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Abstract

Hydrogels have been widely explored in tissue engineering due to their versatile
and customizable properties in terms of their mechanical, biological, and chemical
features. These properties allow them to recreate the physiological structures of
the extracellular matrix in a highly hydrated state. Particularly, magnetic hydrogels
have shown great promise due to their biocompatibility, mechanical attributes,
and possibility to be controlled remotely. Three-dimensional (3D) (bio)printing has
emerged as an efficient method to fabricate 3D complex scaffolds from hydrogels
with a defined structure and porous microarchitecture, which is crucial for cell
proliferation, migration, and differentiation. Therefore, combining magnetic-
responsive biomaterials with bioprinting strategies offers numerous advantages for
tissue engineering applications. Despite the large number of reviews on magnetic
hydrogels available in the literature, they lack a clear focus on the fabrication of
hydrogels through a 3D (bio)printing process. Thus, this review highlights not only
the main characteristics and fabrication methods of magnetic nanoparticles (MNPs),
but also the strategies for their incorporation into hydrogels. Furthermore, we also
provide an overview of the current state of the art in injectable magnetic hydrogels,
which have the potential to be used as bioinks for 3D (bio)printing, envisaging several
applications in the regenerative medicine and biomedical engineering fields.

Keywords: Magnetic hydrogels; Magnetic stimulation, Tissue engineering;
3D (bio)printing; Magnetic nanoparticles

1. Introduction

Hydrogels are three-dimensional (3D) polymeric structures, of natural or synthetic
origin,' able to incorporate large amounts of water into their structure. These materials
are formed through physical and/or chemical crosslinking processes and present highly
versatile physical, chemical, mechanical, rheological, and biological characteristics.?
Typically, hydrogels are mechanically soft, rendering them useful for soft tissue
engineering applications, and possess an interconnected porous network that is highly
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favorable for cell adhesion and proliferation. Several
types of hydrogels have been studied for biomedical
applications based on the desired functional outcome,
with applications in cartilage,” bone,' muscle,”® and
neural’ tissue engineering, among others, as well as in
anticancer therapies.*’

Recently, interest has been shown in the incorporation
of magnetic components into these polymeric matrices in
order to produce magnetic 3D constructs for biomedical
applications. Magnetic materials have shown great
promise in this field due to their biocompatibility, both
in vitro and in vivo; their remote controllability through
the use of an external magnetic field, which reduces the
need for invasive procedures and the associated risk in
clinical setting; and their high adsorption capacity to
the polymeric matrix, with applications in anticancer
hyperthermia treatments and as contrast agents for
medical imaging." Furthermore, there have been
reports of this type of approach being used as a tool to
enhance the angiogenic potential of human umbilical
vein endothelial cells (HUVECs), by triggering higher
secretion of vascular endothelial growth factor (VEGF)
by mesenchymal stem/stromal cells (MSCs) embedded
in a magnetically-responsive scaffold." MSCs have also
been shown to overexpress VEGF after internalizing
magnetic nanoparticles (MNPs)-laden liposomes in a
mouse hind-limb ischemia model, resulting in higher
revascularization,'? as well as on their own when exposed
to high-intensity pulsed electromagnetic fields.” Thus,
the use of magnetic fields and components might
have great implications in organ/tissue engineering,
since vascularization is a major limitation in this field.
Furthermore, the incorporation of magnetic components
within an ink and 3D printing under external magnetic
stimulation can be instrumental to obtain specific
microarchitectures, potentially leading to a close
mimicking of native tissues’ structure and properties,
namely allowing for  collagen fibers orientations
resembling the ones found in native cartilage."*

In this review, we provide an overview of recent
studies performed on the field of magnetic hydrogels,
with special emphasis on their manufacturing by 3D (bio)
printing toward tissue engineering applications, which,
to the best of our knowledge, has not yet been addressed
in the literature. Firstly, we address the most commonly
used techniques to fabricate MNPs and how they are
incorporated into the hydrogels’ matrices. As a result of the
growing use of extrusion-based 3D (bio)printing strategies
for the fabrication of magnetic hydrogels with complex
microarchitectures, the basic concepts of this manufacturing
technology are also detailed.

We also summarize the latest approaches in the 3D
(bio)printing of magnetic hydrogels, highlighting their
most promising results aiming at in vitro organ generation.
Recent studies focused on the injectability of this type of
hydrogels are also reviewed, given the importance of this
feature for their use in 3D (bio)printing applications, more
specifically following extrusion approaches. Finally, we
discuss the current limitations of these strategies and how
they can be overcome, and envision the applications of this
technique in tissue and organ engineering.

2. Formulation of magnetic nanoparticles

The incorporation of magnetic particles into a polymeric
matrix is the main strategy used when developing
magnetic hydrogels for 3D (bio)printing applications. The
application of an external magnetic field produces forces
and torque in these particles, which then causes them to
move, translationally or rotationally, dissipating energy.
MNPs can be applied in the biomedical field as tools
for drug delivery,””"” cancer therapy,'>'*" and medical
imaging, among others.”® Therefore, in this section,
particular attention will be given to MNPs formulation and
current applications.

