literature,
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several strategies have been proposed to overcome this limitation, such as combination with

metallic elements [48].

Recent literature suggests that the last frontier of magnetic biomaterials for HT is represented
by functionalized bioceramics, which include iron oxide and its derivatives, calcium phosphate,
hydroxyapatite, and glass-ceramics. The magnetic properties and hyperthermia behavior of
IONPs have been comprehensively covered in numerous reviews, which interested readers can
refer to [?-?] Doping magnetic NPs, coating with bioactive ceramics, and synthesizing a core-
shell nano-structure with a magnetic core and a bioceramic shell are the most popular approaches
which will be discussed in the present paper. Besides being used as NPs, bioceramics can be
embedded in bone cements too [51,52]. These types of magnetic bioceramic cements displayed
great ability to fight against cancer cells with no cytotoxicity to healthy cells. In general, glass-
ceramics containing magnetic crystals are among the most studied and versatile materials in the
context of HT therapy because of their exceptional properties, including good HT properties,
bioactivity, and biocompatibility [51]. The results of a study conducted by Ebisawa et al.
indicated that the addition of small amounts of Na,O, B2Os3, and/or P2Os can induce bioactivity
in an otherwise inert and magnetic glass-ceramic material [52]. Moreover, to improve the
magnetic and heat generation properties of glass-ceramic materials, different kinds of
ferromagnetic crystals, such as zinc ferrite, strontium ferrite, barium ferrites, and so on, were
developed by controlled heat treatment within the structure of glass-ceramic materials [49-51].
Li et al. could control the crystallization of Fe,O3 and MnOz in the structure of glass-ceramic
materials. The results were promising [56]; they achieved a biocompatible-bioactive glass, which
showed great magnetic properties for HT to treat bone cancer. Therefore, glass-ceramics has the
potential to act as multifunctional biocompatible materials with both magnetic and bioactive
properties, being able to generate heat for cancer treatment via HT and stimulate tissue

regeneration as well.

4- Synthesis methods for bioceramic (nano)particles
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Due to the high biocompatibility of most magnetic materials, enormous worldwide attention
has been drawn to the use of magnetic nanoparticles for inhibiting cancer cell proliferation via
HT [53-55]. The properties of materials, such as physical, chemical, and mechanical
characteristics, are significantly affected by synthesis routes. The synthesis method plays a vital
role on the size of MNPs, which should be about 20 nm and dispersable in a matrix for
generating dipoles in the external magnetic field during magnetic HT, [56, 57]. Bioceramic
powders and NPs can be typically prepared by dry-state synthesis, wet chemical methods, and
high-temperature routes, as displayed in Table 1Table 1- Comparison of different fabrication methods of
bioceramic (nano)powders for HT... In dry-state synthesis, including solid-state reaction and
mechanochemical way, precursors are mixed without any solvent. This method is commonly
used for mass production, and the chemical compositions of the final products are independent of
processing parameters. However, most of the researchers are addressed to wet chemical methods,
which allow achieving a high control over the synthesis procedure. Wet chemical synthesis
methods comprise chemical precipitation, hydrothermal methods, sol-gel synthesis, microwave-
assisted, electrodeposition process, and sonochemical routes. Chemical precipitation is the most
famous and popular method to prepare MNPs in biomedical applications since it is a cost-
effective and rapid method [58, 59]. Besides, combustion and pyrolysis (slow pyrolysis, fast
pyrolysis, and flash pyrolysis) are the main high-temperature methods, in which the NPs are
prepared by burning the precursors in the synthesis process. Post-processing treatments, such as
surface functionalization, can also be performed to improve the bioceramics characteristics

according to each specific application.

Some of the synthesis methods are prone to yield particles with a high tendency to oxidation
and agglomeration [60, 61]. The main techniques to prevent these drawbacks are surface
modifications, doping with other elements like Cu, Fe, Li, Zn, Mn, etc., and composite
development [62-66].

Table 1- Comparison of different fabrication methods of bioceramic (nano)powders for HT.

‘Methods Advantages Disadvantages ‘ Ref. ‘
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2 Solid-state Small nanoparticles size, mass | The need for the high sintering | [67, 68]
;‘f reaction production temperature, demanded more
§ processing time
8
g Mechanochemical | Facile method for preparation, high | Poor crystallinity, the formation of | [69, 70]
f method efficiency (high reactant | other undemanding products due
:$ concentrations without using | to competing reaction
g solvent), require low time
Chemical Rapid and simple method, cost- | Poor crystallinity, require high pH, | [58, 59,
precipitation effective method, no need to special | sensitive to the alkali solution, pH, | 71, 72]
apparatus, require low temperature and stirring rate, and sintering
temperature
Hydrothermal High crystallinity, homogenous | Require high temperature, and | [73, 74]
methods powder elevated pressure (P > 100 kPa)
Sol-gel synthesis | Possibility of control on the | It is costly, generating the second | [75-77]
synthesis parameter, high in-vitro, | phase
4 and in-vivo stability
% Microwave- Require less reaction time, enhanced | High-cost method and need to | [78-80]
(_Eﬁ assisted reaction speed, and high efficiency | special apparatus, improper for
é due to the efficient heat transfer, and | mass production
% kinetic, less power needed
g Electrodeposition | Ultrafine grain nanoparticles, protect | Time-consuming process, the need [85]
metals from corrosion, ability to | for the electrically conductive
prepare  one-dimensional  (1-D) | substrate, need to  special
nanomaterials apparatus
Sonochemical Uniform size distribution, require | Need to a certain temperature, [86]
less reaction time, ultrafine and pure | need to special apparatus
nanoparticles, high specific area, no
need for high temperature and
pressure
o Solution Require less reaction time, no need | Presence of a high level of [87]
§ P combustion for special apparatus, Possibility of | porosity in the final product, wide
g % control on the synthesis parameter, | size distribution, high tendency to
z = ultrafine and pure nanoparticle, high | aggregate
'5‘? stability, cost-effective method
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Pyrolysis Prepare useful production for a wide | Complex, high-cost method and [88]
range of application, high efficiency | need to special apparatus, the
(75%), require less operation time, | product  gases  cannot  be
Possibility of control on the | sufficiently vented in the cabin

synthesis parameter

1-3-2- Scaffolds

The development of advanced biocompatible and bioresorbable scaffold able to mimic the
natural tissues constitutes an essential challenge in regenerative medicine. The inherently
magnetic scaffold or incorporating MNPs into biocompatible scaffold provides final materials
with additional HT functionality. Such a scaffold promises the treatment of critical tissue defects
caused by malignant bone cancer through a combined therapy consisting of on-demand
temperature increase and, for example, thermally activated drug delivery. There are several
potentially useful methods to construct magnetic scaffolds with hyperthermia properties for
tissue engineering. Experimental details about the fabrication of a representative set of magnetic
scaffolds are summarized here. The following synthesis procedures to magnetize biocompatible
scaffolds are widely used in researches, which are discussed in the next sections.

