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Magnetic hydrogels (MHGs) are a special class of hydrogel that contain at least one magnetic component in their
composition. Generally, MNPs are dispersed in a polymer gel matrix to form MHGs. These hydrogels are special because
they are prone to show fluctuations in their physical properties in the presence of an externally applied magnetic field.
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| 1. Magnetic Nanoparticles (MNPs) in Hyperthermia

Magnetic nanoparticles (MNPs) are dissipative centers of heat energy obtained from hyperthermia. This was first coined
and applied in the year of 1957 (. Since then, MNP-based hyperthermia research has been on a fast track as MNP-
based hyperthermia is quite superior compared to traditional hyperthermia in some aspects @Bl Vvarious types of
hyperthermia used by clinicians have been depicted in Figure 1. Traditionally, it can be divided into three areas as
adopted by clinicians, such as intestinal [, intraluminal &I, and capacitive €. The advantages are shown also in Figure 1.
Tiny MNPs may easily pass through cell walls and, similarly to other nanoparticles, be heated in the presence of an
external oscillating magnetic field [EI&, This could cause more sophisticated and precise control of cell heating and
necrosis. Sometimes MNPs can be functionalized by some target-specific molecules or surface engineering, which tend to
attach to the cell walls 29, This could make much better tissue-specific hyperthermia 2112 \wWhen MNPs are utilized, the
oscillating magnetic field emits radiation that is only felt by the nanoparticles as opposed to the entire body, which is ideal
for non-invasive therapy 13 MNPs can easily permeate through the blood-brain barrier, which is desirable for
glioblastoma treatment 24115 MNPs are also deliverable with drug molecules 1€l This feature could make MNPs dual-
model nanoparticles for serving better therapeutic assays. MNPs are also superior for better dispersion in a target site
compared to any bulk implantation. This could maintain the homogeneity of the heating during hyperthermia. Moreover,
MNP heating is also effective for further anti-tumoral immunity 2. Improved saturation magnetization of MNPs can also
be achieved by synthesis optimization and layer-by-layer growth mechanisms. These characteristics may make them
multimodal and therapy-focused nanoparticles (18],
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Figure 1. Schematic illustrations of different types of hyperthermia and their advantages.

The most common and widely used MNPs are magnetic (Fe30,) B229 and maghemite (y-Fe,03) 2122, The most
promising characteristic of MNPs is their non-cytotoxicity [23l. Maghmeite is the oxidized product of magnetite at high
temperatures (~300 °C) 24, However, magnetites (MNPs) are more common than maghemite MNPs due to the simplicity
of their manufacture and purifying techniques, despite maghemite’s superior thermodynamic stability. As a result,



magnetite-based hyperthermia was reported in the majority of MNP-based studies 22, If the MNPs' size lies within a few
nanometers, such as 1-5 nm, cell permeation occurs easily [28l. Magnetic behavior is also dependent on the size and
shape of MNPs 24, For bulk, magnetic materials’ multi-domain presence is a common thing, but when the size of the
material becomes lower the multi-domain particles become single-domain 29281 By this approach, multi-domain materials
turn from ferromagnets into superparamagnets 23,

The hyperthermia mechanism can be classified into two broad segments; one is hysteresis loss and another one is Néel
relaxation loss BB, There is one aspect that these two systems have in common: they are not reliant on the optimal
particle size. In terms of hysteresis loss behavior, multi-domain ferromagnets are inferior to single-domain ferromagnets.
When compared to multi-domain ferromagnets, single-domain ferromagnets emit a substantial amount of heat. Hysteresis
loss is not present in superparamagnetic nanoparticles. Superparamagnetic nanoparticles generate heat in the presence
of alternating magnetic fields because of the relaxation loss phenomenon, especially Néel relaxation loss.