MNPs have been drawing attention from the biomedical
community due to their large surface-to-volume ratio,
small size, good tissue diffusion, and easy manipulation via
an external magnetic field.” Several different compositions
have been studied, with the most reported and applied being
the iron oxides magnetite (Fe,O,) and maghemite (y-Fe,O,)
due to their biocompatibility, superparamagnetism, and
chemical stability at room temperature,” features that
are advantageous for tissue engineering applications.
Despite those properties, MNPs tend to aggregate due
to their small size, in order to minimize their surface
energy;” thus, different approaches have been proposed
for the functionalization of these particles to improve their
stability.*?*?® Moreover, unlike organic nanoparticles,
MNPs present superior hyperthermic capabilities and
can be easily visualized by magnetic resonance imaging
techniques, making them ideal tools for medical imaging
and applications in diagnosis. Moreover, while gold
nanoparticles (AuNPs) also present hyperthermic
capabilities and can be used for imaging, MNPs still have
the unique capability of being easily controlled remotely by
the application of external magnetic fields.

MNPs production process includes a first step, where a
short nucleation burst occurs due to the sudden addition
of reagents and consequent reaction, which causes solution
supersaturation and, thus, particle nuclei formation.
Afterward, a second particle growth step takes place by
continuous reaction of precursors with the existing particle
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nuclei. At this stage, all the precursors added are consumed
in particle growth, and no new nuclei are formed, as long
as the rate of precursor reaction with the existing nuclei is
higher than the rate of formation of new nuclei particles.”
By controlling the rate of addition of precursors, it is
possible to control the MNPs size distribution, achieving
populations with low polydispersity indices.

Several strategies for the formulation of MNPs have
been explored in the past few years in order to obtain MNPs
with the desired features such as shape, size, magnetic
controllability, and biocompatibility. These particles can
be synthesized using physical and chemical methods, with
some of the most reported ones being co-precipitation,
thermal decomposition, and hydrothermal method.”
Examples of these strategies are summarized in Table 1.

2.1. Co-precipitation

Co-precipitation is the most popular method to fabricate
MNPs, since it is very straightforward and does not involve
harmful precursors as in other fabrication methods.”
Generally, it requires the dissolution of iron salts, with ferrous
and ferric ions, which are then added to a basic solution
at high or room temperature, causing the precipitation of
the MNPs through a quasi-immediate crystallization that
is greatly dependent on the electron exchange between Fe**
and Fe** (Figure 1A).”* The size and shape of the obtained
particles depend greatly on various factors, such as pH,
ionic ratio, temperature, type of salts used, and rate at which
the solutions are mixed, among others.** Furthermore, the
composition of the particles, whether they are composed
of Fe,0,, Fe,O,, or other iron oxides, also depends on the
environmental conditions mentioned above.

This method, however, presents some limitations, such
as the agglomeration of the nanoparticles during their
fabrication, the need for careful control of the experimental
factors of the reaction, such as temperature and pH, and
the difficulties in creating a monodisperse and uniform
population of MNPs.?! This issue can be addressed through
the functionalization of the formed particles, either byligand
addition/exchange or through particle encapsulation.”
MNPs formulated by the co-precipitation method have
been used in several areas of tissue engineering, namely
for bone®” and neural’ regeneration strategies, anticancer
hyperthermia therapies,”* controlled drug release
systems,* and providing antimicrobial properties.**

2.2. Hydrothermal method

The hydrothermal method (Figure 1B) is also another
commonly used strategy for the fabrication of MNPs.*
As described previously, metal salts are dissolved in water,
which is followed by the addition of a basic solution until
an alkaline pH is reached. Afterward, the mixture is placed

in a sealed container and kept at high temperature—
130-250°C—and high pressure—0.3-4 MPa. Finally, the
solution is filtered, and the solid components are dried and
lyophilized, leading to the final product.**

This type of processing provides many advantages,
such as the tailored MNPs morphology, which can present
the shape of nanorods, nanotubes, nanosheets, and
nanorings.” Moreover, the fabrication also allows to obtain
ahighly organized crystallite structure and does not employ
organic solvents. However, this strategy is time-consuming
due to its slow kinetics.* Hydrothermal methods have been
used to fabricate magnetic nanoparticles for use in several
biomedical applications, such as muscle® and cartilage”
tissue engineering.

2.3.Thermal decomposition

Formation of MNPs by thermal decomposition starts with
iron precursors being decomposed in high-temperature
organic solvents, with surfactant stabilizers®® in order
to prevent the agglomeration of the formulated MNPs*
(Figure 1C). This decomposition can happen following two
processes: heating-up and hot-injection.* In the heating-
up method, the pre-mixed precursor reagents, solvent, and
surfactant stabilizers are heated to a certain temperature
range. Temperatures in the range of 100-350°C have
been shown to promote the formation of monodisperse
particles with sizes between 4 nm and 30 nm.”
In the hot-injection method, the growth phase is
controlled by injecting the reagents into the hot
surfactant solution,” causing burst nucleation.” Particles
synthesized using the thermal decomposition method
have been used in several biomedical applications,
namely tumor ablation.’