The existence of pathogens or cancer cells in the affinity of organs can cause some severe
damage to the organ’s tissue. For instance, bone cancer can lead to a defect in the bone structure.
In these situations, accelerating the process of cell regeneration is as important as killing the
pathogens. Therefore, today scientists are searching for a material that can fight against cancer
cells while helping the tissue regeneration process. When it comes to tissue regeneration,
scaffolds play a critical role in providing a two- or three-dimensional (2 or 3 D) environment
both in-vitro and in-vivo. The structure of scaffolds is designed to have interconnected pores.
This structure should provide a stable environment for cell adhesion and proliferation. Among all
different materials used as scaffolds, bioceramics are considered a potential candidate [89]. An
ideal scaffold should simulate the mechanical structure and biological properties of the original
tissues. Studies showed that the biochemical composition of bioceramics could be similar to the
native bone structure. Some of the unique properties of bioceramics are osteoconductivity,

15




bioactivity, biocompatibility, and hydrophilicity [90]. As mentioned before, besides the
biochemical properties of scaffold, its structure plays an essential role. Using an appropriate
synthesis method and designing the hierarchical structure with suitable porosity, pore size, which
allows cells to spread, and interconnected pores are the factors that shape an ideal scaffold.
Scaffolds with micro or nano-structure benefit from higher surface area and roughness,
increasing the adhesion between the structure and cells [91]. Different synthesis methods have
been proposed to achieve the ideal scaffold structure. The main aim of all these approaches is to
increase the control of the micro or nanostructure of the scaffolds. Each technique is designed to
achieve a specific range of structural properties, including distribution of pores, pore size, and so
on. Moreover, each method's overall cost and scale of production differs from another one [92].
The main aim of this section is to summarize all the techniques used to synthesis bioceramic
scaffolds. Fabrication methods can be divided into two leading groups: conventional methods
and additive manufacturing. Conventional methods include foaming methods, starch
consolidation, organic phase burning out, polymer replication method, solid freeform fabrication,
and freeze-drying. In most of these techniques controlling the pore distribution, pore size or
interconnectivity, and geometry of the pores is either very difficult or not possible. Therefore, it
is hard to specifically adapt the scaffold’s properties to enhance cell growth and tissue
engineering. To overcome these shortcomings, scientists developed another state-of-the-art
method, called additive manufacturing. 3D printing is a subgroup of additive manufacturing that
attracted a tremendous amount of attention. Body tissues, especially bone tissue, have complex
porous structures, which was very hard to achieve before using the 3D printing method [89-92].
This method enables scientists to precisely synthesize a structure, which mimics the tissues'
structure, stimulates nutrient transport, cell migration, and facilitates the regeneration process
[97]. All these techniques have been discussed in detail in the literature [85, 94, 95]. Table 2
summarized the most notable advantages and disadvantages of some of the most commonly used

methods for synthesizing a highly porous scaffold from bioceramics.

Table 2 Comparison of different fabrication methods of bioceramic scaffolds

| Methods Advantages Disadvantages Ref.
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processed in a single bed

expensive, rough surface

Low porosity control, hard
A simple method, no need secondary to achieve a 3D structure
HO phase as a porogen, avoiding with interconnected pores.
22
. impurities contamination from (Almirall et al. and Huan et | [96-99]
Foaming .
porogen producing only water as a al. suggested ways to
by-product, synthesis interconnected
. bioceramic scaffold.)
Foaming § § _
Hierarchical structure with
methods . . .
Sol-gel interconnected macropores and a High degree of control is
i o ] [100-102]
Foaming | mesoporous texture, which is suitable required
for cell adhesion and proliferation
é Complex shaping capability, good
E Gel-cast dimensional accuracy, thick walls . o
= . . ] Low pore interconnectivity | [103, 104]
< Foaming | with homogeneous micro-structure,
o
g and high strength
§ . Hard to achieve a structure
O Organic phase . . . o .
. High mechanical properties with interconnected uniform | [109]
burning-out
pores
Poor mechanical straight
due to the existence of sharp
Polymer replication | Highly porous structure with uniform apices that commonly (106, 107]
method interconnected pores, present at the center of the ’
hollow struts due to polymer
burnout
Small pore size, long
Freeze drying Highly porous, cost-effective processing time, and low [106, 108]
pore size distribution
Fast processing, great control on the
=) o structure, tunable mechanical .
= 3D Printing ] ] o Trapped powder issue [89, 93]
2 properties, good interconnectivity,
‘555 complex scaffolds can be fabricated
=
£ . . . A process with high
e . Good mechanical properties, high
= Selective laser . . temperature, hard to remove
k=] o accuracy, multiple materials can be [85, 109]
g sintering (SLS) a trap powder, slow,
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5- Researches on crystalline bioceramics for magnetic HT

As it was mentioned before, there is a high risk of toxicity for, iron oxide and metallic alloy
magnetic nanoparticles used as such. Therefore, doping and coating strategies as well as the
development of core-shell nanostructures have been proposed to improve biocompatibility while
the final product could still benefit from the great magnetic properties of magnetic NPs.
Ruthradevi et al. [114] reported a core-shell structure with the core of nickel ferrite NPs as the
magnetic source and a shell of calcium phosphate. The final product performed
superparamagnetic behavior with zero coercivity at 300 K and ferromagnetic behavior with a
coercivity of 0.045 T at 5 K. It was reported that the final product was biocompatible, although it
could not reach the desired temperature to kill the cancer cells; therefore, further optimization is
required. In another study, Fe** was incorporated into hydroxyapatite NPs, and the samples
reached the maximum temperature of 48 °C in 10 min during induction heating tests [115].
Adamiano et al. [116] synthesized two superparamagnetic nanocomposites of iron-doped
hydroxyapatite (FeHA) and iron-oxide NPs coated with amorphous calcium phosphate
(Mag@Cap). Magnetometry results revealed that specific saturation magnetizations of FeHA and
Mag@Cap were almost 4 and 5 emu/g, respectively. TEM images of the as-synthesized materials
were shown in Figure 2(A-E), and the core-shell morphology of Mag@Cap NPs and the needle
shape morphology of the FeHA are visualized in these pictures. Agar assays were used to test the
antibacterial effects of the samples, and no activity was discovered against Gram-positive and
Gram-negative bacteria. Figure 2(F) illustrates that once cancer cells were allowed to uptake the
FeHA and Mag@Cap NPs and the AMF was employed, the cancer cells viability has been
lessened considerably. Fluorescent microscopy images were used to confirm the uptake of iron-
containing NPs into E297 and K7M2 cells; specifically, 44.9 + 12.0% of cells incorporated
FeHA NPs and 17.7 + 1.6% of cells internalized Mag@CaP NPs. Another research was
conducted to study the in vivo performance of magnetic hydroxyapatite (mHAP) NPs for HT
therapy [117]. Doping with Fe?* was performed to induce magnetic properties in hydroxyapatite
NPs, which were then mixed with phosphate buffer solution (PBS) and injected around tumor
cells. An alternating magnetic field was used to increase the temperature and, after 15 days of
observation, remarkable reduction of tumor volume was seen in the mice which were injected

