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ABSTRACT: Most tissues of the human body are characterized
by highly anisotropic physical properties and biological
organization. Hydrogels have been proposed as scaffolding
materials to construct artificial tissues due to their water-rich
composition, biocompatibility, and tunable properties. How-
ever, unmodified hydrogels are typically composed of randomly
oriented polymer networks, resulting in homogeneous struc-
tures with isotropic properties different from those observed in
biological systems. Magnetic materials have been proposed as
potential agents to provide hydrogels with the anisotropy
required for their use on tissue engineering. Moreover, the
intrinsic properties of magnetic nanoparticles enable their use
as magnetomechanic remote actuators to control the behavior
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of the cells encapsulated within the hydrogels under the application of external magnetic fields. In this review, we combine a
detailed summary of the main strategies to prepare magnetic nanoparticles showing controlled properties with an analysis of
the different approaches available to their incorporation into hydrogels. The application of magnetically responsive
nanocomposite hydrogels in the engineering of different tissues is also reviewed.
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INTRODUCTION

The final aim of tissue engineering (TE) is to fully restore
damaged tissues to their preinjured state, while reducing the
healing time and the medical complications. For this purpose,
the field has relied on the development of artificial composites
(scaffolds) capable of providing structural support during the
initial stages of tissue formation. These engineered scaftolds
should present the following features: (i) mimic the complex
structure of the native tissues from nano- to macroscale; (ii)
meet the mechanical, electrical, and structural properties of the
tissues, which in almost all cases are largely heterogeneous; (iii)
provide the required biophysical and biochemical cues to induce
the desired growth, proliferation, and differentiation of
encapsulated cells; (iv) ensure technical scalability of scaffolding
design on-demand.' ™
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Among all of the materials used for the development of TE
scaffolds, polymer hydrogels are among the most promising
candidates due to their water-rich composition similar to those
of biological tissues, allowing the encapsulation of cells and other
biological entities, and the possibility to be injected in a liquid
state in the site of action and form a gel in situ.”* Moreover, by
changing the natural or synthetic polymer used and/or the type
of cross-linking, the properties of the obtained hydrogels can be
easily tuned.”'® However, the isotropic nature of the hydrogels
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Figure 1. Schematic illustration: use of magnetic hydrogels to engineer different tissues of the human body. Adapted with permission from refs
32 (Copyright 2020 Springer Nature), 33 (Copyright 2014 Elsevier), 34 (Copyright 2017 Wiley-VCH), and 35 (Copyright 2015 Elsevier).

limits their potential to mimic the architectural features of the
different tissues of the human body, which are characterized by
highly anisotropic complex structures.'~"* In order to engineer
the sophisticated arrangements of native tissues, the incorpo-
ration of nano- and microstructured materials into a hydrogel
3D network has been widely explored, trying to mimic the
characteristic nonhomogeneous structure and physicochemical
properties observed in natural tissues.'*>° Among the different
nanomaterials used in the biomedical field, magnetic nano-
particles (MNPs) are one of the most interesting due to the
possibility of being remotely actuated by externally applied
magnetic fields. Their incorporation within the hydrogels, both
alone or as part of more complex structures, has been extensively
evaluated.”’ ™>* The intrinsic properties of MNPs can be
exploited to manipulate their distribution within the 3D space
of hydrogels’ networks through the application of external
magnetic fields, allowing a controlled design of anisotropic
magnetically responsive scaffolding materials. Moreover, the
magneto/mechanical stimuli that can be provided on-demand
by externally applied magnetic fields combined with the
anisotropic structures generated by the defined distribution of
the magnetic materials can be harnessed to control the growth,
migration, proliferation, and differentiation of cells encapsulated
within magnetic hydrogels toward targeted lineages, allowing
the production of cell-laden constructs with specific ordered
features re-creating the architectures of native tissues (Figure
1 ).24—27

The use of magnetic hydrogels in TE has been increasingly
proposed in the past few years.zs_31 However, in most of the
works carried out in this field, the thorough design of suitable
MNPs and the configurations used to generate the magnetic
fields for nanoparticles’ actuation have not been analyzed in
detail. In this sense, a comprehensive review that covers the
different approaches to design magnetic nanoparticles with
tunable magnetic response, the experimental setups explored for
the creation of magnetic fields used for particle manipulation
and cell stimulation within the hydrogels, and the specific design
of composite hydrogels for the regeneration of different tissues is
important and timely.
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In this work, we first discuss available strategies to have an
increased control over the magnetic properties of MNPs in order
to obtain nanoparticles with the desired features for their
application in the biomedical field. The different synthesis
methods, the main procedures to modify their magnetic
properties, and the general requirements for their biomedical
applications are exposed. Subsequently, the different approaches
to produce magnetically responsive hydrogels are discussed,
reviewing the methods that have been used to incorporate
magnetic materials within the polymer matrices. The use of
magnetism to create anisotropic structures and/or to remotely
actuate over the seeded/encapsulated cells, as well as the
different setup configurations adopted for the generation and
application of external magnetic fields are also critically
reviewed. Finally, the specific strategies on the development of
magnetic responsive hydrogels with the required architectural
properties to properly mimic different anisotropic tissues such as
tendons, bones, or cartilages are discussed. In this way, we expect
to provide guidance for the rational selection of magnetic
materials design criteria, as well as for their manipulation by
external magnetic fields in order to control hydrogel physical
properties and their remote actuation capability. Ultimately, we
intend to expose the potential of the application of magnetism
and magnetic responsive hydrogels to improve the regenerative
potential of different TE strategies.

MAGNETIC NANOPARTICLES

The magnetic properties of MNPs are determined by their
response when an alternating or nonalternating magnetic field is
applied.*® By controlling the physical and chemical features of
the MNPs (Figure 2), it is possible to predict their response
under the effect of magnetic fields.>” Thus, the magnetic
moment induced on these kinds of nanomaterials can be used to
control their direction and/or accumulation inside other more
complex structures, while preventing their aggregation, precip-
itation, and/or unspecific localization, as well as the occurrence
of undesired interactions or potential harmful side effects with
the surrounding environment.>® For instance, the formation of
magnetic aggregates can greatly affect the biological fate of the
MNPs, preventing their internalization within cells, hindering
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Figure 2. Transmission electron microscopy images of different MNPs: (a) ca. 10 nm spherical-shaped manganese-doped MNPs (Reproduced
with permission from ref 87. Copyright 2015 American Chemical Society); (b) ca. 15 nm spherical-shaped zinc-doped MNPs (Reproduced with
permission from ref 89. Copyright 2009 Wiley-VCH); (c) ca. 14 nm core—shell MNPs (CoFe,0,—MnFe,0,) (Reproduced with permission
from ref 87. Copyright 2015 American Chemical Society); (d) ca. 28 nm cubic-shaped iron oxide MNPs (Reproduced with permission from ref
90. Copyright 2014 Royal Society of Chemistry); (e) ca. 23 nm cubic-shaped cobalt-doped MNPs (Reproduced with permission from ref 84.
Copyright 2016 American Chemical Society); (f) ca. 20 nm hexagonal plates of iron oxide (Reproduced with permission from ref 72. Copyright
2015 American Chemical Society); (g) ca. 75 nm length nanorods of cobalt coated with Sn—Pt—Au (Reproduced with permission from ref 73.
Copyright 2015 American Chemical Society); (h) ca. 13 nm star-shaped iron—platinum MNPs (Reproduced with permission from ref 91.
Copyright 2010 Royal Society of Chemistry); and (i) ca. 15 nm tetrahedral-shaped iron oxide MNPs (Reproduced with permission from ref 72.

Copyright 2015 American Chemical Society).

their subsequent excretion, and thus affecting their cytotoxicity
degree.” The ability to control the properties of MNPs is
essential for their successful performance in many technological
applications, which can range from electronics*”*' and
engineering“z’43 to biomedicine, where the use of MNPs has
been tested in magnetic drug delivery,"”*> hyperthermia
treatrnents,%’47 magnetic resonance imaging (MRI),“S’49 or
TE,”>*° for example.

In this section, the main synthetic methods to prepare MNPs
are reviewed, as well as the most common strategies developed
to modulate their response when an external magnetic field is
applied. Moreover, the characteristics required on magnetic
systems for their application in the biomedical field and, more
specifically, in TE are also commented on.

Initial Considerations: Magnetic Properties and
Structure of MNPs. Synthetic Methods. The special
characteristics of MNPs justify their extended use in a wide
range of applications. To provide a better understanding on the
possible modification of the properties of MNPs, it is necessary

to introduce the following magnitudes, which define a magnetic
material:*"

e Saturation magnetization (My): it is the maximum value
of magnetization that the MNPs can reach under the
application of a magnetic field.

e Remanent magnetization (Mpy): it represents the residual
magnetization of MNPs after removing the applied
magnetic field.

o Coercive field (H,): it is the magnetic field that must be
applied to reverse the material’s net magnetization back to
zero.

e Magnetic anisotropy constant (K,): it is defined by the
physical properties of the MNPs, especially by the
symmetry of the crystal lattice. This magnitude
determines the barrier energy to reverse the direction of
the magnetic dipoles.