Besides the option of synthesizing these particles in-
house, MNPs are also commercially available, simplifying
the process for the formulation of magnetic bioinks.
These MNPs have been subjected to extensive quality
control procedures, providing better reassurance of their
performance in the desired applications. Some of the
commercially available options are listed in Table S1
(Supplementary File).

3. Incorporation of MNPs in hydrogels

Magnetic hydrogels have been increasingly used in many
fields of study due to their unique characteristics. MNPs
can be incorporated into the hydrogels through three main
methods: blending, grafting-onto method, and in situ
precipitation.” These are summarized in Table 2.

3.1. Blending method
The blending method is the most commonly used
method for the incorporation of MNPs into a hydrogel
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Figure 1. Summary of the MNP synthesis techniques. (A) Co-precipitation: a basic solution is added to a solution with ferrous ions (i), inducing the
precipitation of MNPs (ii) that are then attracted to a magnet (iii), washed (iv), and lyophilized (v). (B) Hydrothermal method: a basic solution is added to
a solution with ferrous ions (i). The resulting solution is kept in an autoclave at high temperature and pressure (ii) to control the formation of MNPs, which
are then filtered (iii), dried, and pulverized (iv). (C) Thermal decomposition (heating-up): precursor reagents are mixed under an inert gas atmosphere at
high temperatures, under reflux; after heating the mixture to the boiling point of the solvent and the decomposition point of the precursors, crystals form

and, after a growth phase, the MNPs are obtained.

polymeric matrix due to its convenience and procedural
simplicity. In this approach, the MNPs are prepared
separately from the hydrogel and are then dispersed in
the pre-crosslinked hydrogel solution, often resorting
to sonication to achieve good dispersion in the solution
(Figure 2A).

Despite the advantages of this approach, the fact that
the particles are not strongly bound to the polymeric
chains can cause them to diffuse out of the hydrogel,*
as well as lead to an uneven particle distribution
throughout the polymeric matrix."” Furthermore, the
particles can aggregate, which is generally unwanted in
biomedical applications, potentially lead to toxicity,”
and affect their efficiency, for example, decreasing their
hyperthermic ability, which is very important for cancer
therapies.** This type of approach has been used in
various studies, to obtain magnetic hydrogels targeting
several purposes, such as the fabrication of anisotropic
structures,” drug delivery systems, and bone tissue
engineered structures* as well as the optimization of

bioink composition for bioprinting of magnetically-
responsive structures.*

3.2. Grafting-onto method

In the grafting-onto method, MNPs are also embedded
in the hydrogel solution before the crosslinking process
takes place. However, in this method, functional groups
are grafted onto the particles prior to their mixing with
the solution*' (Figure 2B). These functional groups
then interact with the polymeric chains of the hydrogel
during crosslinking, working to create bonds with the
hydrogel, and thus MNPs become an integral part of the
overall structure.

This technique allows for a more uniform dispersion
and better stability of the MNPs within the polymeric
matrix. Nevertheless, the functionalization of the
nanoparticles is very time-consuming, costly, and
complex.” This method was reported by Hu et al.** who
fabricated adhesive, tough, and strong polyacrylamide
hydrogels, with a concentration of MNPs as high as 60%,
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A) Polymeric matrix B)
| "% e oe
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hydrogel solution

Crosslinked and MNP-
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ii.
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hydrogel solution Crosslinked and MNP-

embedded hydrogel

C) Hydrogel
i with iron
ions

Hydrogel

Polymeric
matrix

Polymeric matrix

Precipitation agents

Solution with iron ions

MNP-embedded hydrogel

Figure 2. Overview of the techniques for the incorporation of MNPs in hydrogels. (A) Blending method: MNPs are blended in the pre-crosslinked
hydrogel (i), which is then crosslinked (ii), with the particles being embedded in the matrix. (B) Grafting-onto method: the functionalized MNPs (i) are
mixed with the pre-crosslinked hydrogel (ii), which is then crosslinked (iii) with MNPs being an integral part of the network. (C) In situ method: the
crosslinked hydrogel (i) is dipped into a solution with iron ions (ii), which diffuse into the matrix (iii) and then put in contact with precipitating agents

(iv), promoting the formation of MNPs (v).

achieving a high stability of hydrogel after the MNPs were
integrated into the matrix’s structure.*

3.3. In situ precipitation

In this method, hydrogels are crosslinked prior to the
incorporation of the magnetic componentand subsequently
immersed in a solution containing Fe** and Fe?* ions
(Figure 2C). This allows them to disperse throughout the
entire hydrogel’s network in a uniform manner" and then
precipitate, resulting in the formation of MNPs. Despite
allowing for a better entrapment of the particles within the
hydrogel, the use of harsh precipitation agents might limit
this approach’s compatibility with natural biomaterials and
cells,”” restricting its use to materials that can withstand
these agents without getting degraded.”