with mHAP. In a recent study, maghemite (y-Fe2O3) NPs were synthesized and embedded in a
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nanohydroxyapatite (HAp) matrix (GFeHAp) using the co-precipitation method [118]. An
experiment under AC magnetic fields was carried out to study the heat-generating properties of
the final particles. The results showed that, when the concentration of NPs in water reached 20
mg.mL?, the temperature increased to 45 °C during 10 min. Human (Sarcoma osteogenic)
SAOS-2 cell lines were used to study the biocompatibility of these NPs. Results were promising
and showed that the addition of maghemite to HAp does not induce any cytotoxicity in the final
NPs, even when 125 pg mL™of the NPs were incubated with the cells for 24 h. In this article, it
was also reported that the NPs showed small coercive fields in the M-H loops and, after
functionalizing the NPs, Hc still showed the same value (He = 70 Oe). Moreover, the values of
saturation magnetization (Ms) for GFeHAp was around 12 emu g, which was less than the M;
of the bare maghemite NPs and revealed that the synthesized NPs were not superparamagnetic.
This was suggested to happen because of the size of NPs, which was above 10 nm. Although
also these bioceramics NPs showed promising properties for HT applications, further studies are

required to produce NPs with even better magnetic and biocompatibility properties.
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Figure 2- (a) TEM images of iron oxide, (b) hydroxyapatite, (c) calcium phosphate, (d) iron-
doped hydroxyapatite and (e) iron oxide nanoparticles coated with amorphous calcium
phosphate. Viability of human E297 glioblastoma cells after the alternating magnetic field (300
kHz, 1.16 uT) treatment for 30 min. (f) Data points are shown as averages (n = 4-8) with error
bars representing the standard deviation. (g, h) Immunofluorescent images of cells in interaction
with iron oxide nanoparticles coated with amorphous calcium phosphate. Fluorescently stained
E297 glioblastoma and K7M2 osteosarcoma cells (cytoskeletal f-actin — phalloidin; nucleus —
DAPI) display no adverse effects on their proliferation degree or morphology following the 24-h
treatment with 10 mg/ml iron oxide nanoparticles coated with amorphous calcium phosphate
[116].

6- Researches on bioactive glasses and glass-ceramics for magnetic
HT
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The final goal of any cancer therapy method is to kill the cancer cells entirely while
irreversible damage to healthy tissues is minimized. During therapeutic treatment, however,
some damages to healthy cells are inevitable. In this case, it is of chief significance to develop
and choose a bioactive material that can simultaneously (i) foster tissue regeneration to help the
healing process and (ii) have good properties for HT therapy to kill cancer cells or pathogens.
The composition of biocompatible glasses and glass-ceramics can be properly designed so that
they can facilitate tissue regeneration, especially bone, while having an excellent HT effect.
When these special biomaterials, called bioactive glasses (BGs) and glass-ceramics (BGCs), are
implanted in the body, chemical bonds between the implant and the living host tissue are formed
by the precipitation of an interfacial apatite layer on their surface [119]. BG and BGCs can
stimulate several favorable responses in the body, including bone-bonding ability, bone
regeneration, regeneration of soft tissues, bactericidal effect, therapeutic ion release,
angiogenesis, drug delivery, high mechanical support (e.g. tough BGCs), and cancer therapy like
magnetic HT [120-122]. As an example, it was observed that the addition of certain oxides to the
structure of a glass-ceramic material (FeO-Fe03-CaO-SiO;) could induce bioactivity in the final
material [123]. In the study conducted by Qi et al., 3D printing technique was used to synthesize
a calcium sulfate hydrate (CSH)/mesoporous bioactive glass (MBG, Si/Ca/P molar ratio 80/15/5)
composite scaffold for bone tissue engineering [124]. This scaffold had a uniform macroporous
structure with high porosity and the ability of apatite mineralization. When this scaffold was
incubated with human bone marrow-derived mesenchymal stem cells (hBMSCs), gene
expression and cell proliferation were exhibited. As shown in Figure 3, cell proliferation,
alkaline phosphatase activity and gene expression were increasingly stimulated by increasing the
MBG addition. In-vivo results also proved that this BG-based scaffold could stimulate cell
adhesion and proliferation, leading to the expression of osteogenesis-related genes. Results from
micro-tomographic analysis also confirmed that the presence of MBG could enhance bone

regeneration in rats [112].
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Figure 3- (al-d1) Morphometric analysis and Micro-CT evaluation of calvarial defect bone
repair. Pictures were taken after eight weeks of scaffold implantation. 3D superficial, (a2-d2)
interior images, and (a3-d3) sagittal images of calvarial bone defects. (e) Osteogenic expression
of OCN, (f) OPN, (g) ALP, and (h) RUNX2 for hBMSCs cultured on the CSH and CSH/MBG
scaffolds by gRT-PCR analysis after 7 and 14 days (n = 3; *indicated significant differences
when compared to CSH, P < 0.05) [112].
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Unlike iron oxide NPs, BGs and BGCs do not usually show a magnetic behavior unless magnetic
phases are embedded in their structure. Li et al. [ref] firstly synthesized a magnetic and
mesoporous BG by homogeneously dispersing FesOs NPs in the mesoporous glassy matrix.
Addition of FesO4 NPs to the structure induced superparamagnetic properties in the BG, while it
did not negatively affect the textural properties. Luderer et al. were the first ones reporting the
use of a glass-ceramic for HT cancer therapy [125]. In another study on the HT application of a
glass-ceramic (CaO-SiO.—Fe203) system, the magnetic oxidation was restricted using a
controlled two-step crystallization of magnetic crystals [126]. An important goal of that work
was to avoid the presence of undesired non-magnetic phases, thereby enhancing the heat-
generating power of the final system. Ji et al. produced quaternary P,Os—Fe>O3-CaO-SiO>
(PFCS) glass-ceramics as potential materials for HT [127]. The samples showed very low
cytotoxicity while they exhibited great heat-generating ability. One of the samples reached the
death rate of 95% for LoVo cancer cells. This study also proved that the amount of phosphorus
could affect the crystal phase composition of the as-prepared samples. Hence, the content of
phosphorus has an impact on the heat-induction ability. Baino et al. [ref] used a sol-gel method
to synthesize a Fe-doped BG and proved that the addition of Fe;O3 into a binary SiO>—-CaO
parent glass could induce good magnetic behavior in the as-synthesized materials. Foaming
methods incorporated in the sol-gel process also allowed fabricating porous hierarchical

scaffolds based on these materials [ref].