These parameters are obtained from the magnetization vs
applied field curves of ferro- and ferrimagnetic materials,
typically measured using a superconducting quantum interfer-

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure 3. (a) Typical magnetization vs applied magnetic field (M vs H) curves of ferro-/ferrimagnetic, superparamagnetic, diamagnetic, and
paramagnetic materials (Mg = saturation magnetization; My = remanent magnetization; H¢ = coercive field). (b) Schematic illustration of
atomic magnetic moments orientation in spherical-shaped MNPs and cubic-shaped MNPs when an external magnetic field is applied. Border
effects promote higher magnetization values on cubic-shaped MNPs. (c) Schematic illustration of the effect of zinc doping on magnetite MNPs.
The substitution of Fe>* by Zn?" ions in tetrahedral positions cancels the antiferromagnetic coupling between octahedral and tetrahedral Fe**

ions observed in magnetite, allowing higher magnetization (M) values.

Schematic representation of (d) ligand exchange (MNPs are incubated

with new ligand in excess (in green), displacing the original ligand (in blue)) and (e) polymer coating (the MNPs are surrounded by a polymer
layer (in red)). Original oleic acid-capped MNPs stable in a hexane (top)—water (bottom) mixture (f) before and (g) after a polymer-coating
process using poly(maleic-alt-anhydride)-grafted-dodecylamine. Panels f and g Adapted with permission from ref 8 1. Copyright 2020 American

Chemical Society.

ence device (SQUID) or a vibrating sample magnetometer
(VSM). All of these magnitudes have a great dependence with
the physicochemical properties of the magnetic materials, being
possible to tune their values through an exhaustive control over
the fabrication process of MNPs. On the other hand,
nonmagnetic materials are characterized by an extremely weak
response to the application of external magnetic stimuli and can
be classified as diamagnetic (repelled by magnetic fields) or
paramagnetic materials (attracted by magnetic fields) (Figure
3a).>

Among the different MNPs characteristics, the size is one of
the most influential factors that define the behavior of MNPs
composed of ferro-/ferrimagnetic materials, existing some
critical dimensions below which these types of nanoparticles
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enter the so-called superparamagnetic regime.”* In this regime,
the thermal energy of MNPs can exceed their magnetic
stabilization energy, resulting in a demagnetization of the
particles when the applied magnetic field is removed; that is, the
magnetic hysteresis loops of the magnetization vs applied
magnetic field plots show negligible areas (Mg and H equal to
zero) (Figure 3a).>> For practical purposes, the absence of
permanent magnetic moment is translated into a high remote
control over the MNPs distribution and a very low tendency to
form particle clusters/aggregates under the application of an
external magnetic field, which is of great importance in many of
their potential bio-applications.”®” Among the different
magnetic nanostructures that have shown promising magnetic
properties for biomedical purposes, those based on iron oxide

https://dx.doi.org/10.1021/acsnano.0c08253
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MNPs are the most interesting because of their low cost, easy
production, and reduced toxicity,”® being hematite (a-Fe,0,),
maghemite (y-Fe,05), and ma%netite (Fe;0,), the three most
common phases of iron oxide.’

To achieve a full control over the properties of MNPs, the
selection of the adequate synthetic method has a great
importance.” In the past few years, the strategies to obtain
MNPs with the desired characteristics in terms of size, shape,
and composition have been considerably improved.®' The
synthetic routes to obtain MNPs are usually divided in physical
and chemical methods. Physical methods, such as thermal
evaporation, pulsed laser deposition, or grinding, result in bigger
amounts of material but with poor properties (purity,
homogeneity, and so on).” These kinds of synthetic techniques
also require the use of expensive laboratory equipment. On the
other hand, the amount of product obtained by chemical
methods is smaller, but the obtained particles possess better
quality and higher homogeneity. The most used chemical
methods for the preparation of MNPs are as follows.

(1) Sol—gel: this kind of synthetic methodology is based on
the hydroxylation of molecular magnetic precursors in
solution and, then, the MNPs are produced through their
condensation and inorganic polymerization. Extra heat
stepséare usually required to obtain the final crystalline
state.

(2) Solvothermal synthesis: in this kind of process the
reactions take place under high-pressure (typically >1
bar) and -temperature conditions (above the boiling point
of the solvent). When the solvent used is water, the
synthesis is known to be hydrothermal, providing MNPs
stability in aqueous media with a relatively high control
over their characteristics. However, hydrothermal strat-
egies still fail to synthesize quality nanocrystals with small
dimensions with hydrophilic behavior.**

(3) Co-precipitation: it is based on the co-precipitation of
ferrous and ferric salts by the addition of a base, allowing a
low control over the characteristics of the obtained
MNPs. The produced MNPs are water-soluble, making it
a commonly used methodology to prepare MNPs for
biomedical purposes, but they exhibit an uncontrolled
oxidation and present a broad size distribution, being
sometimes a required secondary size selection.”®

(4) Thermal decomposition: this method consists of the
reduction of metallic precursors under controlled
conditions and at high temperatures, resulting in highly
monodisperse MNPs with full control over their main
characteristics. By controlling the dimensions and the
crystalline structure of the obtained MNPs, their magnetic
properties are also easily tunable. Nevertheless, in this
case the obtained MNPs are not soluble in aqueous
environments, being a necessary extra phase transfer step
to make them water-soluble and allow their use for bio-
applications.®®

Therefore, all of the detailed chemical synthetic methods to
prepare MNPs have advantages and drawbacks that have been
summarized in Table 1.°7°® However, to design highly
monodisperse MNPs with a well-controlled magnetic response,
a high control over their size, shape, and composition is required.
In this sense, although co-precipitation is a commonly used
synthetic route due to its simplicity and the obtaining of water-
soluble particles, thermal decomposition is probable the most
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Table 1. Main Advantages, Disadvantages, and Tunable Synthetic Parameters of the Most Common Chemical Methods Used to Produce MNPs

size range MNPs

synthesis params

disadvantages

advantages

20—200 nm

condensation rate

low wear-resistance; easy oxidation; multistep method; MNPs containing  pH, temperature, reagents concentration, and
sol—gel matrix components

simple and low cost; relatively high control over size, shape,
and crystallinity

sol—gel

larger than 10—15 nm

high pressure and high temperature required; long reaction times that can  pressure, temperature, reaction time, and type

relatively high control over shape and size; good crystallinity;

solvothermal

and concentration of reagents

cause oxidation; autoclave safety issues

possibility of obtaining water-soluble MNPs

average size larger than

very low control over size and shape; uncontrolled oxidation; pH, temperature, ionic strength, ratio, and

water-soluble MNPs; simple, cheap, fast, and high-yield

co-precipitation

8—10 nm

concentration of precursor salts

low-purity MNPs; multistep method

method; low reaction temperature

(broad size distribution)

minimum below 3 nm

concentration of reagents, type of inert

temperature, heating ramp, ratio and
atmosphere, and solvents

low mass of product obtained; organic solvents involved, MNPs not soluble
in water; high temperature required; inert atmospheres required

high crystallinity; design of MNPs with tunable magnetic

excellent control over MNPs shape and size;
properties

decomposition

thermal

https://dx.doi.org/10.1021/acsnano.0c08253
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Table 2. Main Physicochemical Characteristics and Magnetic Properties of Different Relevant MNPs

composition size (nm) shape C@Ss
Fe;0, 20 hexagonal plates no
Fe;0, 16 octahedrons no
Fe;0, 15 tetrahedrons no
Co@PtSnAu 75X 6 rods yes
ZnyFe, O, 18 cubes no
Zng,Fe, 40, 22 spheres no
Zn,Fe, O, 60 cubes no
Zn, Fe, ;O,@ CoFeO, 60 cubes yes
FegNig, 112 spheres no
Fe;,Nigg 64 spheres no
CoFe,0, 15 cubes no
CoFe,0, 27 cubes no
CoFe,0, 20 cubes no
Coy,Fe, 40, 20 cubes no
CogsFe, 0, 20 cubes no
Mn;Fe, -0, 14 spheres no
CoysFe, O, 15 spheres no
CoysFe, s0,@ Mng;Fe,,0, 13 spheres yes
Mng;Fe,,0,@ CogsFe, O, 14 spheres yes
MnFe,0, 15 spheres no
Zny,MnygFe,0, 15 spheres no
Zny,Fe, 0, 15 spheres no
Zn, Fe, sO, 15 spheres no
Fe;0, 27 cubes no
Fe;0, 48 cubes no
Fe;0, 94 cubes no
Mn, ,Fe, O, 12 spheres no
Coy4Fe, 0, 8 spheres no
Nig 4Fe, 0, 14 spheres no
CoFe,0, 10 spheres no
Fe,0; 12 spheres no