| 2. Hyperthermia-Based Cancer Treatment

Hyperthermia treatment is performed at 41-46 °C alongside chemotherapy or irradiation to achieve better results in
pancreatic cancer and glioblastoma 2233134 However, the precise control of tissue temperature is still a difficult task for
clinicians [B3I331136] For several decades hyperthermia has been used as a radiosensitizer and chemosensitizer, resulting
in significant improvements in cancer diagnosis and treatment. This combined hyperthermia technique has been
demonstrated to be highly successful in the treatment of malignancies such as bladder cancer, cervical cancer, breast
cancer, head—neck cancer, melanoma, and soft-tissue cancers. The mechanism of hyperthermia can be explained as the
delivery of heat to the affected region, but it can be performed in various ways. Hyperthermia directly affects the cellular
components and delays lethal activity towards cellular responses. DNA repair pathways and a good systemic immune
response are among the activities observed in cells following heat treatment. Furthermore, heat affects hypoxic and
nutrient-depleted tumor regions, whereas radiation and chemotherapy do not require such monitoring. Besides these,
hyperthermia also affects tumor growth, oxygen supply pathways, and vascularization. However, there are three important
considerations to keep in mind when using hyperthermia in clinical systems, as indicated by clinicians: First, the
temperature rise should be exact and focused. The second step is to regulate the temperature in the affected area, rather
than in other parts of the tumor. The last one is the optimization of heat/dose of the hyperthermia, as per the condition of
the patient’s body. Hyperthermia systems are quite wide depending on the applied frequency ranges: they are classified
as radiofrequency (RF), ultrasound, infrared (IR), and microwave (>300 MHz). The formation of eddy currents (for high
electrically conducting samples), magnetization reversal (for magnetic materials), and dipolar motions of magnetic dipoles
might all be part of the hyperthermia mechanism. Eddy current production is an outcome of low induction and is not
restricted to magnetic materials. It is often used for a wide range of macroscopic materials with high electrical conductivity.
When an electrically conducting material is subjected to an alternating material field, an eddy current is created (AMF). A
Brownian connection is used for magnetic dipolar movement, resulting in heat generation. The system for MGHs, on the
other hand, is a composite in which MNPs are detained but the polymer chains are not. Polymer macrochains are
physisorped on the surfaces of MNPs, followed by the full restriction of rotation and movement. As a result, the Brownian
relaxation process is not one of the established mechanistic paths proposed by researchers. Néel relaxation is the
adopted hypothetical way to explain the heat generation inside MGHs. MHGs provide better results in this context
because of their tissue mimetic behavior and remote control of intrinsic features B8 As previously reported, a PVA-
based magnetite-MNP-loaded composite hydrogel demonstrated a rapid temperature rise B2, When a 357 kHz alternating
magnetic field was applied, the temperature rose from 43 °C to 47 °C in 5-6 min. From the result it was also inferred that
the heating efficiency was directly related to the MNPs present in the system. Similarly, in another work Fe3zO4
microparticles were used to prepare PNIPAM-based thermoresponsive hydrogels 9. The specific adsorption rate (SAR)
is an important measure for hyperthermia researchers. The quantity of heat emitted by a substance in a given amount of
time is known as the SAR. It is also dependent on the external magnetic field strength. It is mathematically defined as
c(AT/At), where ‘c’ and ‘AT/At' correspond to the specific heat capacity and time-dependent temperature increment,
respectively. It is critical to increase or improve the SAR value by as much as is feasible. The SAR is affected by a number
of elements, including the intensity of the external magnetic field, the frequency of the alternating current, the permeability
of the particles under test (in this case, MNPs), and the shape and size distribution of the MNPs. Anderson et al.
fabricated PEG-based MHGs which showed temperature rising at the hyperthermia range as well as in the thermoablation
range (61-64 °C) 41 |n their work they showed that cell necrosis was observed against gliobastoma cells. The same
group also reported a poly(B-amino ester)-based biodegradable hydrogel (Figure 2) for hyperthermia treatment where the
hydrogel was remotely controlled by an external magnetic field 42,
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Figure 2. Synthesis of magnetic hydrogel for hyperthermia cancer treatment and controlled drug release 42 © 2021
Elsevier.

Besides hyperthermia-based drug delivery, MNP-based hydrogels are also used as a targeted tumor treatment. The tumor
microenvironment has a critical microstructure with uncommon biological features, such as acidosis and high glutathione
content, compared to normal cells. Wu et al. reported a magnetic, injectable hydrogel for tumor treatment by hyperthermia
431 They used PEGylated MNPs and cyclodextrin to prepare a nanoenzyme hydrogel which showed temperature
increments of up to 42 °C. Injectable hydrogels are superior compared to traditional macroscopic hydrogels due to target-
specific activity and easy reach to the infected area. Combinational therapy was also reported in this work, showing
synergy between drug release and hyperthermia. They showed that the synergy of drug release and hyperthermia cured a
tumor within 7 days of treatment in several intervals. The treatment was monitored by an infrared camera to evaluate the
exact position of heating, as shown in Figure 3.
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Figure 3. Tumor treatment process by hyperthermia. Here, the magnetic nanoenzyme was utilized as the target-specific
material which was stimulated in the presence of an alternating magnetic field 431 © 2021 American Chemical Society.