The addition of ferromagnetic NPs into glass-ceramic materials raises a concern about the
possibility of exposing ferromagnetic NPs, which might negatively affect the biocompatibility
and bioactivity of glass-ceramics. Recent studies showed that, interestingly. encapsulation of
magnetite NPs in the glass matrix allows Fe3* ion leaching to be prevented [128]. Specifically,
the interfaces between magnetite and three popular BG systems, 80SiO,—15Ca0O-5P20s5 (80S),
58Si0,-36Ca0-6P-0s (58S), and 35Si02-50Ca0-7P20s-7MgO-1CaF> (35SM) in mol.%, were
investigated [129]. This study reveals that Fe moves much faster to the glass phase than Si
transfers to the ferrite phase. Moreover, the diffusion rate of the Fe to glass phase is not the same
in all the samples. For instance, among all the studied samples, migration of Fe from NPs to
glass is much easier in the interface of sample 58S. In another research, copper was added along

with iron to the structure of the glass [130]. The results of this study reveal that addition of
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copper oxide to the structure allows enhancing the magnetic saturation of the final product while
concurrently reducing the amount of required Fe to obtain the same effect. In this study, three
samples were synthesized by the sol-gel method: 1) BG with Fe (FeBG), 2) BG with Fe and Cu
(FeCuBG), 3) BG with Cu (CuBG). Among all these samples, FeCuBG showed the greatest
superparamagnetic behavior (Figure 4b). The magnetic properties were investigated under a
magnetic field of 20000 Oe for all samples. The saturation magnetization of FeCuBG was almost
five times that of the sample without Cu. An ICP analysis shows that the amount of Fe released
in SBF is negligible, which is due to its strong bonding in the glass structure. Figure 4a
represents the pH of samples in the SBF, which is in the range of 7.0 to 7.9. This range of pH
(moderate alkalinity) plus the low release of Fe result in a suitable condition for adhesion and
growth of cells. In-vitro analysis shows that the cytotoxicity of FeBG and FeCuBG is lower than
that of CuBG (Fig 4c). However, the samples containing Fe show a lack of HUVEC cell
proliferation in comparison with control samples (Fig 4d). Altogether, since magnetic BGCs
benefit from both bioactivity and good magnetic properties, they have a terrific potential for HT

therapy applications.
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Figure 4- (a) The pH diagram for different samples after soaking for a different amount of times

in SBF, (b) VSM graphs, (c) MTT assay of bioactive glasses, along with negative and positive

controls with two concentrations (low: 200 ug.mL™ and high: 400 ug.mL™) for 1, 3 and 7 days,
24



(d) HUVEC proliferation under exposure to the bioactive glasses with controls at two
concentrations (low: 100 pg.mL™? and high: 200 ug.mL?) for 1, 3 and 7 days (d). [The mean
difference compared to the control group is significant at the 0.05 level (*) and 0.001 (**)][130] .

Table 3 summarizes some of the studies on the application of magnetic glass-ceramics for
cancer therapy. The parent glasses are prepared by melting or sol-gel routes. After controlled
heat-treatment of the parent glasses, the magnetic phases are crystallized while residual glass
phase provides bioactivity [54,117,132-136,119,125-131]. Magnetic crystals include lithium
ferrite (LiFesOs), magnetite (FesO4) Zn ferrite, Li-Mn ferrite, Mg ferrite, Mn-Zn ferrite,
BaFe12019, SrFe12019, etc. For example, the transmission electron microscope (TEM) image in
Figure 5 shows ferrite nanocrystals surrounded by the residual glass and a B-wollastonite phase
[142].

N

C-Sld, matrix i

Figure 5- (@) TEM micrograph of the 25Li,0-8Mn0»-20Ca0-2P,05-45Si0>—-4Fe>03 (at.%)
glass crystallized at 850 °C for 4 h. (b) Bright-field images and (c) SAED pattern of the (Li,Mn)
ferrite with the [332] zone axis and (d) B-wollastonite with [001] zone axis [142].

Generally, iron in the glass composition should remain in the crystal structure because,
otherwise, it would diminish the apatite-forming ability of the residual glass matrix. In order to
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satisfy this criterion, biphasic materials containing a melt-derived magnetic glass-ceramic
(45Si02-45Ca0-10Fe203 in mol%) and a gel-derived BG (58SiO.—6P.05-36Ca0 in mol%)

were suggested by Vallet-Regi’s team [137-139]. The sol-gel BG exhibits an inherent Commentato [F1]: Check these ref as numbering is
incorrect.

nanoporosity, which plays a fundamental role in promoting the apatite-forming ability on the
surface [143]. On the other hand, as the sol-gel BG content increases, the magnetic properties
change due to the diffusion of Fe ions to the glassy phases of the biphasic materials.
Additionally, the biphasic nature of these materials allows proper modulation of both properties,
depending on the patient’s requirements [137-139].

Magnetic glass-ceramic powders can also be included in polymer-based bone cements [ref].  Commentato [F2]: Add ref here
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Table 3 The summary of the studies on the magnetic bioactive glass-ceramics for cancer therapy application. Can you add another column showing the

crystalline phases of the GCs? These crystals stimulate HT and are important.

Magnetic properties

Saturation
Material preparation Coercive Bioactivity / Biocompatibility Other features Ref.
magnetization
force (Oe)
(emu/g)
Four other composites were
synthesized in this study, but the
40Si02-10Lix0- mentioned composition

36-Ca0-4P,0s- Sol-gel 8.297 29 -/- exhibited the best properties. [146]

10Fe;03 (mol%) The mentioned composite

creates enough heat to kill

cancer cells.
After soaking in simulated body The Fe3O4 was protected from
fluid (SBF), the formation of an oxidation by the addition of

Ca0-Si02-MgO- appetite layer containing carbonate graphite. The as-prepared
Sol-gel 10.6 (Am?2Kg™?) - [147]

CaF,-P,0s-Fe304 on the surface of graphite modified material was bioactive and

Fe304 was observed / No showed good heat generation
cytotoxicity for VX2 cells ability.

13Fe203-49Ca0- Sol-gel - - Addition of P2Os increase the During soaking in SBF, the [148]
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xSiO2 yP20s -
zTiO2 (mol%)

formation of carbonate
hydroxyapatite layer on the surface
of the sample while soaking in SBF /
P20s addition decline the

cytotoxicity to FHC cells

weight of the sample didn’t

decrease (showed stability)

47.55i0,- 20Ca0-
10MgO- 2.5P,0s-

After two days of immersion in SBF,

Sol-gel apatite-like structures were [149]
10K,0-10Na,0
observed to form. / -
(mol%)
Have a good heating capacity,
After immersing in the SBF, a layer heterostructures are not
Co-
of hydroxyapatite was formed on agglomerated, AMF results
Shell: SiO,-CaO | precipitatio
57+1 (at 300 K) the surface/results of MTT assay, showed that NPs induced [150]
Core: y-Fe;03 n and sol-
showed no significant change in the | enough temperature in water to
gel
activity of h-MSC? cells have a therapeutic effect on
cancer cells
(100-x)(58Si0,- Sol-gel 1.91-3.49 Calcium and phosphorus phases The composites with x=10 & 20, | [151]

1 Human mesenchymal stem cells
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33Ca0- 9P,05)-
xFe,03 (x=10,20,

were formed on the surface after

immersing in SBF / low cytotoxicity

showed hysteresis with low

Mg2and H¢3. the x=30 composite

& 30 wt.%) at a low concentration showed no Mg and Hc
(superparamagnetic behavior)
Composites showed an
After SBF treatment, the
46.1Si0;- antibacterial effect on the E.coli
precipitated hydroxyapatite phase
21.9Ca0- and S. Aureus bacteria cells.
Melt grew on the surface/exhibit
24.4Na;0- 5,7,and 10 - These samples showed room [152]
quench excellent biocompatibility toward
2.6P,05-55r0 temperature superparamagnetic
human osteosarcoma MG63 cell
(mol%) behavior as well as suitable
lines
heating ability.
(45-x)Ca0-
34Si0,- 16P,0s- Higher concentration of iron
Melt Bioactivity increased by further iron
4.5MgO0O- 0.5CaF,. 0.21-8.89 149-575 improved crystallization degree | [153]
quench addition / -