SC M (emu-g™) H: (T) M (emu-g™) ref
OA 45 (RT) 0 (RT) 72
OA 57 (RT) 0 (RT) 72
OA 53 (RT) 0 (RT) 72
HAD 158 (4 K) 0.71 (4 K) 73
OA 165 (RT)" 0 (RT) 77
OA 145 (RT)" 0 (RT) 77
OA 150 (RT)" 0.01 (RT) 30 (RT) 77
OA 190 (RT)" 0.14 (RT) 138 (RT) 77
PEG 52 (RT) 0.01 (RT) 80
PEG 58 (RT) 0.005 (RT) 80
DA 47 (RT) 0.07 (RT) 84
DA 63 (RT) 0.04 (RT) 84
DA 42 (RT) 0.05 (RT) 84
DA 74 (RT) 0.01 (RT) 84
DA 63 (RT) 0.11 (RT) 84
OA 91 (RT) 0.03 (S K) 87
OA 80 (RT) 1.84 (S K) 87
PMA 87 (RT) 0.51 (5K) 87
PMA 82 (RT) 2.20 (5 K) 87
OA 125 (RT) 0 (RT) 89
OA 154 (RT) 0 (RT) 89
OA 140 (RT) 0 (RT) 89
OA 161 (RT) 0 (RT) 89
OA 65 (SK) 0.03 (5 K) 16 (§K) 122
OA 97 (SK) 0.05 (5 K) 25 (SK) 122
OA 99 (5 K) 0.06 (5 K) 31 (5K) 122
PEG 46 (RT) 0 (RT) 123
PEG 38 (RT) 0 (RT) 123
PEG 37 (RT) 0 (RT) 123
PEG 60 (RT) 0 (RT) 124

65 (RT) 0 (RT) 1 (RT) 125

“C@S = core—shell structure; SC = surface coating; M = saturation magnetization; H¢ = coercive field; My = remanent magnetization; OA = oleic
acid; PEG = poly(ethylene glycol); DA = decanoic acid; HDA = hexadecylamine; PMA = poly(maleic-alt-anhydride)-grafted-dodecylamine.
Measurements temperature in brackets; RT = room temperature. bUnits: emu-g ol -

suitable methodology to design MNPs with well-controlled
magnetic response.

Magnetic Properties Modification: Morphology, Com-
position, and Core—Shell Structures. As mentioned above,
iron oxide MNPs with superparamagnetic behavior (SPIONs)
are the most commonly used in a wide range of applications, due
to the low toxicity of iron oxide and their low tendency to form
aggregates under the application of external magnetic fields. For
this reason, current research is focused on the design and
preparation of iron oxide-based MNPs with a high magnetic
power without significant increases in their dimensions, thus
maintaining their superparamagnetic behavior.”” The main
strategies used to achieve this goal are the modification of the
MNPs’ shape, the growth of magnetic shells surrounding the
particles (core—shell MNPs), or the modification of the internal
composition of the MNPs by the partial substitution (doping) of
iron by other metallic elements on their crystalline structure
(Figure 2 and Table 2).

Particle Morphology. The particles with dimensions in the
nanometric scale are characterized by high surface-to-volume
ratios, and consequently the contributions of the surface atoms
to their physical properties become more important than in
larger particles. In this sense, the morphology of MNPs
determines the percentages of atoms located in their core and
their surface, as well as the magnetic symmetry coordination
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between them, having a significant impact on their electrical,
optical, and magnetic properties.”’ In this way, cubic-shaped
MNPs are particularly interesting since they maintain the
symmetry coordination of their core crystalline structure on
their internal surface. Thus, when MNPs with cubic shape are
subjected to an external magnetic field, all of the atomic
magnetic moments are oriented in the field direction. However,
in MNPs with other morphologies, such as spherical-shaped
MNPs, the magnetic moments of the surface atoms are slightly
deviated from the field direction due to border effects (Figure
3b). For this reason, these cubic-shaped MNPs can reach the
highest levels of magnetization under the application of external
magnetic fields.”'

Nevertheless, the synthesis of anisotropic iron oxide-based
MNPs with the desired characteristics in terms of monodisper-
sity is still a challenge. A full control over the size of spherical
MNPs has been achieved through different synthetic routes, but
the existing methodologies developed to produce MNPs with
elongated, branched, or flat shapes present a poor reproduci-
bility and yield yet.””

Several previous works have analyzed the effect of the shape
on the magnetic properties of MNPs. Therefore, magnetic
structures with different morphologies such as nanorods,”
hexagonal nanoplates,”* or star-shaped”> MNPs have been
synthesized, but most of the related works focused on the

https://dx.doi.org/10.1021/acsnano.0c08253
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analysis of cubic-shaped particles. For instance, Guardia et al.”

observed that the saturation magnetization of iron oxide MNPs
decreases progressively when their shape is modified from cubes
to cylinders and to spheres. In other relevant work, it was
determined that zinc-doped iron oxide MNPs with cubic shape
showed higher saturation magnetization than their spherical
counterparts, quantifying that the percentages of disordered
surface spins were 4% and 10% for cubical and spherical MNPs,
respectively.”’

Particle Composition. A different strategy to modulate the
magnetic properties of MNPs consists of the modification of
their internal composition. Several magnetic materials such as
iron carbides,”® iron—platinum,79 or iron—nickel® have been
prepared in the form of nanoparticles. However, as mentioned
above, iron oxide-based MNPs are the most commonly used due
to their easy/cheap synthesis and low toxicity degree, so here we
will focus in the modification of the composition of these kinds
of MNPs. In this sense, the partial substitution of iron by other
metallic elements such as manganese, cobalt, nickel, or zinc
represents a good approach to change the magnetic properties of
iron oxide MNPs without affecting their size."' In the inverse
spinel structure of magnetite, the Fe’* ions located on
tetrahedral and octahedral sites show an antiferromagnetic
coupling, being the magnetization of these MNPs caused only by
the Fe?* ions that occupy the other half octahedral sites.** Thus,
the doping of MNPs during the synthetic processes gives rise to
changes on the magnetic moment distribution within the
nanoparticles and, consequently, to variations on their magnetic
properties.

For instance, when the composition of the MNPs is modified
with zinc, the doping cations are arranged in tetrahedral sites
replacing Fe*" ions and breaking the antiferromagnetic coupling
with the Fe®* ions in octahedral positions (zinc is not magnetic).
Thus, with these kinds of doping it is possible to reach high
increases on the MNPs' magnetization values (Figure 3c).”!
Other metallic elements, such as cobalt or nickel, are arranged in
closely packed octahedral sites and increase the anisotropy of the
particles, thus raising their coercive fields/remanent magnet-
ization.™

The doping strategy to modify the response of iron oxide-
based MNPs under the application of an external magnetic field
has been widely analyzed in several previous works. Different
authors determined that the doping of iron oxide MNPs with
cobalt promoted large increases on their coercive fields and
remanences, especially at high degrees of substitution, while the
effect over their saturation magnetizations was reduced.”"**
Similar effects were observed in the case of nickel doping
strategies.”” In other studies, important increases were measured
on the saturation magnetizations of iron oxide MNPs when iron
was partially replaced by zinc, not changing significantly the
values of remanences and coercivities in these cases.”””"'

Core—Shell Structures. Another thoroughly explored strat-
egy to modify the anisotropy and the subsequent magnetic
behavior of MNPs consist of the growth of a magnetic shell
surrounding the particles (core—shell MNPs). The coupling
between both parts of the dual structure and the exchange
energy between them originate important variations on the
anisotropy constant value. This strategy allows increasing the
superparamagnetic critical size of the particles, being possible to
obtain MNPs which keep their superparamagnetic behavior
having dimensions above the critical ones for homogeneous-
composed structures.*
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Typically, core—shell MNPs have one part consisting of a soft
magnetic material (low anisotropy constant, as manganese
oxide) and another part consisting of a hard magnetic material
(high anisotropy constant, as cobalt oxide). Depending on the
size and the composition of both parts, the anisotropy constant
of the core—shell MNPs can present a value in an optimal range
that allows one to increase the MNPs’ size within the
superparamagnetic regime and, at the same time, the magnetic
power of the particles for specific applications.”’