This technique has been used by Miyazaki et al.,® who
developed a chitosan hydrogel by in situ precipitation of
magnetite nanoparticles in order to assess their heat-

generating abilities.*” Additionally, Tang et al** also
created a poly(2-acrylamido-2-methylpropane sulfonic
acid)/polyacrylamide hydrogel with the same type of
nanoparticles. This hydrogel presented hyperthermic
properties when exposed to an external magnetic field in
four different types of porcine tissue, both in solution and
exposed to air. Moreover, the magnetic hydrogel effectively
promoted a controllable and sustained drug release.*

4, 3D (bio)printing of magnetic hydrogels

This section provides a brief description of 3D extrusion
printing, which is the additive manufacturing technique
more commonly used for printing magnetic hydrogels
aiming at tissue engineering applications. 3D extrusion
bioprinting is a nomenclature only reserved for approaches
where live cells are incorporated inside the inks, while 3D
extrusion (bio)printing is a broader nomenclature applied
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for inks that may or not contain cells. An overview on
selected recent studies exploring approaches for 3D (bio)
printing of magnetic hydrogels is provided.

4.1. 3D extrusion bioprinting

3D (bio)printing is a technique that allows the
manufacturing of 3D, well-organized structures by
applying layer-by-layer precise positioning of biomaterials,
biomolecules (e.g., growth factors*), and/or cells. This
technique allows fabrication of constructs with different
biological and mechanical biomimicking features naturally
found in the target tissue, with potential applications in
tissue engineering,” drug delivery,” or in the development
of organs on chips for disease modeling and drug
screening.” In this review, special attention is given to
extrusion, the technique most predominantly reported
to 3D (bio)printing of magnetic hydrogels. Additional
information on inkjet and laser assisted-bioprinting
methods can be found elsewhere.*****

3Dextrusionbioprintingrelies on pushingabioink through
a syringe by either pneumatic or mechanical methods,” to
produce a filament which is placed, layer by layer, in a specific
shape, according to a model designed using computer-aided
design (CAD) software. The bioink is composed by one or
more biomaterial, cells, and, potentially, other biomolecules
to aid in cell function and/or proliferation. These must be
biocompatible and have mechanical, rheological, chemical,
and biological characteristics that allow to produce a final
structure that resembles the tissue mechanics and structure,
with high shape fidelity to the intended design and low batch-
to-batch variation.*

The main advantages of extrusion bioprinting, when
compared to other advanced manufacturing techniques,
are its affordability™ and its ability to print bioinks with
high cell densities and to extrude more viscous solutions,”
which allow for a diverse array of materials to be used in
bioinks formulation. While cell viability can be affected
by the high shear stresses the cells are subjected to,” 3D
extrusion bioprinting has been studied in several areas of
tissue engineering.>2%2%%%

4.2, Applications of 3D (bio)printed magnetic
hydrogels

3D (bio)printing of magnetic hydrogels experienced
a growing interest for the manufacturing of smart
and structure-defined scaffolds for tissue engineering
applications. Magnetically-responsive materials used
for this purpose need to be compatible with the printing
process, namely in terms of rheological properties, gelation
kinetics, and crosslinking nature.”® Furthermore, printing
parameters such as printing resolution and shape fidelity
also affect the final characteristics of the hydrogels. These

hydrogels should be biocompatible and present adequate
bioactive cues, mechanical properties, and degradation
profiles that mimic those of the target tissue® according
to whether the construct is supposed to replace the tissue
or support the regeneration process. Several examples of
hydrogels fabricated using 3D (bio)printing and of other
types of constructs obtained through this manufacturing
process are summarized in Table 3 and Figure 3.

4.2.1. Cartilage tissue engineering

Magnetic hydrogels are applied to cartilage tissue
engineering strategies. Magnetic nanoparticles can
increase the chondrogenic differentiation potential of cells
through various mechanisms, namely upon internalization
by the cells, by binding to their surface or serving as
a guide for their migration and condensation in one
single location,* which is crucial in cartilage formation.
However, the application of these hydrogels in this
field is very challenging given that cartilage tissue has a
highly complex structure, and the proper combination of
specific biochemical/physical cues is required to achieve
functional tissue substitutes. Indeed, a method to produce
such cartilage substitute with native-like extracellular
matrix composition and adequate mechanical properties
has not yet been developed. 3D (bio)printing of magnetic
hydrogels has the potential to construct a structure that
more closely resembles the native cartilaginous tissue by
accurately mimicking its natural architecture,” which can
then be combined with an external magnetic stimulation
to further stimulate the scaffold’s microenvironment in a
remote and non-invasive manner.®