- xFex03 (X=5-20

wt%)

of magnetic phase

2 Residual magnetization

3 Coercive field
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BGCs can be used for both magnetic HT and photo-induced (photothermal) HT. Given the
importance and great potential of the latter approach, a short description of this HT therapy is
provided here for the Reader’s benefit. As it was mentioned before, materials designed to be
used for photothermal therapy should reveal NIR absorption peaks. This feature will help them
to achieve maximum radiation penetration into the tissue. Wang et al. [154] developed a Bi-
doped BG for photothermal application with adsorption peaks around 700, 800, and 1000 nm.
These peaks were absent in the samples without Bi. When the samples were under laser
irradiation, un-doped samples showed no significant temperature variation. In contrast, Bi-doped
samples showed temperature variation from 54 to 223 °C. Figure 6a illustrates that the highest
temperature is achieved when the highest dopant concentration was added to the structure. The
toxicity of these Bi-doped phospho-silicate glasses (S6PyB) was examined by in vitro tests with
mouse fibroblast cell line (L929), murine calvarial pre-osteoblast (MC3T3-E1) cells, rat
osteosarcoma-derived (UMR106) cells, and human osteosarcoma (U20S) cells. Generally, the
cell viability was more than 80% for all types of cells (Figure 6b). Figure 6c displays the mineral
deposits formed on the surface of the materials when they were immersed in SBF. For samples
with a higher concentration of Bi, after 7 days immersion, the initial surface microstructure
transformed into an assembly of plates. Rod-shaped clusters, which facilitate the corrosion
reaction, are not observed even after 12 days for the sample with the highest Bi concentration.
In-vitro mineralization of osteoblast cells showed the higher calcium deposition on the surface of
Bi-doped glasses. In-vivo results in a mouse model were also promising: Figure 6d shows that a
significant difference exists in tumor size reduction between the control sample and the mice

receiving Bi-doped BGs under laser irradiation [154].
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Figure 6- (a) Temperature curves of Bi-doped glasses as a function of irradiation time; power
density of 808 nm LD was attenuated to 1 W cm™2. (b) Viability of normal cell MC3T3-E1, and
tumor cells of human osteosarcoma line U20S and rat osteosarcoma cell lines UMR106 after co-
culturing with S6PyB; data points represent the mean values and error bars according to three
independent experiments. (c) Morphological evolution of glass samples S6PyB as incubated in
SBF for different days as indicated. (d) Images of mice in “control”, “S6P0OB + laser”, “S6P2B”
and “S6P2B + laser” groups at day 15 (d) (SxPyB :(49-x-y) SiO2-24 Na20-27 CaO-Xx P20s-y
Bi20s (x=0,2,4,6,8,10,y=0,1,2, 4, 6) [154]
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7- HT in conjunction with other techniques

Cancer treatment is often performed by applying multiple treatments, being surgery followed by
chemotherapy and/or radiotherapy the most common combinations. Following this line of action,
the development of multifunctional bioceramics for cancer treatment has been showing great
promise to increase therapeutic success. Specifically, special ceramics and glasses able to elicit
HT effect in combination with anticancer drug local release or photonic nanomedicine have been

investigated over the last five years.

7-1- HT combined with chemotherapy (drug delivery)

Drugs can be introduced into the body via different methods. Nanotechnology has
significantly transformed chemotherapy methods and made it possible to expose the predicted
amount of drug with the expected rate just into the target sites like cancer cells. After using
nanotechnology for drug delivery, an increase in the effectiveness of chemotherapy methods and
reduction of the relevant side effects have been observed. During the past few years, the idea of
using nanomaterials for both HT therapy and drug delivery has drawn more and more attention.
Scientists are trying to develop a system that is able to treat cancer cells with both HT technique
and chemotherapy. In this way, cancer cells will be synergystically attacked by both heat and
drugs. When heat is generated in the microenvironment of cancer cells, less amount of drug is
required for killing them. Therefore, the development of a bioactive and biocompatible system
with great HT and drug delivery properties would be an exceptional milestone in cancer therapy.
Among bioceramics, magnetic mesoporous silica has shown great potential to be used as a
platform for both chemo- and hyperthermia therapy. However, there are two issues related to
these NPs: burst effect and protein corona. In this regard, such NPs are mostly coated with
polymeric materials. When a magnetic bioceramic is heated by AMF, and this ceramic is coated
with a thermally-responsive polymer, the heat generated by HT can trigger drug release, which
could substantially increase the efficiency of killing the cancer cell. Tian et al. [155] coated
magnetic mesoporous silica nanoparticles (MMSNSs) with a thermo-responsive copolymer
(MMSN@P(NIPAM-co-MAA)). They dispersed 1.0 g of Fe304 nanoparticles in 90 ml of water:
for this purpose, 1.71 g of CTAT and 1.0 g of TEA were added and stirred vigorously at 80 °C

until they dissolved completely. Subsequently, 14.0 ml of TEOS was rapidly added to the above
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solution and the mixture was allowed to react for 2 h. Brown colloidal nanoparticles were
separated with a magnet, washed several times with ethanol, and dried in vacuum at 60 °C for 24
h. Finally, MMSNSs were obtained after calcination of dried brown colloidal nanoparticles at 540
°C for 7 h. Then, the MMSNs were coated with the P(NIPAM-co-MAA) copolymer and the final
product exhibited a superparamagnetic behavior with a saturation magnetization of 6.2 emu/g.
Doxorubicin hydrochloride (DOX), as an anticancer drug, was loaded to the
MMSN@P(NIPAM-co-MAA) that displayed a temperature- and pH-responsive drug release.
Results showed that the rate of drug release had been accelerated by HT-induced temperature
increase and low environmental pH, which yielded higher efficiency in killing cancer cells.
Moreover, when the as-synthesized NPs were incubated with HelLa cells, they did not show
notable cytotoxic behavior, and cells could uptake NPs efficiently. In another study, a core-shell
structure of mesoporous silica NPs with the core of iron oxide (FesOs) was coated with
poly(carboxybetaine methacrylate) ()CBMA) [156]. In order to evaluate the suitability of these
NPs for drug delivery, an anti-breast cancer drug (Tamoxifen) was loaded to the NPs; results
proved that FesOs@mSiO2@PCBMA had a stable drug release with less than 20% of the drug
released in the first 24 hours, demonstrating that the problem of burst effect had been overcome.

Furthermore, MTT results displayed no significant cytotoxicity.