In this way, Lee et al®® synthesized core—shell MNPs with
different compositions in both parts of their structure, observing
that the particles with iron oxide core doped with cobalt and iron
oxide shell doped with manganese provide a high magnetic
power for magnetic hyperthermia applications. In other work, it
was demonstrated that core—shell MNPs with hard—soft
structure (iron oxide doped with cobalt in the core and iron
oxide doped with manganese in the shell) provide higher
magnetic power than those with the opposite composition
(soft—hard).*”

Biocompatibility of MNPs. The incorporation of MNPs
within scaffolding materials enables a wide range of potential
applications in the field of TE, such as, for instance, the control
of scaffolds’ mechanical properties under the exposure to
external magnetic fields or the loading/controlled release of
different biological agents, such as growth factors, to control cell
biological behavior.”’ In this way, MNPs’ biological fate and
their interactions with surrounding cells and tissues should be
thoroughly evaluated, considering the hypothesis that they can
spread throughout the human body during the scaffolds
biodegradation and clearance. This analysis nevertheless has
been largely hampered by several factors such as (i) the
numerous types of MNPs with different sizes, morphologies,
compositions, and surface coatings, efc. ;7% (ii) the vast range of
engineered scaffolds with changing chemical composition,
structure, and physicochemical properties, and, most impor-
tantly, cell types and culture conditions of each particular TE
strategy, factors which must be considered when evaluating the
biological interactions established with MNPs;”* (i) the lack of
widespread standardized protocols, conditions, and techniques
to analyze MNPs physicochemical properties, concentrations,
and their cell interaction mechanisms, biocompatibility and
induced cell/tissue responses, particularly in the complex
biological intracellular and tissue microenvironment;”*”> and,
as consequence of the latter, (iv) the need for developing reliable
in vitro models to adequately emulate the complexity of the in
vivo tissue environment.”®

When incorporated in polymeric scaffolds, MNPs are
embedded within the biomaterials designed to be implanted at
a specific tissue or organ site. However, the gradual degradation
of the polymer matrix will locally release the MNPs and
therefore, their subsequent entrance in the circulation system
and potential enhanced degradation or bioaccumulation in other
organs is a possibility that must be considered. In general, MNPs
circulating in the bloodstream are typically filtered and, in some
cases, at least partially degraded by liver and spleen macro-
phages,”” being then excreted through the gastrointestinal tract.
However, when they are present in high dosages, the excess of
MNPs tend to get accumulated in other macrophage-rich tissues
such as lung and adipose tissue. In the case of kidneys, these
organs act as filters that only allow the passing of MNPs with
hydrodynamic size smaller tan 10—1S5 nm to leave the
bloodstream and get excreted from the body.””

https://dx.doi.org/10.1021/acsnano.0c08253
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Iron oxide-based MNPs were believed for a long time to be
completely biologically safe, given the high tolerance of cells to
ferric iron ions as an essential element for cell growth, as well as
the existence of a proper pathway for metabolization and
clearance of this metal ion in the human body.”® However, with
the increased interest in MNPs boosted by their envisioned
outstanding potential in different biomedical applications, more
in-depth studies on the cytotoxicity and biological fates of these
nanoparticles have progressively emerged in the past two
decades.”” These studies have shown that MNPs’ cytotoxicity is
largely dependent on the degree to which they interact with
cells.” Similar to most nanosystems, particle size, shape,
chemical composition, and surface coating are key factors in
defining not only cell/tissue cytotoxicity but also MNPs
colloidal stability in physiological environments. These
parameters affect the potential agglomeration of the particles
and, as a consequence, their interaction mechanisms with
cells,"°° intra- and extracellular cell biological activity,
biodegradability, and excretion ability.'”" Among the different
possible cel-MNP interaction mechanisms, their potential
internalization by endocytosis (phagocytosis, pinocytosis, or
clathrin-/caveolae-mediated endocytosis) is one of the main
factors with influence on their biological fate.'® As mentioned,
these processes are highly dependent on the type of cells and
also on the physicochemical characteristics of MNPs. Among
them, the particles’ surface charge is an essential parameter,
being well-known that positively charged MNPs favor
endocytosis due to their easier attachment to negative cell
membranes. On the other hand, the exocytosis of MNPs is a less
studied mechanism than their internalization pathways, but the
type of cells, biological environments, and particles’ character-
istics are again key factors that affect the intercellular processes
that lead to lysosomal- or Golgi apparatus-mediated particles
exocytosis. For instance, it has been reported that the exocytosis
rate is slower in MNPs with larger dimensions, bein§ also
affected by the surface functionalization of the particles.'""

In nanocomposite scaffolds, the proposed functions for
incorporated MNPs are not intrinsically related with their cell
internalization. Nevertheless, this possibility cannot be
excluded, particularly in the case of cell-laden hydrogels where
cell-MNPs contacts are more likely to occur since the initial
steps of cell encapsulation, and should therefore be considered
in the design of magnetic scaffold biomaterials.'”* The release of
metallic ions during cellular internalization processes, induced
by the particle degradation in the acidic and harsh endosomal/
lysosomal environments, is one of the key factors that must be
carefully evaluated. The release of Fe ions from MNPs might not
necessarily lead to negative biological effects. For example, when
MSCs were exposed to carboxydextran-coated MNPs, it was
observed that whole particles had a potent peroxidase-like
activity, whereas the released iron ions promoted an enhanced
MSC proliferation.'” Tonization of MNPs into iron atoms
inside myoblast cell line H9C2 cocultured with MSCs was also
found to trigger a gap functional signaling cascade to develop
CX43 expression and subsequent cell crosstalk in order to
promote the controlled cardiac phenotype development of MSC
cells.'®* However, these free metallic ions can enter into the label
iron pool in the cell cytoplasm and may affect their iron
metabolism,'® as well as induce a strong increase in reactive
oxygen species, ROS, by means of the well-known Fenton
reaction, "’ which can lead to secretion of undesirable cytokines
and chemokines and/or alterations in ferritin levels.'®” As well,
highly toxic ions could be released from MNPs modified with
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doping elements such as cobalt or nickel if the surface coatings
do not provide a sufficiently protective barrier.'**'%” All of these
phenomena indicate that MNPs must be carefully designed in
order to avoid a variety of uncontrolled detrimental biological
effects such as DNA damage, changes in cell morphology, cell
cycle progression and signaling processes.

Although significant progresses have been made in decrypting
the biological fate of MNPs and its relationship with the
nanoparticles’ design parameters, the amount of conflicting data
about the biocompatibility of MNPs with relatively similar
characteristics suggest that the full understanding of the
interactions between magnetic nanostructures and living
organisms remains incomplete."'" This is particularly true in
the case of magnetic nanocomposite scaffolds, for which quite
limited data on their biocompatibility after in vivo implantation
exists. Future research should include these studies in their
experimental designs to further demonstrate the full potential of
magnetic hydrogels as scaffolding biomaterials in TE strategies.

Design Considerations of MNPs for TE with Magnetic
Hydrogels. The strategies reviewed in the previous sections are
useful to design MNPs with tunable internal structure, which
can allow one to obtain the desired particle response when an
external magnetic field is applied. However, for their
incorporation within hydrogels to be used as biomaterials for
TE applications, MNPs have to meet several additional
requirements: s

(1) MNPs must be colloidally stable in aqueous-based
hydrogel precursor solutions. Moreover, they also must
be stable in physiological-mimicking media (aqueous
media with high ionic strength and high concentrations of
different biomolecules) and even in serum/blood, to
prevent the aggregation when released from the scaffolds
while they undergo degradation.

(2) MNPs have to show a nontoxic behavior, preferably with
surface coatings that avoid any leakage of potential toxic
ions (if used) within their structure. The MNPs must be
biocompatible not only with cells encapsulated within the
magnetic hydrogels but also with general human tissues if
they are released from the constructs at the implanted site
and enter in circulation.
(3) Degradation of MNPs must be controlled to ensure
functionality. As discussed in the previous section on
MNPs’ biocompatibility, although the particles can
degrade without inducing significant detrimental bio-
logical effects, this phenomenon alters their magnetic
properties and remote response. It is an especially critical
requirement in the design of magnetic composites that
require long-term stimulation in vitro and/or must be
magnetically stimulated in vivo after their implantation.
(4) MNPs should be specifically functionalized to form part of
the cross-linked polymeric network. In addition to
promoting their stability, the functional groups bonded
to MNPs’ surfaces can act as cross-linking points of the
hydrogel network, promoting the formation of hydrogels
with covalently bonded MNPs that have lower risk of
magnetic leakage and improved mechanical properties.
(5) MNPs must present high magnetic responsiveness. The
use of MNPs highly sensitive to magnetic fields allows one
to decrease the contents of the magnetic material and the
intensity of the magnetic irradiations required for their
remote control, minimizing the potential toxicity/safety
risks associated with these factors.