Chen et al., fabricated a ferumoxytol-medical-chitosan-based hydrogel which showed tumor apoptosis in the presence of
an alternating magnetic field ¥4, Furthermore, they demonstrated that when an anti-cancer agent (in this case,
doxorubicin) is coupled to the MNP-based hydrogel it improves xenograft tumor treatment effectiveness. Sol-gel
transitions in hydrogel systems are another method for delivering molecular payloads and implantations to specified areas
of the body without invasive paths. In this case, injectable hydrogels are appropriate since they gel quickly at body
temperature. Injectable hydrogels are beneficial in the treatment of localized hyperthermia. Thermoresponsive polymers,
which have been used to fabricate MHGs, are quite common in this situation. There are several limitations however, such
as the adjustment and optimization of MNP concentration, viscosity of the hydrogel after the incorporation of MNPs, and
undesired migration of MNPs beside the targeted site. Gelatin-based MHGs were reported for the synergistic application
of hyperthermia and chemotherapy 4. Methacrylic-anhydride-functionalized gelatin was copolymerized with 2-
dimethylaminoethyl) methacrylate, with methacrylate-end-capped magnetic nanoparticles serving as the MNPs. This
hydrogel has built-in magnetism and pH sensitivity, making it a dual-responsive gadget. Salloum et al. fabricated a
ferrofluid-based injectable agarose gel for hyperthermia applications 8. Qian et al. prepared a PEG-stabilized iron-oxide-
nanocube-loaded silk fibroin hydrogel for antitumor therapy 2. This hydrogel (Figure 4) showed shear thinning behavior
and was applied as an injectable hydrogel. The prepared hydrogel was injected into a rabbit liver tumor and heated with
an external oscillating magnetic field followed by thermoablation of the cells. Another important property of the hydrogel is
its injectability, which allows for the rapid delivery of molecular payloads into specified areas via a less invasive manner.
The law of sol-gel flow behavior applies to injectable hydrogels. A distinct type of hydrogel, in which substantial
intermolecular interactions predominate in gel matrices, has demonstrated a solution to gelation. The physical cross-



linking of these hydrogels is takes place (H-bonding, hydrophobic association, and van der Waals interactions). Jordan et
al. reported injectable hydrogels based on chitosan and a block copolymer (poloxamer 407). Block copolymers show
excellent sol-gel transitions with an alteration in temperature. Biopolymers and superparamagnetic iron oxide
nanoparticles were employed as an additional phase in these hydrogels (SPIONs) 28 SPIONs of 20% (w/v) were
incorporated into thermoresponsive polymer matrices and injected for implantation, followed by heating with an AMF.
Similarly, a 10% (w/v)-SPION-loaded biopolymer hydrogel was prepared by the ionic gelation method and injected into
tumor sites. Among the block-copolymer-based injectable hydrogels, poly(ethylene-co-vinyl alcohol) (EVAL) is a significant
name. An EVAL-based SPION-loaded hydrogel was reported which acted as an injectable hydrogel and showed a high
SAR value when heated by an AMF 2. Rheology is commonly used to determine injectability. SPIONs with a large
surface area are prone to adsorption by polymers, limiting the flow behavior of composites. SPIONs additionally improve
the thixotropic character of the material and postpone network rupturing during shear stress. When injectable hydrogels
are pressed to be inserted into the body by a fine diameter nozzle, they suffer from high shear stress. The SPIONs offer
the gel the strength required to hold the composite in place during the procedure without premature rupture. In SPION-
based injectable hydrogels, gelation at body temperature and insolubility are also non-negotiable characteristics. In
general, in specific polymer concentrations, pluronic-type hydrogels display a good transition from a solution into a gel
phase. Pluronics are block copolymers that dissolve in water at room temperature. However, at a certain concentration
they gel at a specified temperature, which are referred to as the critical gel concentration and critical gelling temperature.
As strength is the primary quality of any injectable, filler particles are introduced. SPIONs act as a reinforcement in the
hydrogel and also maintain their dimensional integrity inside the body. Moreover, the heating capability of such hydrogels
is also not compromised. For injectable MHGs, the target and press ion are much more accurate than the macroscopic
hydrogels of bulks. These MHGs can be injected into the exact location and easily heated by an AMF.
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Figure 4. (a) Fabrication of a ferrimagnetic silk fibroin hydrogel by the physical attachment of PEG-stabilized iron oxide
nanocubes and silk fibrion. (b) Prepared injectable hydrogel for liver-targeted thermoablation 2 © 2021 Elsevier.

| 3. Applications in Drug Delivery

Hydrogels are soft materials arranged in three dimensions by hydrophilic polymeric networks 9. Hydrogels have several
unigue physical features due to their porous structure, making them a good material for drug couriers and controlled
release of drug molecules under specified environmental conditions 132, The release of drug molecules from a hydrogel
matrix is dependent on their diffusion behavior 5354, Drug molecules are imbibed into the hydrogel network and captured
by the hydrogel matrix when polymeric hydrogels are submerged in a drug solution B3l During some special
environmental conditions the drug molecules come out from the hydrogel matrix by obeying Fick’s diffusion law or some
anomalous diffusion kinetics 28, Such behavior is also shown by different nano-drug carriers 758l |n the presence of
some external stimuli, most hydrogels are particularly vulnerable to having their internal microstructure and porosity
manipulated B2, The most common stimuli for hydrogel systems are the pH of a solution, an electric field, temperature, a
saline environment, light, enzymes, and a magnetic field BUEU Among the external stimuli, the magnetic field is
comparatively new with respect to the others. The magnetic field might be constant or variable in frequency. A frequency-
dependent magnetic field, also known as an alternating magnetic field or an oscillating magnetic field, is one in which the
magnetic dipoles are activated, causing the magnetic nanoparticles to be heated.