Guisasola et al. [157] embedded magnetite (FesOs) in the mesoporous silica matrix and
coated the final product with a thermosensitive polymer. Figure 7 (A) illustrates the structure of
the final product and the core-shell structure of this nanocomposite has been displayed by TEM
image (Figure 7 (B)). Like other studies, they could reach a synergistic effect between heat
generation of HT and drug delivery, which can lead to injecting less materials and using milder
AMF parameters. As shown in Figure 7 (B, D, E), after being injected, the NPs have deeply
penetrated into the cancer cells. Results also proved that the tumor volume of the control was
doubled from day 3 to day 5 of the experiment, whereas the tumor growth for the group

receiving complete treatment with the synthesized material has been inhibited.
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Figure 7- (a) Scheme of the synthetic route, (b) Confocal images of tumor slices after being
stained with DAPI. Red fluorescence came from the Rho-nanocarriers, (c) TEM images of the
NPs, (d) Perls staining (blue) of tumor slices from Control mice without nanocarriers, (€) and
mice tumors injected with nanocarriers. The scale bar corresponds to 50 pm. In accordance with
the diffusion studies, great results of tumor growth inhibition were obtained. Arrows indicate the
presence of iron.

Some mesoporous materials, like MBGs, have also been proposed as such (without
polymeric coating) for combined treatment of cancer via magnetic HT and chemotherapy. In this
regard, Wu et al. reported the use of foam-like Fe-doped MBG scaffolds as multifunctional
implants for inducing cancer cell death via magnetic HT effect plus local drug delivery and for

concurrently stimulating bone regeneration [ref].

Some types of non-mesoporous magnetic bioceramics have also shown promise for use in
chemo-thermal cancer therapy. For example, Luo et al. synthesized SiO,-CaO-Fe.O3 (SCF)
glass-ceramic hollow nanospheres (GCNS) by a sol-gel technique [160]. The obtained results
showed that crystallization, morphology, and magnetic properties of the SCF-GCNSs depended
on the redox state and composition of Fe precursors. When the amount of Fe>Oz was less than 15
wt.% the morphology of SCF remained spherical; on the contrary, the morphology of SCF-
GCNSs changed and became crashed and aggregated with increasing amount of Fe,Os,
Crystallization of magnetite phase was promoted when the ratio of FeCls/FeCl, precursors in
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glass preparation was increased, thus directly affecting the magnetic performance of SCF-
GCNSs. When the precursor ratio of FeCls:FeCl2 was 2.5:1, the saturation magnetization and
coercivity of the sample were 254.14 Oe and 2.51 emu/g, respectively. The drug delivery
properties were also investigated, revealing a large drug loading capacity (24.2 wt.%) and

sustained drug release behavior up to 100 hours.

Non-porous NPs were also proposed by Seyfoori et al. [159] who synthesized ZnFe>O4 and
ZnFe204-hydroxyapatite nanostructures by co-precipitation method. Analysis of magnetic
properties proved that the sample with hydroxyapatite had lower saturation magnetization and
higher coercive field, which aids adhesion and proliferation of cells. When these nanoscale
materials were loaded with drug as a nanocarrier, they displayed inhibitory effects on the
proliferation of G292 cancer cells while the proliferation of HEK normal cells was stimulated.
Recently, MNPs were encapsulated in the bioactive glass structure for bone-related cancer
treatment application. The co-precipitation method was used to synthesize MNPs, and then the
sol-gel technique was used to embed them into bioactive glass structure. The bioactivity of the
final product was illustrated by the formation of a hydroxyapatite layer on the surface of
samples. Biocompatibility of the particles was studied by their incubation with human
osteosarcoma cell line (MG63) and displayed no cytotoxicity. Under the AMF, the temperature
of the particles had raised to 42 °C. Before loading the drug on the synthesized particles, the
surface of bioactive glass-ceramics was modified to increase the functional group on their
surface, which leads to enhancing the drug load ability of the biomaterial. Doxorubicin (DOX)
was loaded to magnetic bioactive glasses and showed sustained release of the drug. These studies
provides evidence that developing biocompatible/bioactive bioceramics as multifunctional agents
for drug delivery and magnetic HT can actually be a powerful approach to combat against cancer

cells, especially bone cancer cells.

7-2- Radiotherapy

A few research studies have been reported on materials able to perform HT and radiotherapy
simultaneously. Apart from chemotherapy, the other primary non-invasive therapeutic modality for
cancer treatment is radiotherapy, which is currently used for more than 50% of cancer treatments.
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Radiotherapy mainly uses high-energy radiation like X-rays and gamma-rays to kill cancer cells and
prevent their proliferation, thus shrinking tumors. In the radiotherapic direct method, radiation starts to
disrupt and break the DNA of cancer cells, resulting in cell death by stopping the proliferation procedure.
The indirect approach involves the interaction between water molecules and the ionizing radiation, which
also leads to DNA damage [164].

One of the most accurate and useful technologies which radiotherapy treatment often relies on is
nanotechnology. Among the different types of nanomaterials, gold NPs (AuNPs), silver NPs (AgNPs),
silicon NPs (SiNPs), and carbon-based nanomaterials like carbon nanotubes (CNT) are typically used in

cancer treatment via radiotherapy (RT) for enhancing radiosensitization [132-135].

Narious metallic nanomaterials are used in radiotherapy treatments to release localized X-rays or g-
rays by particle-induced X-ray emission (PIXE) effect and particle-induced g-ray emission (PIGE) effect,
respectively. AuNPs are a metallic nanostructure with high biocompatible materials with high deposition
ability in the tumor volume. Regarding that the solid tumor has a great surrounded blood vessel network,
many nanoparticles accumulate around cancer, leading to the enhanced permeability and retention (EPR)
effect. According to the high aspect ratio, atomic number, and small volume, AuNPs demonstrate
promising candidates for EPR-mediated tumor delivery [135, 136]. Also, it should be mentioned that
AuNPs with the atomic number of 79 have a high photoelectric effect since it is positively correlated to
(Z/E)®, where E is the incident X-ray energy and Z is the atomic number of the matter. Ma and coworker
investigated the effect of a different form of the gold nanostructure comprising gold nanoparticles
(GNPs), gold nano spikes (GNSs), and gold nanorods (GNRs). They showed that the GNP revealed the
most KB cancer cellular responses and cellular uptake compared to other gold nanostructure types. The
radiation sensitizing effect of the gold nanostructures was determined by the amount of Au nanostructure.
The sensitization enhancement ratios (SER) of treating three types of the Au nanostructures, including
GNPs, GNSS, and GNR, were 1.62, 1.37, and 1.21, respectively. Besides, the higher anticancer efficiency
can be obtained corresponding to the treatments of GNPs by X-ray irradiation than other types of Au
nanostructures [169].

Apart from metallic nanomaterials used in this treatment approach, it is also revealed that
samarium (Sm) sealed in carbon nanocapsule (single and multiple wall nanotubes) is used for
radiotherapy, which exhibits a promising candidate for this treatment method. In this paper, the
carbon nanocapsule is first enriched with the *52Sm, then 53Sm is formed by neutron irradiation.