https://dx.doi.org/10.1021/acsnano.0c08253
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To provide several of these features it is necessary for the
surface modification of the MNPs. As mentioned previously,
thermal decomposition is the most adequate method to obtain
high-quality MNPs, but the resulting particles are only stable in
organic media. Therefore, an additional step to make them
stable in aqueous solutions is needed. In any case, the surfactants
used to directly obtain water-soluble MNPs by synthetic
techniques such as co-precipitation do not provide high stability,
typically requiring an additional surface functionalization.
Among the most common strategies to provide MNPs with
high stability in aqueous solution and preclude their degradation
and/or agglomeration are ligand exchange (Figure 3d), polymer
coating (Figure 3e), encapsulation within organic particles, and
formation of silica shells wrapsping the particles. Polymer
coating''* and ligand exchange''” are previously well-reviewed
methods that consist of the formation of hydrophilic polymeric
micelles surrounding the MNPs and in the substitution of the
original ligands of the particles by others (e.g,, dimercaptosuc-
cinic acid) with higher affinity for the inorganic surfaces,
respectively. In the encapsulation' ' and silica shell'” strategies,
MNPs can be incorporated into emulsions and the surrounding
particles are subsequently formed by precipitation or evapo-
ration, or the coatings can be grown layer by layer retaining the
MNPs within them. Other very interesting little-explored
functionalization strategies are the formation of coatings using
phase-transitioned lysozimes (PTLs) and polyphenol-based
complexes. In PTL method pure protein shells are quickly grown
through the immersion of the MNPs in enzymatic buffers,
resulting in coatings with high resistance against mechanical/
chemical degradation that allow subsequent modification steps
of particles’ surfaces."'® On the other hand, polyphenol method
can be applied by coating polymeric emulsion templates loaded
with MNPs using a specific polyphenol complex, and the
subsequent removal of the emulsion produces polyphenol-based
capsules loaded with MNPs."'? The characteristics and the
nature of these organic layers grown surrounding MNPs using
the aforementioned strategies are even more important than the
internal structure of the particles to control their behavior when
an external magnetic field is applied (Figure 3f,g). Unfortu-
nately, as discussed in detail in the previous section, attaining full
control over the MNPs once they are incorporated into
biological systems is still a challenge.

In addition to the importance of obtaining highly mono-
disperse MNPs with functionalized surfaces that make them
stable and prevent their aggregation within hydrogel networks
and if they are released from the scaffolds, the ideal MNPs for TE
applications have to bear specific magnetic properties. In this
sense, the designed MNPs must allow their manipulation
through external magnetic fields for the fabrication of nano-
composite hydrogels with ordered structure. Moreover,
magnetic nanostructures must behave as effective remote
actuators for the magnetomechanical stimulation of the cells
encapsulated within the scaffolds. For these purposes, super-
paramagnetic MNPs with high sensitivity to the application of
external magnetic stimuli are especially appealing, allowing that
hydrogels modified with low amounts of MNPs can be remotely
stimulated by applying low-intensity magnetic fields. As
mentioned, the concentration of MNPs and the intensity of
the applied magnetic fields are two critical toxicity/safety factors
that need to be minimized to bring magnetic hydrogels from
bench to bedside. The sensitivity of MNPs to be controlled by an
external magnetic field is quantified by the magnetophoretic
mobility, a magnitude that increases in MNPs with large
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rnagnetizations.120 Among the different forms of iron oxides,
MNPs with magnetite structure are those with higher magnet-
ization values and, consequently, with higher magnetophoretic
mobility, thus being the most indicated for TE applications.*’
MNPs with high magnetization for TE applications can also be
obtained through the different aforementioned strategies, such
the incorporation of metallic dopants in their structure or the
design of cubic-shaped MNPs.

Although MNPs with superparamagnetic behavior are the
most commonly used in biomedical applications to preclude
their aggregation as well as to avoid the generation of heat by
magnetic hyperthermia when magnetic fields are applied,
ferromagnetic MNPs can also be used in the field. It was
reported that weakly ferromagnetic MNPs can self-organize in
one-dimensional magnetic chains, it being an interesting non-
explored strategy to fabricate magnetic nanocomposite hydro-
gels with anisotropic nano-/micro-topographies for TE.'*”
Moreover, ferromagnetic MNPs (with no negligible remanen-
ces) can also be used to achieve higher magnetomechanical
stimulation over cells encapsulated/seeded in the hydrogels
under the application of alternating magnetic fields (AMFs). To
design MNPs with weak ferromagnetic responses, increasing
their size or doping levels with elements as cobalt or nickel might
be suitable approaches.”’ Nevertheless, in the case of doping, the
toxicity of cobalt and nickel ions must be considered, being
necessary for the growth of nonpermeable coatings surrounding
the MNPs to prevent potential metal ion leakage. Even so, the
concentration of both cobalt-/nickel-doped magnetic material
that can be used in biomedical applications must be rather low in
order to prevent their potential associated cytotoxic effects.'*®

MODULATION OF BIOMATERIAL’'S FEATURES WITH
MNPS FOR TISSUE ENGINEERING: ANISOTROPIC
HYDROGELS AND REMOTE ACTUATION

Most tissues in the human body are characterized by a highly
anisotropic hierarchically ordered structure.'”® This anisotropy
stems from the extracellular matrix (ECM) organization, which
defines the mechanical properties of these tissues and provides
cells with the suitable biochemical and biophysical cues for their
adhesion, proliferation, migration, and renovation.'*” The main
challenge of TE and regenerative medicine is to design
constructs that mimic the ECM properties and the cellular
organization of native tissues, in order to induce the recovery of
their specific features during the healing step.

Hydrogels are among the most promising materials to prepare
scaffolds for tissue regeneration thanks to their water-rich
structure, similar to that observed in biological tissues,
mechanical performance, and high biocompatibility.”¥"**
Several polymers of natural or synthetic nature can be used to
produce hydrogels by polymer chain cross-linking using
different triggers such as light, pH, temperature, or ionic
strength.'* By controlling the selected polymer and the cross-
linking process, it is possible to prepare hydrogels with
properties similar to those of different native tissues. However,
the main drawback of hydrogels is their inherently isotropic and
disorganized internal structure, characterized by randomly
oriented 3D networks, which limits their applicability in
engineering oriented biological tissues."** This characteristic
has raised in recent years significant interest in the development
of strategies allowing the modification of the hydrogel
microstructure to provide them with the anisotropic organ-
ization re§uired for their improved use in TE applica-
tions.'>**"*! Numerous fabrication strategies have been devised

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure 4. Magnetostatic fields to create anisotropic biomaterials: (a) Scheme of the magnetic field lines in a single magnet and in a two parallel
magnets arrangement (in the first case, the lines are directed to the other pole of the magnet, while in the second one the lines go to the other
magnet, creating a highly uniform field between them); (b, c) images of experimental configurations consisting of two permanent parallel
magnets (Reproduced with permission from refs 29 and 144. Copyright 2019 American Chemical Society); (d) scheme of a 3D printer
equipped with a rotary magnet (Adapted with permission from ref 147. Copyright 2015 The Authors under a Creative Commons CC BY
License (https://creativecommons.org/licenses/by/4.0/), published by Springer Nature); (e) images of a magnetically assisted 3D printing
system with a single magnet (Reproduced with permission from ref 148. Copyright 2018 Wiley-VCH). AMF for cells stimulation: (f) Scheme of
the magnetic field created by a pair of Helmholtz coils and by a single coil, being the field more uniform in this first configuration; (g) single coil
(white arrow) used to induce elongations and contraction of a magnetically responsive hydrogel (Reproduced with permission from ref 150.
Copyright 2009 Wiley-VCH); (h) image of a experimental magnetic setup consisting on three pairs of Helmholtz coils (Reproduced with

permission from ref 153. Copyright 2019 Elsevier).

in this field, the common ultimate goal being the preparation of
biomaterials able to retain the desired anisotropic micro-
structure, establishing in this way a biomimetic tissue template
to recover the native tissue architecture.

Besides the use of magnetic materials and their manipulation
by external magnetic fields, which will be discussed in detail
below, there are many other different strategies to generate
anisotropic hydrogels. In this sense, directional freeze casting,'*
preparation of hybrid constructs with easily degradable/porous
component,' > shear-force'** and electric-force'*> orientation
of nanofillers, unidirectional compression'** and ion diffu-
sion'”” of hydrogel precursor solutions, or the controlled
bottom-up assembly of microgel units'*® are strategies that have
been proposed to create hydrogels with anisotropic architec-
tures. Despite the promising results obtained with these systems,
in most cases the proposed strategies do not allow the desired
control over the hydrogels’ architecture to engineer highly
ordered tissues. Moreover, these approaches often require
invasive postprocessing techniques to manipulate the hydrogel’s
architecture and have limited potential for their further external
actuation.

In this sense, hydrogels with magnetically responsive
properties are emerging as biomaterials with added function-
alities allowing non-invasive remote control over their internal
architecture and actuation. The application of external magnetic
fields, typically combined with the previous incorporation of
magnetic materials within hydrogels’ structures, is a widely
explored approach to create biomaterials with controllable
anisotropic architectures.'>"'** Moreover, these designed
scaffolds have other functions beyond acting as static structural
support for TE applications. Mechanical stimuli are recognized
to play key roles on the regulation of cell behavior. Remote
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magnetic stimulation through magnetic responsive materials is
emerging as one of the most interestin(g approaches to provide
cells the adequate mechanical cues."*”"*! 1In this section, we
cover the use of magnetism to design 5D hydrogel-based
composites, which combine the typical 3D structure of
hydrogels with the simultaneous remote control over their
architecture and the possibility to stimulate encapsulated/
seeded cells. The typical system configurations applied to
generate and manipulate the magnetic fields in these strategies
are also discussed.