In an attempt to mimic this specific microenvironment,
Betsch et al.'* explored the insertion of time as a fourth
dimension in the bioprinting process of magnetic hydrogels
aiming to generate two-layered constructs, each with a
different fiber arrangement (aligned or random), built
sequentially according to a time-dependent orientation of
the magnetic field. To achieve this goal, the authors used an
agarose and type I collagen blend with streptavidin-coated
iron nanoparticles to improve the particles’ attachment
to the collagen fiber network. The results showed that the
collagen fibers, within the scaffold, are aligned in parallel
to the magnetic field due to the movement of the particles.
Furthermore, the alignment of the fibers led to an increase
in the compression moduli of the scaffolds. Human knee
articular chondrocytes were seeded on the two-layered
scaffolds, one layer with horizontally aligned fibers and
the other with randomly oriented fibers, mimicking the
superficial and middle layers of articular cartilage tissue,
respectively. The results showed that the scaffolds were
cytocompatible, and the expression of collagens I and II
by the cells cultivated on the two-layered scaffolds was
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Figure 3. Examples of applications of magnetic hydrogels fabricated using 3D (bio)printing techniques. This approach allows to tailor the architecture of
fibers within printed hydrogels while they are being printed (in (A) top to bottom: printing apparatus with magnetic stimulation, printed hydrogel with
differently oriented fibers, and microarchitecture of the different layers of the hydrogel). This approach has applications in the printing of controllable soft
robots for tissue engineering applications (B) and allows the creation of very complex and diverse structures, such as the nose of Nikola Tesla (in (C): I-K).
Reproduced with permission from [14], [6], and [64], respectively. Abbreviations: MR, right magnet; ML, left magnet; MB, bottom magnet.
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higher than the ones cultured on scaffolds consisting of
only one of the two layers. The obtained results highlight
the importance of the microarchitecture of the scaffold,
and the strategy followed in this work shows how
magnetic stimulation and 3D (bio)printing can both be
synergistically combined to recreate more native-like
structures. Nonetheless, the inkjet printing approach used
in such work is most suitable for printing low-viscosity
solutions,® which narrows the list of biomaterials to be
used, limits the cell concentration that can be deposited,
and when applied to thicker and complex 3D geometries,
may result in structures that are not able to sustain their
physical integrity. Such limitation can be overcome by
resorting to extrusion bioprinting approaches.

Another strategy to manipulate chondrocyte phenotype
using magnetic stimulation has been explored by Choi
et al.,> who developed a hydrogel made from oxidized
hyaluronate, glycol chitosan, adipic acid dihydrazide, and
superparamagnetic iron oxide nanoparticles (SPIONs),
and tested the printability of the bioink using an extrusion
3D bioprinter. The cell viability and the chondrogenic
differentiation of ATDCS5 cells in vitro were also assessed.
The results obtained showed that the introduction of
SPIONS in the matrix led to a decrease in the mechanical
properties of the hydrogel, corresponding to a decrease in
its storage modulus, while cell viability was not affected by
the magnetic stimulation, SPIONSs, or the 3D bioprinting
process itself. The application of magnetic fields to the
tissue constructs obtained also resulted in an increase
in the expression of SOX9 and COL2 genes, suggesting a
positive effect on chondrogenic differentiation.

In a different study, Spangenberg et al.** formulated
a hydrogel composed of alginate and methylcellulose
(algMC) with embedded magnetite microparticles.
The authors observed that a condition with 25% w/w of
embedded particles in the hydrogel showed appropriate
rheological properties, allowing for a smooth ink
extrusion, magnetization, and printability. An increase in
the scaffolds’ Young’s modulus was also observed following
the addition of particles, with the 25% w/w of particles
hydrogel formulation presenting values similar to the ones
described for the native cartilage tissue, at values of 627 + 53
kPa and 1.03 £ 0.48 MPa, respectively.®® Cytocompatibility
assays performed using an immortalized MSC cell line
showed that cells cultured in a plain algMC scaffold
presented a slightly decreased initial cell viability, which
however increased over the 21 days in culture.

An alginate and methylcellulose (MC) hydrogel
containing embedded poly(acrylic acid) (PAA) stabilized-
MNPs (PAA-MNPs), mixed at different ratios, was developed
by Podstawczyk et al.** The addition of the PAA-MNPs led

to increased viscosity and enhanced shear-thinning effects
on the precursor ink. This study demonstrated that a higher
PAA:MNP ratio led to a better quality of the 3D-printed
structures. The application of a magnetic field decreased the
equilibrium swelling degree of the scaffolds and caused a
deformation of the microstructure in its direction. Therefore,
these works show the need to optimize ink formulations in
ordertoachieve the desired outcomes concerning printability,
biocompatibility, and magnetic response, paving the way
for the application of magnetically-responsive hydrogels
in cartilage tissue engineering strategies. Importantly, the
hydrogel formulation should be tested in terms of its ability
to promote cell viability, proliferation, and chondrogenic
differentiation.

4.2.2. Bone tissue engineering

Hydrogels are usually not used as materials to substitute
bone due to their lower mechanical stiffness in comparison
with this type of hard tissue. Still, magnetic hydrogels
can be used in bone tissue engineering as vehicles to
induce regeneration of bone defects.®® The introduction
of magnetic components within scaffolds for bone tissue
engineering can allow the creation of an anisotropic
identity characteristic of this type of tissue, as well as
increase the mechanical stiffness of hydrogels that would
otherwise be too soft for this application.” Furthermore,
a 3D (bio)printing approach can allow for a more precise
replication of bone’s native porous microarchitecture.*

Targeting potential bone tissue engineering
applications, Li et al.’s work® focused on the 3D extrusion
printing of a hydrogel consisting of a mixture of polyvinyl
alcohol, sodium alginate, and hydroxyapatite (PVA/
SA/HA) with graphene oxide functionalized with iron
nanoparticles (magnetic graphene oxide, MGO). Similar
to previous studies, the authors concluded that the
incorporation of hydroxyapatite in the structure improved
the mechanical properties of the scaffold, and that the
addition of MGO had beneficial effects in cell adhesion
without any cytotoxicity effects. The ability of the scaffolds
to promote the osteogenic differentiation of rat bone
marrow-derived MSCs (BMSCs) or to inhibit tumor
growth through hyperthermia in vivo was also analyzed.
These results highlight the potential application of these
scaffolds both in bone regeneration and tumor targeting
strategies. Nevertheless, it is worth noting that in this study
the printing process did not contain cells embedded in the
ink, which could be a valuable addition to the performance
of the hydrogel in vivo via, for example, secretion of growth
factors that would further enhance bone regeneration.