As a result, a radioactivity up to 11.37 GBg/mg is observed via neutron irradiation. The prepared
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materials are useful both for in vivo imaging and radiotherapeutic [134, 138]. Figure 7 reveals
that the single intravenous administration of 20 MBq of the mentioned materials greatly delayed
lung tumor growth. The bioluminescence imaging capability of the untreated and treated with the
prepared materials on 10 and 16 days after tumor inoculation are demonstrated in Figure 8a.
Figure 8b illustrated the average lung weight measurements depicted on day 16 post-tumor
inoculation. The average tumor size (photon/s) of different samples displayed that the responses
began after 13 days of the tumor inoculation (Figure 8c).

Regarding the similar injection dose and amount of radioactivity, significant tumor growth
suppression on day 16 (***p < 0.001, compared to control) is observed for both 153Sm@CNT
treatments. However, the 153Sm@CNT prevented tumor proliferation, it cannot eradicate the
tumors completely. Histological analyses are shown in Figure 8d on hematoxylin and eosin
(H&E) and Neutral Red stained lung tissue sections after 16 days of the tumor inoculation. They
demonstrated that compared to the untreated mice, 153Sm@CNT treated samples, lung sections

are healthier with the presence of fewer colonies of melanoma nodules.
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Figure 8- Tumor growth delay studies in experimental metastatic lung tu
administration of radiotherapy. B16F10-Luc tumor-bearing C57BL/6 mice received a single i.v.
injection of *SM@SWNT or *Sm@MWNT (20 MBg, 200 pg) on day 8 post-tumor inoculation. (a)
Representative whole-body images of untreated, *Sm@SWNT, and 53Sm@MWNT treated mice
captured on days 10 and 16 post-tumor inoculation. (b) Average lung weights measured on day 16 post-
tumor inoculation, the experimental endpoint. Tumor growth monitoring over time. Bioluminescence
signals correspond to luciferase-expressing B16F10 cells in the lung. (d) H&E and Neutral Red stained
B16F10-Luc tumor-containing lung tissue sections excised on day 16 (left panels). High-magnification
images of the tumor (areas 1) and nontumor (areas 2) lung tissues are shown on the right. Arrows
indicate the presence of CNTSs. Scale bars: 200 um for H&E (histological examination) and Neutral
Red (track CNTs) stained sections; 5 pm for zoom-in images of areas 1 and 2. Results are presented
as mean + SD (n = 9-10). Significant differences were examined using one-way ANOVA
followed by Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001).
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In another research done by Ruan et al., GQDs exhibited a potential candidate to be used as a
nano-radiosensitizer in radiotherapy for cancer treatment. In other words, not only GQDs
enhanced the colorectal carcinoma cells' selectivity and sensitivity towards ionizing irradiation,
but they also can reduce cell proliferation and enhance apoptosis. The mitochondria get damaged
as soon as the GQDs in the presence of irradiation cause increasing ROS [171]. Regarding the
combination of radiotherapy with HT, Sadeghi et al. developed temperature-sensitive liposomes
(TLS) loaded with the radiosensitizer pimonidazole (PMZ). At high temperature (>42 °C), the
prepared materials start releasing the radiosensitizer in 30 seconds, leading to the breakage of
double strands DNA, and PMZ-TSL enhances the radiation efficacy with HT by increasing the
cell mortality [172]. In another work, the gadolinium-doped iron oxide nanoparticles (GdIONP)
was demonstrated a higher SAR rather than IONPs. This research also revealed the HT effect of
GdIONP with or without radiotherapy was investigated. This method was improved the radiation
therapy efficiency by reducing the fraction of hypoxic cells. Besides, thermotherapy and
radiotherapy’s combination leads to the longest tumor growth delay of about 10 days than
thermotherapy, and radiotherapy approach alone with 4.5 days and 2.5 days, respectively [173].
Yttrium-doped glasses based on SiO2—P20s-Na,0-CaO-Y20s; systems are also used as
radioisotope vectors for in situ radiotherapy (brachytherapy): for this purpose, glasses do not
need to be bioactive, but they must be biocompatible and radioactive to kill malignant tumors
[165-167].. Sene et al. illustrated that glass microspheres possess a stable surface to cause cell
proliferation and prevent tissue damage in radiotherapy for cancer treatment [174]. In the other
work, yttrium (Y)-doped bioactive glass is clinically used as an excellent candidate for selective
internal radiotherapy of liver cancer. The active bio-glass helped 90Y isotope in improving the
biocompatibility and biodegradability in the body for a long time after treatment. As a result, Y-
doped bioactive glass powders were an ideal candidate for radioactive treatment and prevented Y
from leaching before radioactive decay [175]. Tilocca et al. revealed that Y doped bioactive glass
exchange their ion with the protein in the contact medium and depleted of Na and Ca ions after
their exchange, which is partly due to the high bio-glass stability [176]. Regarding the Y doped
bioactive glass radiotherapy application, the formation of the stable and durable bio-glass as a
contact medium was mainly due to the high glass matrix connectivity by ion exchange. Bi-doped
bioglasses can also reduce the residual cancer cells with the help of toxic chemotherapies and
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radiation therapies [154]. The authors believe that if HT and radiotherapy are activated
simultaneously in BGs, cancer therapy's potency will increase dramatically. It is possible to
design a glass composition that has these two capabilities at the same time. More R&D on this

subject is highly demanding.

7-2- HT combined with phototherapy

There are two main categories of phototherapeutic approaches for cancer treatment,
including photothermal therapy (PTT) and photodynamic therapy (PDT), which have drawn
enormous worldwide attention due to the negligible side effects and low systemic toxicity. These
approaches are non-invasive photo-triggered tumor treatment. Several research works have been
done on the combination of phototherapy and other cancer treatment procedure, which may have
the potential to significantly improve cancer therapy efficiency [48]. Although most works focus
on the use of metallic NPs, some studies on bioceramics have been reported too. For example,
Paula et al. showed that the combination of HT treatment and PDT mediated by maghemite-
based NPs could be highly effective for brain cancer inhibition. The results shown in Figure 9a
demonstrated a 10% reduction in cell viability without considering MNPs into the nanoemulsion
(MNE). Besides, Figure 9b demonstrated the effect of using MNE/CIAIPc formulation and
applying HT treatment (~15% reduction of cancer cell viability). The results showed an
insignificant change in the cell viability depending on the concentration of MNPs. However,
higher cell mortality of about 52 % was detected when the researchers used PDT in the presence
of MNE formulation (Figure 9c). The most significant cytotoxic effect to cancer cells (70 %) was
observed in Figure 9d when the HT and PDT were used simultaneously, which is higher than
~50% and 10% mortality for the PDT and HT, individually [179].
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Figure 9 a- Viability of the cell lines incubated with the as-produced MNE/CIAIPc in the absence
of HT and PDT. Ctrl — control (cells in medium at 3% serum). There was no statistical difference
in the experiment. All data were expressed as the mean SEM of three independent experiments,
b- Viability of cell lines incubated at 3 hours with different MNE containing equal contents
of encapsulated CIAIPc (0.5 mg mL—1). Ctrl: control (cells in 3% serum medium); Al: BM-
MSc; A2: UB7TMG and A3: T98G; HPT: hyperthermia treatment; HPT-1: 1 MHz/40 Oe +
sample containing 0.15 10 magnetic nanoparticle per mL; HPT-2: 1 MHz/40 Oe + sample
containing 1.54 10% magnetic nanoparticle per mL. (c) B1: BM-MSc; B2: US7MG and B3:
T98G; only evaluation of photodynamic therapy (700 mJ cm—2). d- C1: BM-MSc; C2:
UB7MG and C3: T98G; PDT: photodynamic therapy (700 mJ cm—2); HPT-1 +PDT: sample
containing 0.15 10'® magnetic nanoparticle per mL + 700 mJ cm—2; HPT-2 + PDT: sample
containing 1.54 10'® magnetic nanoparticle per mL + 700 mJ cm—2. Statistical analysis was
performed by one-way analysis of variance (ANOVA) and Tukey test. All data were expressed as
the mean SEM of three independent experiments. Statistical significance for this study was
considered at *p < 0.05.