Magnetic Fields: Experimental Configurations for
Fabrication and Cell Stimulation. Fine control over the
applied magnetic fields is a critical factor to achieve the desired
design of magnetic scaffolds for their subsequent application in
the field of TE. Depending on the experimental setup, the
generated magnetic field can be static (at any given point its
amplitude and direction are constant) or alternating (amplitude
and direction continuously change, typically in periodic cycles).
In the field of TE, magnetostatic fields are typically applied to
generate anisotropy in the scaffolds, while AFMs are the most
commonly used for the stimulation/remote actuation over
materials and cells. However, in many published studies on
magnetic strategies for TE, the description of magnetic
configurations to produce the magnetic fields is not included.
Aiming to encourage a more critical discussion on the topic in
future studies, in this section the most often used setups for the
generation of magnetic fields are reviewed in detail.

In order to produce magnetostatic fields, the most common
experimental setup consists of two parallel permanent magnets,
which allow one to control the amplitude of the generated field
depending on the magnet intensities (by changing their size,
composition, and purity, etc.) and the distances between

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure S. (a) Schematic representation of different strategies that can be used to prepare MNPs-loaded hydrogels: (I) in situ precipitation
method (MNPs are synthesized by salt coprecipitation in the previously cross-linked hydrogels); (II) blending method (presynthesized MNPs
are incorporated into a hydrogel precursor solution, resulting in a magnetic-loaded hybrid hydrogel after the cross-linking step); and (III)
grafting-onto method (the surfaces of the presynthesized MNPs are modified with agents/molecules which act as cross-linkers for the formation
of hydrogel networks). Combinations of these materials with cells under the application of external magnetic fields can be explored to design
composites with tunable mechanical properties and magneto/mechanical remote actuation capability to control cell behavior. (b) Effect of
incorporation of different amounts of perpendicularly and parallely aligned magnetically responsive cellulose nanocrystals on the storage
modulus of gelatin hydrogels (Adapted with permission from ref 29. Copyright 2019 American Chemical Society). (c) Swelling ratio (Q) in
phosphate buffered saline of k-carrageenan hydrogels with and without MNPs inside at different concentrations (Adapted with permission from
ref 184. Copyright 2012 Elsevier). (d) Influence of isotropic and anisotropic gelatin hydrogels on the alignment of seeded human adipose-
derived stem cells (hASCs) (Adapted with permission from ref 29. Copyright 2019 American Chemical Society). (e) Up-regulation of
chondrogenic markers aggrecan (in red), SOX9 (in green), and collagen II (in green) in magnetic hydrogels after the encapsulation of human
mesenchymal stem cells, which are cultured under the application of magnetic stimulation (cell nuclei in blue, stained with DAPI) (Adapted
with permission from ref 185. Copyright 2013 The Authors under a Creative Commons CC BY 3.0 License (https://creativecommons.org/

licenses/by/3.0/), published by PLOS).

them.'*” More complex configurations based on a large number
of permanent magnets with specific space distribution can also
be established, their use being more extended in other
applications such as magnetic drug delivery.'* A single magnet
could also be used to generate a magnetostatic field, but the field
lines close on the other pole of the same magnet, making it

difficult to achieve uniform fields far from the magnet (Figure
4a). For instance, two parallel neodymium N52 magnets have
been used to generate a magnetostatic field with an intensity of
108 mT to align magnetically responsive particles within
hydrogel matrices (Figure 4b).”” Similarly, in other work two
45 MegaGauss-Oersted neodymium magnets were positioned

185 https://dx.doi.org/10.1021/acsnano.0c08253
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35 mm apart to create a magnetic field of 30 mT in the center
line of the magnets (Figure 4c)."** As well, Tognato et al."*
designed an experimental setup of two neodymium magnets
separated S cm on a Teflon support, creating a 20 mT magnetic
field that allowed the self-assembly of iron oxide MNPs along the
field lines within hydrogels precursor solutions before their
gelation.

Furthermore, magnetostatic fields can be combined with
oscillation. There are commercially available devices that allow
the application of magnetostatic fields at the same time as the
magnets are subjected to periodic oscillations. For instance,
using a commercial device (Magnefect, nanoTherics), cells
seeded on magnetic scaffolds were stimulated under the
application of 350 mT field combined with oscillation cycles
of the magnets of 2 Hz and 0.2 mm of displacement."*" In fact,
these types of fields are not completely stationary; the low
oscillation of the magnets causes small continuous variations in
both the direction and field intensity applied to the samples.
However, these variations are negligible and stimuli can be
considered quasi-magnetostatic fields.

Three-dimensional (bio)printing techniques have emerged in
recent years as one of the most interesting approaches to
fabricate the scaffolds and cellularized constructs. By this
methodology, it is possible to produce composites with a high
degree of complexity and precision, where the final details can be
designed at a micrometer scale level. In the case of magnetic
scaffolds, the strategy of magnetically assisted 3D printing has
been also proposed. Basically, it consists of the application of an
external magnetic field at the same time that the printing process
is taking place, in order to achieve the desired distribution of the
magnetic elements incorporated into the (bio)inks. In this sense,
all of the aforementioned magnetic configurations can be
incorporated in the 3D printers to create the desired
magnetically assisted printing system. In one of the pioneering
works in this field, Kokkinis et al."*’ customized a commercial
3D printer with a rotary neodymium magnet. Using this
configuration, the authors applied a 40 mT magnetic field
rotating at 8.3 Hz to the magnetic inks during the 3D printing
processes, achieving the drag forces required to promote a
biaxial alignment of the magnetic elements within the plane of
the rotating field (Figure 4d). More recently, an adaptor for a 2
mT cylindrical single magnet was designed and placed close to
the printing surface, enabling the real-time remodeling of the
magnetic (bio)ink while bioprinting (Figure 4e).1"®

On the other hand, the easiest form to produce AMF is using
electromagnetic coils. When a current carrying conductor is
arranged in the form of several loops (coil), a magnetic field that
flows through the center of the coil along its longitudinal axis is
created. If the applied current shows an alternating behavior,
then the magnetic field will also be time-varying. In this case, the
intensity and the frequency of the applied current, as well as the
dimensions and number of turns of the coil, will define the
characteristics of the generated magnetic field."** However, the
main disadvantage of this configuration is the difficulty to
achieve uniform magnetic fields (very long coils are required). In
this sense, the use of Helmholtz coils has been more extensively
adopted, since they allow obtaining quasi-uniform AMF in larger
spaces between the two coils that configure the system (Figure
4£)."* For instance, Fuhrer et al."*" used a single coil to create
variable magnetic fields and magnetomechanically stimulate
hydrogels modified with cobalt MNPs for muscle TE purposes.
By varying the current on the coil between 0 and 1.58 A, the
highest magnetic field strength generated on the pole of the
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electromagnet was 530 mT, enough to induce elongation and
contraction movements on the designed scaffolds (Figure 4g).
Helmbholtz coils have been used for the magnetic stimulation of
cardiac cells seeded on alginate-based hydrogels."*" By passing
an electrical current of 1.37 A through the coils separated 45 mm
apart, the authors generated an AMF with 1.5 mT of intensity
and 40 Hz of frequency. In a more recent work, the AMF
produced by a pair of Helmholtz coils was used to promote the
osteogenic differentiation of stem cell cultures on hydroxyapa-
tite/collagen scaffolds.">” The coils (30 cm radius) were placed
at a distance of 15 cm, allowing the generation of uniform
magnetic fields with adjustable intensities and frequencies (up to
4.7 mT and 100 Hz, respectively). Complex systems consisting
of more than one pair of Helmholtz coils have been also
considered for TE applications, in order to alter the 2D plane of
the applied field during the magnetic stimulation (Figure 4h).">
Taken together, the wide design space allowed by the use of
Helmholtz coils or similar AMF setups in biomaterials
fabrication, particularly if combined with advanced biofabrica-
tion strategies such as 3D bioprinting systems, suggest that there
are promising approaches open to be explored in the field.