4.2.3. Muscle tissue engineering
Muscle tissue engineering has also been explored as an
application in which magnetic hydrogels can play a role.
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When combined with hydrogels, MNPs can promote
cell alignment upon magnetic stimulation, which is
advantageous to mimicking the native muscle tissue
anisotropy.® Moreover, the ability to respond to an external
magnetic field allows the simulation of muscle contraction,
meaning that these materials can potentially be used as
artificial muscles.*’

To address the ability of magnetically-responsive
hydrogels to respond to external stimuli, Tognato et al.
fabricated a cell-laden anisotropic gelatin methacryloyl
(GeIMA) hydrogel that could change its conformation
when stimulated.® The hydrogel was formed through
the application of an external magnetic field of very low
intensity (0.02 T), which induces orientation of the iron
oxide nanoparticles (IOPs), followed by exposure to
ultraviolet (UV) light for further crosslinking. The authors
claimed that it is possible to tune the size and length of
IOP filaments, as well as the distance between filaments.
Cell seeding and encapsulation assays were performed
using human BMSCs and C2C12 mouse myoblast cells,
respectively. The authors observed that using aligned IOP
filaments promoted the orientation of both types of cells in
the IOP filaments direction, and C2C12 cells encapsulation
on these hydrogels resulted in an increased number of
mature multinucleated myotubes. These results show that
the recapitulation of the fiber alignment of native muscle
tissue is possible in an in vitro setting. Furthermore,
there are already existing reports on the bioprinting of a
GelMA bioink containing C2C12 cells which achieved
good cell viability (> 90%) even after UV exposure.”” These
results mean that these cells can withstand the stress of
the extrusion procedure and the posterior crosslinking
reaction, showing the potential of the 3D (bio)printing of a
magnetic bioink for this application.

In order to stimulate a cell-laden hydrogel to modulate
their morphology and differentiation, Ajiteru et al.”
used an interesting approach by developing a magnetic
bioreactor. The authors fabricated a hydrogel composed of
two different layers: one made from glycidyl methacrylated
silk fibroin (Silk-GMA) with incorporated iron oxide
particles, and another made from gelatin glycidyl
methacrylate (Gel-GMA) with incorporated C2C12 cells.
After stimulation in the magnetic bioreactor, the authors
observed that the Silk-GMA + 7% iron oxide particles
actively responded to the magnetic force similarly until the
end of the 8-day experiment. In this assay, the myoblasts
aligned in the direction of the magnetic stretching to
which the hydrogel was exposed by two-axis and four-
axis bioreactor systems. The bioreactor system promoted
the formation of multinucleated myotubes with increased
myotube diameter and length, and enhanced the expression
of myogenic markers such as Pax7, MyoG, and TnnT1. The

use of this bioreactor system allowed the stimulation of the
hydrogel while it was being fabricated, thus permitting a
closer control of the structure’s manufacture.

Adding MNPs to hydrogels has great implications in
muscle tissue engineering, since it allows for a close control
over their motion within the scaffold, as well as provides the
hydrogel structure with shape memory capabilities.”” 3D
(bio)printing is also a valuable approach to this field, since
it allows to precisely deposit material that can, for example,
mimic the fascicular structure of skeletal muscle tissue” or
to fabricate heart patches for cardiac regeneration.” Thus,
the combination of these two strategies is a path that can
bring significant advances to the area.

4.2.4. Other applications

Magnetic hydrogels can also have antibacterial activity.
The MNPs embedded within the polymeric matrix
can potentially induce bacterial death through various
mechanisms, namely electrostatic interactions with the
cell membrane, potentially disrupting it and causing
the leakage of cytoplasmic components. Furthermore, it
has been suggested that there is a higher level of reactive
oxygen species (ROS) formed on the surface of the MNPs,
with these ROS playing a major role in the destruction of
cellular components such as proteins and DNA. Another
path that can cause bacterial death involves a photocatalytic
effect that occurs when MNPs are stimulated with visible
light, inducing changes in their electronic structure and
originating free electrons, that can induce formation of
ROS and cause cell death.”” Despite all these potential
paths to cell death, bactericidal effect of MNPs is executed
mainly through ROS production, chlorosis, and hypoxia.”
This type of approach is especially relevant in countering
antibiotic-resistant ~microorganisms”” or preventing
infections post-implantation by providing a non-invasive
and non-harmful solution.