In another work, iron oxide nanoflowers/CuS hybrids were proved to be useful for three
therapeutic modalities (HT, PTT and PDT) for cancer treatment [180].
After being properly doped, MBGs have also shown great photothermal activities but, at present,

they have not been used for simultaneous HT therapy yet. However, photothermal properties of
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MBGs have been combined with other extra-functionalities. Wang et al. synthesized bismuth-
doped MBGs that could kill cancer cells via PTT and promote bone regeneration in rats [154].
Furthermore, multi-color fluorescent MBG nanoparticles were developed with high fluorescence
intensity so that they can potentially as a multifunctional system for anticancer drug delivery,
bioimaging, and phototherapy (PTT, PDT) [182]. NIR light-triggered intelligent manganese
(Mn)-doped MBGs loaded with chlorin e6 (Mn-MBG/Ce6) were also used for bone defect
therapy. The presence of Mn in the nano-platform promoted the PT effect and yielded a high
specific surface area in the material. After Ce6 loading, the Mn-doped MBG displayed controlled
Ce6 release by NIR light, which improved the PDT efficiency.

It is worth pointing out that PTT modality is a more efficient approach than the magnetic HT
method for cancer therapy. However, regarding the location of the tumor inside the body,
magnetic HT could be preferred. In deeply entangled tumors in which laser cannot penetrate,
magnetic HT should be employed, but in other tumors that are not deep in the body, PTT can
easily be applied. Besides, if magnetic NPs are injected into the tumour site for HT treatment, the
tumor location can be observed by magnetic resonance imaging (MRI) due to the presence of the

magnetic core in the nanostructure.

8- Conclusion and perspective

The major input that one can have after looking at the existing literature on magnetic HT for
cancer treatment is that a truly strong collaboration between materials scientists, biologists and
clinicians will truly be key to further progress in this field. In fact, in spite of the high number of
publications on in vitro and in vivo (animal studies) aspects of magnetic HT, there are still many
gaps to bridge for establishing a clear correlation between these results and what actually
happens in the clinical scenario.

At present, superparamagnetic iron oxide NPs are marketed for clinical use [ref], but their use in
cancer therapy has some shortcomings. An old, well-known problem of NPs is how to control
that all of them actually reaches the tumor, avoiding that a fraction of the injected NPs may be

allocated outside the cancer site in other organs [ref]. Another issue related to the clinical use of
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NPs is that they may undergo phagocytosis by the host immune system, thus being unable to
reaching the target site with an obvious decrease of the magnetic HT therapy efficacy [ref]. If the
tumor site is difficult to reach by NPs, such approach is unfeasible and/or ineffective.
Furthermore, even if the external magnetic field can guide the NPs through the bloodstream to
the cancer site, during this “travel” the NPs can be surface coated or somehow bound by the
body biomolecules, which can thus prevent them from reaching the target area [ref].

All these “clinical” and “biological” problems potentially happen for all the bioceramic NPs used
for magnetic HT, including iron oxide systems, ferrites, BGs and BGCs etc.

Another crucial issue related to bioceramic for magnetic HT concerns the only partial
understanding of the relationships that exist between magnetic properties and physico-chemical
characteristics, such as particle size and shape, microstructure, crystalline phase and role of
dopants. Furthermore, some ideal characteristics of the materials still need to be fixed, such as
ideal particle size and shape. Likewise, the preferable administration route (e.g. subcutaneous,
intraperitoneal, intramuscular or intravenous injection) still is an open issue — and, in this regard,
the opinion of clinicians would play a key role. Finally, the parameters of the “best” applied field
are another critical concern, as well as the “best” non-invasive method for performing an
accurate temperature control. The latter aspect is essential because HT-induced overheating can
damage the normal tissue that surrounds the tumor [ref].

Magnetic NPs for HT applications have been traditionally made of insoluble materials in order to
avoid the leaching of potentially toxic ions in the body. In this way, however, they are totally
unable to stimulate tissue regeneration. This is a very critical aspect deserving careful attention.
When bone cancer is surgically removed, a large void is typically created which can involve
weakening of surrounding bone. Furthermore, even after tumor removal, some malignant cells
may survive around the tumor site, leading to tumor recurrence. In order to overcome this couple
of problems, the use of magnetic BGs and BGCs can be a valuable option: once implanted, these
materials may stimulate healthy bone regeneration and undergo reheating process - when
necessary - to kill residual or newly-formed cancerous cells. Additionally, BGs can be produced
in a number of forms besides micro- and nanoparticles — e.g. 3D porous scaffolds, injectable
pastes etc. — which can match the defect dimensions and further contribute to the healing process
[ref]. On the other, it cannot be ignored that BGs can also stimulate angiogenesis [ref], which is
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strongly involved in cancer growth: therefore, if implantation of magnetic BGs/BGCs can be a
good option after benign tumor curettage, the same option could not be so advisable in the case
of malignancy. Hence, implantation of BGS/BGCs at bone tumors sites must be carefully
considered and discussed with oncologists, and relevant studies deserve to be performed in the
future.

One of the main challenges related to developing multifunctional BGs and BGCs for magnetic
HT concerns the combination of bioactive and magnetic properties. The presence of magnetic
phases in the glass matrix decreases the bioactivity and iron can be easily segregated, forming
non-magnetic crystals (e.g. hematite) during thermal treatment. On the other hand, incorporation
of low amounts of iron in the glass can be a limiting factor from a magnetic viewpoint, leading to
insufficient amount of magnetic phase to generate the heat required for HT treatment [\refﬂ. BGs
also carry the potential of being used for imparting additional extra-functionalities, such as drug
release and photothermal therapy. Thus, great promise comes from systems eliciting multiple
therapeutic actions against cancer, in which HT is synergistically combined with chemotherapy
and photothermal therapy. An interesting field for future research, which has not been apparently
investigated so far, could deal with the development of BGs and BGCs with magnetic and
radioactive properties, thus combining HT therapy and radiotherapy.

Finally, surface functionalization and coating strategies [ref] applied to magnetic BGs and
bioceramics are versatile and novel approaches to improve biocompatibility (especially in non-
bioactive crystalline ceramics) and imparting additional anticancer functions (e.g. drug delivery

mediated by stimuli-responsive hydrogel coatings).
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