Magnetically Assisted Design of Anisotropic Bioma-
terials and Remote Actuation to Guide Cell Behavior.
Magnetism has been widely used to induce the desired
anisotropy degree in hydrogels that mimic native tissues of the
human body. The weak magnetic response of different
nonmagnetic materials, such as polymers or proteins, has been
exploited to create anisotropic structural patterns in hydrogels
through the application of high-intensity magnetic fields.
However, the incorporation of magnetic materials and the
control over their response under low-intensity external
magnetic stimuli has been the preferred strategy for the design
anisotropic hydrogels.””** The possibility of remotely control-
ling the behavior of MNPs through the application of external
magnetic fields makes these particles excellent candidates to
modify the characteristics of magnetically responsive nano-
composite hydrogels.">*

To achieve the desired distribution of the magnetic elements
within the biomaterials, the applied magnetic fields are typically
magnetostatic (the field intensity and direction do not change
with time). Under the effect of these fields, magnetic materials
are subjected to uniform forces, allowing one to reach the
desired anisotropy by controlling the intensity, the direction,
and the duration of the magnetic stimulus (Figure 5). The
anisotropic physical properties of composite scaffolds are key
biophysical cues able to activate intracellular biochemical signals
that control the functional processes of encapsulated/seeded
cells, such as their growth, migration, and, in the case of stem
cells, their differentiation into specific Iineages.25 Moreover, the
incorporation of the fillers has also important effects over other
physical properties of the resulting composites. Since MNPs act
as reinforcement elements, their presence modifies the stiffness,
toughness, and elasticity of the scaffolds, among other physical
properties that can be harnessed for particular TE strategies. The
influences of biomaterials stiffness,">” degradation rate, !¢
swelling ability,"” or nonlinear elasticity'*® over cell behavior
are well-documented (Figure Sb—e).

On the other hand, the application of magnetic fields has on
its own an important influence on biological systems,
independently of the presence of magnetic materials.'*”"®’
Magnetic stimulation can activate numerous sensitive receptors
on the cell’s surface and further activate related signaling
pathways. It was recently demonstrated that even extremely

https://dx.doi.org/10.1021/acsnano.0c08253
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Table 3. Main Advantages and Disadvantages of Using the Different Types of Fillers Explored to Prepare Magnetically

Responsive Hydrogels

type of filler

High-intensity
-| magnetic field

s vGeIation

Low-intensity
-‘ magnetic field

Low-intensity
-| magnetic field

~ YGeation

advantages

Natural materials with low toxicity potential that
present a weak magnetic response can be used.
Constructs with highly-anisotropic structures can
be designed using diamagnetic fillers with high
aspect ratio.

Simple preparation process.

Low-intensity magnetic fields are required to
manipulate these materials (< 10 mT).

Suitable for the remote magnetic stimulation of
cells encapsulated in the constructs.

Simple preparation process.

Low-intensity magnetic fields are required to
manipulate these materials (< 10 mT).
Composites with very high anisotropic degrees
can be prepared.

Low amounts of magnetic material are sufficient
to design the composites.

Suitable for the remote magnetic stimulation of

disadvantages

Potential damaging high-intensity magnetic
fields are required to manipulate the fillers
(> 400 mT for cellulose nanocrystals, > 5 T
for collagen).

Non suitable for the remote magnetic
stimulation of cells encapsulated within the
constructs.

Low control over individual MNPs
interdistance and over their aggregation
degree.

High amounts of MNPs are typically
required to design anisotropic hydrogels
with remote actuation capability.

Complex preparation process with multiple
steps: nano/microstructures  synthesis,
magnetic modification, incorporation within
hydrogels, erc.

Potential low colloidal stability of
magnetically-modified microstructures due
to their large size and magnetic attraction.

MAGNETIC ANISOTROPIC
NANO/MICROSTRUCTURES

cells encapsulated in the constructs.

weak magnetic fields have an important effect over stem cells’
proliferation and differentiation in vivo."®" The authors found
that the application of 100—400 yT magnetic fields during the
first 3 days postinjury induces faster regeneration of amputated
planarias (free-living flatworms capable of regenerating all
tissues owing to a large adult stem cell population). This
behavior was attributed to the interaction of biological systems
and magnetic fields through s radical pair’s recombination,
producing changes in the reactive oxygen species accumulation
and proteins expression.

As well, the incorporation of MNPs within the hydrogels
creates nanoscale magnetic fields that generate micromagnetic
driving forces in the interfaces between cells and scaffold,
allowing remote cell stimulation. Thus, the presence of MNPs
promotes the activation of numerous sensitive receptors on cells’
surfaces, thereby interfering with cell activity and allowing
control of their behavior.'®> The combination of cell-laden
hydrogels with magnetic materials within their structure and the
application of external magnetic fields produces high variations
on the mechanical loading of the composites.'>'** Tay et al.'*®
quantified the forces associated with the magnetic stimulation of
magnetic microparticles encapsulated within hyaluronic acid
hydrogels. Depending on the distance between a 2 T permanent
magnet and the polymeric samples, these authors calculated that
the force exerted on the particles, and consequently on the
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encapsulated neural cells, varied between 0.15 (at 6.5 cm) and
1.00 N (at 3.5 cm).

The typical magnetic fields applied for remote cell stimulation
are alternating, although magnetostatic fields have been also
used for this purpose.'°”'®” The continuous variation of both
the field intensity and direction causes the forces over the cells
and the magnetic materials also to vary in the same way. Thus, by
controlling the intensity, the frequency, and the duration of the
magnetic field, magnetomechanical stimulation of cells has
emerged as a potential tool to direct cell behavior. Specific
examples of magnetomechanical cell stimulation are explained in
detail in the following sections.

Overall, the application of external magnetic fields can be used
both to fabricate anisotropic hydrogels and to remotely
stimulate the encapsulated cells. The combination of magnetic
stimuli with the incorporation of magnetic materials within the
hydrogels allows higher mimicking degrees of the anisotropic
physical/mechanical properties of native tissues (Figure Sb,c),
while enabling remote mechanical stimulation of the encapsu-
lated/seeded cells at relevant cell scale levels. By controlling the
magnetic forces exerted on the composites, it is possible to
modify the mechanical loading of the magnetic hydrogels to
promote cells differentiation toward different lineages, as well as
their positioning, growth, and proliferation (Figure 5d,e). This
combined control over biomaterial’s architecture and actuation
over the biological component is a key advantage of magnetic
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Figure 6. Microscopy images of anisotropic hydrogels prepared by incorporating magnetically responsive materials and the subsequent
application of external magnetic fields. Top images show the samples in static conditions and down images show the samples under the effect of
a magnetic field. (a) Cryosectioned TEM images of poly(oligoethylene glycol methacrylated)-based hydrogels with incorporated diamagnetic
cellulose nanocrystals in static conditions and exposed to 1.2 T magnetic field during gelation (Scale bars = 1 ym. Reproduced with permission
from ref 177. Copyright 2017 American Chemical Society). (b) Time-lapsed pictures of the growing filaments of maghemite MNPs in GelMA
solutions when subjected to a magnetostatic field. Initially, the MNPs are randomly dispersed, assembled along the magnetic field lines when it
is applied (Scale bars = 500 gm. Adapted with permission from ref 145. Copyright 2018 Wiley-VCH). (c) SEM images of freeze-dried gelatin
hydrogels containing 0.5% (w/w) cellulose nanocrystals modified with MNPs in static conditions and under 108 mT magnetic fields (Scale bars
= 10 pm. Reproduced with permission from ref 29. Copyright 2019 American Chemical Society). (d) Optical microscopy images of
poly(ethylene oxide-stat-propylene oxide) rod-shaped microgels modified with MNPs in static conditions and under a 100 mT magnetic field
(Scale bars = 50 gm. Reproduced with permission from ref 196. Copyright 2017 American Chemical Society). (e) Depth color-coded images of
electrospun PLGA magnetic short fibers inside fibrin hydrogels in static conditions and in the presence of 100 mT magnetic field (Scale bars =
100 pm. Reproduced with permission from ref 204. Copyright 2017 Wiley-VCH).

hydrogels over nonmagnetic systems that can be explored to superconducting technology in the past few years have allowed
closer mimic the microenvironments of complex native tissues in the production of strong magnets needed to generate these high-
multiple axes. strength magnetic fields, in some cases, the required intensities
Strategies to Prepare Anisotropic Magnetically Re- are too high and compromise the safety in view of the potential
sponsive Hydrogels. To manipulate the physical properties transfer of the experiments to clinical practice. The diamagnetic
and enable remote actuation of hydrogels, the incorporation of response of different hydrogel precursor compounds has been
monodisperse and biocompatible nano- and/or microelements analyzed to obtain anisotropic constructs. For instance,
and their further controlled organization are usually re- collagen'”” and fibrin gels'”® with highly anisotropic architec-
quired."®*° As mentioned previously, in order to control the tures were prepared through the application of external magnetic
behavior of these elements within the hydrogel’s structure, the fields up to 7 and 9.4 T, respectively, taking advantage of their
use of magnetism has been one of the most explored diamagnetic properties. In other relevant work, a rotating
mechanisms.”' Typically, the preferred strategies rely on the magnetic setup (7 T) was used to obtain hydrogels with
control of the organization of MNPs, free or as a part of larger consecutive collagen layers showing ortho§onal anisotropy
anisotropic hierarchical nano-/microparticles, within polymer (mimicking the architecture of the cornea).'”* Human corneal
matrices to create anisotropic and magnetically responsive cells (keratocytes) seeded onto the designed constructs were
hydrogels. However, although diamagnetic materials are usually aligned both on the surface and within the bulk of the orthogonal
considered nonmagnetic, they can respond to high-intensity collagen hydrogels, mimicking the biological structure of native