Accordingly, Theus et al.*® fabricated a GelMA scaffold
embedded with SPIONs through a 3D printing process
and tested its effects on cell viability and its antibacterial
properties. The authors concluded that the incorporation of
SPIONS in the bioink led to a decrease in the compression
modulus of the hydrogel, which was attributed to the
blocking of bonds that could be formed upon crosslinking
within the backbone of the polymer. Cell viability was
assessed by culturing two different cell lines, HUVEC and
NIH3T3 (a fibroblast cell line), in the presence of SPIONs
both in two-dimensional and 3D environments. The
results showed that the hydrogel had high biocompatibility.
Furthermore, scaffolds containing SPIONs showed
enhanced antibacterial activity against Staphylococcus
aureus, with such activity increasing with an increase in the
concentration of SPIONSs present in the system.
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Magnetic hydrogels may be employed in soft robotics
due to their remote controllability. These actuators mainly
function through the shape change that is induced by an
external magnetic field, which exerts a force in the MNPs
which, in turn, is transmitted to the polymeric matrix.”
Moreover, the 3D printing process allows the fabrication
of magnetic hydrogels of various shapes; therefore, this
method can be applied to produce soft robots for different
purposes.

In order to test the ability of a 3D printing strategy to
build complex and magnetically-responsive structures,
Siminska-Stanny et al. printed alginate and methylcellulose
hydrogels containing a gradient of PAA-stabilized MNPs,
into various shapes such as wheels, cantilevers, or cubes.”
The ink possessed a shear-thinning behavior due to
the presence of methylcellulose, and this behavior was
enhanced by the introduction of MNPs in the system, even
though it caused a decrease in the viscoelastic modulus
of the ink. The printed structures could be remotely
controlled through the application of an external magnetic
field, and this control depended on the organization of the
layers within the hydrogel. Regarding cell viability, L929
fibroblasts were able to maintain an adequate viability
in the magnetic hydrogels (>85%), demonstrating the
biocompatibility of this material. Besides their efforts
in fabricating hydrogels for muscle tissue engineering
applications, Tognato et al also reported the use of a
GelMA ink to 3D-print a soft robot in the shape of a
starfish whose flapping motion could be guided by external
alternating magnetic fields. These experiments prove that
using magnetic hydrogels for the control of constructs
can elicit an effect in the body when exposed to external
magnetic fields.®

5. Injectable magnetic hydrogels and their
potential use in 3D (bio)printing

One of the main characteristics for an hydrogel to be
eligible for 3D (bio)printing purposes is its ability to be
injected through a nozzle: not only must the hydrogel
possess rheological properties that allow it to hold its
shape after printing, but it also must possess an adequate
interface compatibility with the nozzle’s material, so as not
to increase the pressure needed to extrude it nor to cause an
augmented shear stress that can, subsequently, reduce cell
viability within the printed scaffold.” Thus, research in the
injectability of hydrogels has direct impact in their potential
to be used in 3D (bio)printing strategies. With this in mind,
this section summarizes some of the recent advances made
in the fabrication of injectable magnetic hydrogels.

Self-healing hydrogels are quite appealing for 3D (bio)
printing. This type of hydrogels can recover their structure

after having been exposed to external forces through
dynamic covalent crosslinking or covalent and non-
covalent interactions.*® These features make them very
interesting materials for tissue engineering applications
since they can extend the materials’ longevity while
maintaining their original characteristics.*

Using a mixture of N-carboxyethyl chitosan (CEC)
and aldehyde hyaluronic acid (AHA), Nardecchia et al.
formulated an injectable bioink loaded with magnetic
particles to introduce anisotropy in a construct through
the application of external magnetic fields.” The mixture
of these compounds led to the formation of Schift base—
compounds possessing a double bond connecting a carbon
and a nitrogen atom® —bonds between amino groups of
CEC and aldehyde groups of AHA. The results of this study
showed that the magnetic particles aligned themselves in
the direction of the magnetic field, and that they improved
the strength of the overall matrix. Additionally, there was
also evidence that hysteresis could be controlled via an
external magnetic field, which enables the tuning of the
mechanical properties of the hydrogel once it has been
injected. The same type of chemical bond was used by Chen
et al., who fabricated a hydrogel made of carboxymethyl
chitosan and calcium pre-crosslinked oxidized gellan
gum, complemented by magnetic hydroxyapatite/gelatin
microspheres loaded with antibacterial drugs to be applied
in bone tissue engineering.* The incorporation of this type
of particles within the scaffold increased its mechanical
stability and promoted a more sustained drug release
without affecting cell viability. Nonetheless, the magnetic
susceptibility of the obtained structures was not tested.
This type of crosslinking bonds has the advantage of not
requiring any toxic initiators nor UV light for crosslinking
to occur,®” which renders them biocompatible and eligible
to be used in combination with cells. Furthermore, it has
been shown to be usable in 3D (bio)printing applications
with no effects on the long-term cell viability,* thus proving
this type of reaction is compatible with the desired purpose.