Gelatin and magnetic nanoparticles were combined together to prepare a magnetic composite hydrogel where genipin
was used as a cross-linking agent 4. vitamin B12 was utilized as a model payload in this hydrogel system, and it
diffused out of the hydrogel matrix in the presence of an external magnetic field. The amount of vitamin B12 released from
the hydrogel matrix was proportional to the duration of the magnetic field. This suggests that MHGs might be regulated by
external magnetic fields, which could govern the pace of release and dosage. In another work, chitosan and sodium
alginate were taken to fabricate MHGs regulated by an external magnetic field 3. The author employed a responsive
polymer in this ferrogel to induce temperature-dependent medication release. Another set of researchers reported
carboxymethyl cellulose (CMC)- and iron-oxide-based nanocomposite MHGs €4, |n this work they also showed how
external magnetic fields can influence the cumulative release percentage of any model drug. A 2-hydroxyethyl
methacrylate and iron oxide composite hydrogel has previously been reported to prepare microrobots to deliver anti-
cancer drugs to a specific section. Huang et al. described an MNP-based copolymer hydrogel with triple-responsive
behavior to pH, temperature, and glucose 5. These hydrogels showed self-regulatory drug release and
superparamagnetic behavior. Tragacanth gum (TG)- and poly(acrylic acid)-based MHGs were reported to prepare a smart
drug delivery system (88, Here, the MNPs were magnetite and the hydrogel showed cell apoptosis against a HeLa cell
line. Cao et al. developed double-network MHGs from polyacrylamide and alginate 2. The hydrogel was tough and
compressible (Figure 5). This was used in magnetic robots in underwater applications as well as an efficient drug delivery
device. They proposed a straightforward method for making magnetic hydrogels with good mechanical properties by
combining physical mixing and chemical cross-linking procedures in their work. MNPs were fine-tuned and a fast
magnetic response was created. The magnetic hydrogel was utilized to make two standard magnetically responsive
marine animal robots (a scallop and a starfish) that were used to clean the fish tank using a remotely controlled magnet.
The suggested technique may be applied to different hydrogel systems, expanding the range of smart hydrogel
applications.
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Figure 5. Schematic of reaction pathway to prepare a sodium alginate (SA)-based double-network magnetic hydrogel.
During the gelation of ammonium persulfate (APS) N,N,N' N'-tetramethylethylenediamine (TEMED) and N,N'-
methylenebis(acrylamide) (MBAA) were used as an activator and cross-linker, respectively 82 © 2021 American Chemical
Society.

In another work, a nanocomposite hydrogel was prepared from the dopamine—Fe3* complex and reinforced with MNPs
(68 The authors discovered that MNPs had a significant impact on their shear modulus. They tried a combinational
approach for the cancer treatment. They mingled the hyperthermia and targeted drug delivery into one system and
showed better efficacy towards cancer treatment. The hydrogel was regulated by the external magnetic field and could be
heated in a non-contact mode. When an external AMF was turned on, the nanocomposite hydrogel showed a pulsed
release of an anti-cancer drug (DOX), but when the AMF was turned off it reverted to its slow releasing mode. In addition,
in vivo, the DOX-loaded composite hydrogel had a longer retention duration than the DOX-loaded gel or DOX solution.
They also hypothesized whether if a single-modal treatment was carried out, i.e., only with an anti-cancer drug or
hyperthermia, the curing would be as effective as the combined synergy (Figure 6). The live—dead assay of the cell line
also implied that magnetic fields and anti-cancer drugs together can cause cell death easier than using a single tool.
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Figure 6. (A) Viabilities of human melanoma cells (A375) after 24 h of treatment with MNPs and an injectable hydrogel
made of dopamine-conjugated hyaluronan (HA-DOPA). (B) Viabilities of A375 cells after 24 h of treatment with an anti-
cancer drug (doxorubicin; DOX) and an anti-cancer-drug-loaded hydrogel. (C) Fluorescence images of A375 cells with
staining of calcein AM (AM, green, live cells) and propidium iodide (PI, red, dead cells) after various treatments. The
images show how magnetic fields and anti-cancer drugs both act on cell death. Scale bar: 100 pm €8,
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