To target volumetric muscle loss, Wang et al.” developed
an injectable GeIMA hydrogel with magnetic nanofibers
obtained by electrospinning. The hydrogel precursor
solution was mixed with the fibers and C2C12 cells, and
the hydrogel was curated using UV light. Afterward, the
fibers were aligned using an external magnetic field, with
this alignment leading to increased cell adhesion and
increased myotube length and number. Furthermore,
when implanted into a mouse model, the magnetic
construct enhanced angiogenesis in comparison with
the control (mice implanted with the hydrogel without
magnetic fibers) and sham (surgery was performed, but
the mice were not implanted with any hydrogel) groups.
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In a study targeting neural tissue engineering,
Ghaderinejad et al. developed an alginate hydrogel
containing magnetic short polycaprolactone (PCL)
nanofibers (MSNFs) aiming to induce neuronal
differentiation in olfactory ectomesenchymal stem cells
(OE-MSCs).” The MSNFs were proven to be orientable
by an external magnetic field within the magnetic
hydrogel, as in the previous study, and the storage
modulus of the bioink was found to be in the range of
the values reported for the brain tissue (100-1000 Pa).*
Additionally, the results showed that the hydrogels
containing MSNFs were able to promote the OE-MSCs
neuronal differentiation.

Another biomedical application of magnetic hydrogels
is their use in hyperthermia anticancer therapies. This
type of therapy takes advantage of an external alternating
magnetic field to stimulate the magnetic nanoparticles
present within the hydrogel. When this stimulus is applied,
the MNPs dissipate heat through relaxation losses and
hysteresis, and this heat then causes the death of the
surrounding cancer cells.* Given that this heat release can
cause unwanted damage to cells neighboring the tumor, it
is crucial for the hydrogel to be accurately injected into the
desired location. For this purpose, Qian et al. constructed
an injectable silk fibroin hydrogel (FSH) with confined
polyethylene glycol stabilized hydrophilic iron oxide
nanocubes (IONCs) and evaluated its effectiveness in the
targeting and ablation of tumors.’ The scaffolds showed
good injectability and a quick response to an external
magnetic field. Furthermore, its self-healing behavior was
tested and proven, which is crucial for the recovery of the
gel state following injection. Finally, after implantation in
mouse and rabbit models, its hyperthermic effects were
observed.

Extensive research has been made regarding the
injectability of hydrogels and its applicability in several
domains of research.®*¥ Besides its applications in the
local delivery of hydrogels in a highly precise manner and
through non-invasive methods,* we reckon that the results
of these works can show whether a bioink formulation
possesses the right mechanical and rheological features
to manufacture a solid 3D structure via a 3D (bio)
printing process. This demonstrates the current potential
of injectable magnetic hydrogels and its potential to be
applied in 3D (bio)printing approaches.

6. Conclusion and future perspectives

With a broad spectrum of applications, magnetic
hydrogels are used not only in several branches of tissue
engineering, for example, neural, muscle, cartilage,
and bone tissue regeneration, but also as antibacterial

agents and in tumor ablation strategies. Moreover, it
is expected that magnetic hydrogels will be employed
as smart advanced biosystems in emerging fields such
as soft robotics. Furthermore, 3D (bio)printing of
these stimuli-responsive materials will allow for the
scalable and reproducible fabrication of constructs with
complex structures able to mimic the properties of the
native tissues and to be externally stimulated to foster
regenerative processes. Additionally, the incorporation
of magnetic particles into hydrogels also allows a better
modulation of the hydrogels’ features, since an external
magnetic field can control the positioning of the MNPs
within the scaffold, conferring different properties
to different locations of the scaffold, which might
contribute to the recapitulation of highly heterogeneous
tissues.

However, there are still some issues that need to be
further optimized for their effective implementation.
Regarding the use of 3D-(bio)printed magnetic hydrogels
for tissue engineering applications, there have been
conflicting reports concerning the effect of the introduction
of MNPs within the hydrogel matrix. Some studies have
reported the improvement of mechanical properties,
which translate to increased stiffness and higher Young’s
modulus, due to the interaction of these particles with the
polymer chains. However, other works claimed that the
introduction of MNPs disturbs the bonds between chains
within the hydrogel, thus decreasing their mechanical
performance. Therefore, further research is needed to
define, more specifically, how these particles interact with
their surrounding matrix, in order to accurately tune the
scaffolds features.

MNPs—more specifically magnetite and maghemite—
have been shown to be cytocompatible in several in vitro
and in vivo animal studies. Nevertheless, given that the
human body consists of several complex systems whose
interaction is not accurately represented by these models,
it is crucial that magnetic hydrogels can be tested in more
advanced in vitro humanized models and in clinical trials in
order to move toward the final goal of their implementation
into clinical practice.

Finally, 3D (bio)printing of cell-laden bioinks has not
been very extensively explored. The incorporation of cells
in the bioink allows for a more uniform dispersion of cells
within the hydrogel while still allowing the precise definition
of its shape and structure. Nonetheless, these magnetic
bioinks must have characteristics that are compatible with
cell viability—such as a shear-thinning behavior.

Overall, we envision that magnetically-responsive
systems will have a great impact on tissue and organ
engineering due to their unique characteristics that allow
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the remote manipulation of cell-laden hydrogels and the
flexibility to fashion them in various shapes, which are
important advantages toward the in vitro fabrication of a
full organ.

However, more research studies are warranted,
especially regarding full organ engineering since it is not
yet possible to print a fully functional thick vascularized
tissue that could be used as replacement in a clinical setting.
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