magnetic fields and, therefore, their magnetic manipulation has corneal.
also been explored for the design of anisotropic hydrogels. The diamagnetic response of carbon nanotubes'’* and
Advantages and disadvantages of both strategies are discussed graphene oxide particles'’® was also exploited to create
here (Table 3). anisotropic polymer gels, observing in both cases that magnetic
Diamagnetic Materials-Loaded Hydrogels. Under the fields up to 10 T are required to obtain the desired alignment. De
presence of an external magnetic field, the electrons surrounding France et al.'”’ designed an injectable anisotropic PEG-based
the atomic nuclei of the materials respond, generating currents hydrogel modified with magnetically responsive cellulose
that try to counteract the effects caused by the applied field. Any nanocrystals. The authors demonstrated that a 1.2 T magnetic
material shows this weak opposition to an applied magnetic field, field was enough to induce the alignment of the nanocrystals
which is known as diamagnetism.'®® In this way, for example, during gelation, generating anisotropic scaffolds with direc-
when diamagnetic rod-shaped particles are exposed to an tional-dependent mechanical properties and able to promote the
external magnetic field, they align perpendicularly to it, since alignment and differentiation of encapsulated skeletal muscle
only their smallest dimension opposes the field, thus minimizing myoblasts (Figure 6a). In a similar approach, a 400 mT magnetic
the repulsion force. field allowed the orientation of cellulose nanocrystals within
The diamagnetic properties of various materials have been gelatin hydro§els, in this case trying to mimic tendon
explored to generate anisotropic structures after their incorpo- architecture.'”® The low magnetic field required for the
ration in hydrogel matrices. However, the weak response of alignment of the nanocrystals was attributed to the adsorption
diamagnetic materials requires high-intensity magnetic fields to of polymer chains onto their surface that increases their effective
allow their desired orientation.'*~""" Although the advances on volume and, consequently, cooperatively contribute with other
188 https://dx.doi.org/10.1021/acsnano.0c08253
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particle—particle physical interactions for their susceptibility to
magnetic alignment.

These studies are representative examples of how the
diamagnetic response of different nanomaterials is certainly a
promising approach to create hydrogels with well-defined
anisotropic structures. However, as mentioned, this strategy
requires the use of potentially damaging high-intensity magnetic
irradiations. Moreover, the composites synthesized on the basis
of this method do not allow their further remote actuation using
non-invasive techniques.

MNPs-Loaded Hydrogels. The most efficient approach to
induce internal order within hydrogel matrices by the
application of external magnetic fields is through the
incorporation of MNPs.'”” The strategies described in Magnetic
Nanoparticles can be used for the design of highly monodisperse
MNPs with the desired magnetic properties, allowing great
control over their response within the hydrogels when magnetic
fields are applied. Thus, MNPs should be superparamagnetic in
order to control their behavior and prevent aggregation
phenomena. Furthermore, MNPs with high magnetization
values can be guided using low-amplitude magnetic fields,
avoiding the risks and the expensive setups associated with
intense magnetic irradiations. However, in most cases the
preparation of MNPs with a high control over their
physicochemical and magnetic properties has not been among
the main priorities in the design of magnetically responsive
scaffolds for TE.

Hydrogels with a magnetic component embedded in the
matrix are commonly named as magnetic hydrogels or ferrogels.
Several procedures have been reported for the preparation of
magnetic hydrogels, including in situ precipitation, dip-coating,
blending, and grafting-onto as the most common method-
ologies.”” In the in situ precipitation method, iron salts are
incorporated into a hydrogel matrix and, then, the co-
precipitation of these salts yields MNPs within the hydrogel
network."** As mentioned in previous sections, the last synthetic
method does not allow great control over the MNPs’ physical
and magnetic properties and their subsequent order (Figure Sa).
In the dip-coating, blending, and grafting-onto methods, the
MNPs and the hydrogels are prepared separately, which allows
the design of high-quality MNPs as well as of well-controlled
nano-/micro-topographies. The dip-coating procedure consists
of the preparation of a porous scaffold and its subsequent
immersion in a ferrofluid for a specific time, allowing the
magnetic fluid to impre§nate the surface and penetrate into the
polymeric composite."®" The main disadvantage of this method
is the difficulty of achieving full control over the distribution of
the MNPs on the final magnetic scaffolds. In both the in situ
precipitation and dip-coating methods, simultaneous cell
encapsulation during hydrogel preparation is not possible. The
blending method consists of the simple mixture of MNPs and
the hydrogel precursor solution and the subsequent polymer
cross-linking, producing hybrid magnetic loaded hydrogel
networks.'®” However, this procedure usually tends to produce
undesirable MNPs aggregates within the hydrogel matrix
(Figure Sa). In the grafting-onto method or covalent bonding,
the MNPs surfaces are modified with suitable functional groups
that act as cross-linkers in the presence of the hydrogel
precursor, allowing the formation of hydrogels with the MNPs
covalently bonded to the polymeric networks (Figure 5a).'®
The use of nanofillers as multifunctional cross-linkers often
results in nanocomposites with considerably higher mechanical
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properties than those achieved by the simple noncovalent
incorporation of nanofillers within the polymer matrix.

Following a blending methodology, methacrylated gelatin
(GelMA) anisotropic hydrogels modified with co-precipitated
maghemite MNPs were designed for skeletal muscle TE."*
Presynthesized MNPs were incorporated in the hydrogel
precursor solutions and assembled in oriented filaments using
20 mT magnetostatic fields generated with a two parallel
magnets configuration. Then, the solutions were cooled below
the melting temperature to stabilize the assembled structures
prior to the final UV-light cross-linking (Figure 6b). In another
work, magnetically responsive hydrogels were prepared through
an in situ precipitation strategy.186 Hydrogels consisting of a k-
carrageenan and PVA mixture were prepared and immersed in a
0.1 M solution of iron(II) chloride for 2 h. After that, sodium
hydroxide and hydrogen peroxide were added to produce
terrous hydroxide and oxidize it, respectively, rendering 50—100
nm iron oxide MNPs in the form of elliptical magnetic clusters. A
rod-shaped magnet was used to apply a 150 mT magnetic field,
observing that the distribution of MNPs provided composites
with anisotropic response to external magnetic stimuli. On the
other hand, the grafting-onto approach has also been explored to
synthesize magnetic hydrogels with anisotropic architectures.
For instance, spindle-like hematite NPs functionalized with
methacrylate groups were used as exclusive cross-linkers in the
preparation of magnetically responsive polyacrylamide hydro-
gels."®” The elongated magnetic particles were oriented through
the application of external magnetic fields during the polymer-
ization process, creating composites with highly uniaxial
anisotropic structure. Due to the antiferromagnetic nature of
hematite, magnetic fields up to 587 mT were required to align
the particles within the polymeric networks.

Although iron oxide-based MNPs are the most commonly
incorporated within the hydrogels’ networks to generate
magnetically responsive scaffolds, other nanoparticles with
different compositions have also been evaluated. For example,
the use of magnetic stimuli to control the distribution of nickel
nanorods incorporated in gelatin-based hydrogels following a
blending method has been successfully explored."*" In a similar
way, agar composites modified with carbonyl iron particles were
prepared and then aligned by the application of external
magnetic fields."*’

Hierarchical Hydrogels Incorporating Magnetic Aniso-
tropic Nano-/Microstructures. In many cases, the control over
the anisotropy degree and the remote actuation capability of
magnetic hydrogels by the direct incorporation of free MNPs is
not satisfactory for the intended application. A full control over
the aggregation state and/or the interdistances between the
individual MNPs under an external magnetic field is still a
challenge, hindering the generation of global anisotropy in the
hydrogel networks.

As alternatives, the use of anisotropic nano- and, particularly,
micrometric particles is especially interesting. Since they can be
aligned according to their main axis within the hydrogels, this
strategy can recreate the hierarchical and highly anisotropic
organization of the native tissues.'”°~'"* Unfortunately,
although most common magnetic materials such as iron oxide
nanoparticles have shown good biocompatibility, a priori it is not
biologically viable to incorporate micrometric sized fully
magnetic particles in hydrogels because the high amount of
magnetic material required to provide anisotropic micro-
structures would jeopardize their biocompatibility. The critical
toxic concentration of MNPs depends on their physicochemical
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Figure 7. (a) Schematic illustration of the anisotropic architectural organization of cartilage tissues (Reproduced with permission from ref 34.
Copyright 2017 Wiley-VCH). (b) Application of magnetic hydrogels in cartilage TE: development of bioprinted two layered collagen-based
hydrogels. Second-harmonic and contrast stretch images showed that in the superficial layer the collagen fibers were aligned by applying an
external magnetic field, while in the middle layer the fibers are randomly oriented, mimicking the anisotropy of cartilage tissue. Toluidine blue
histological staining demonstrated the proteoglycans production in bioprinted samples with random and aligned collagen fibers (Scale bars =
100 pm. Adapted with permission from ref 148. Copyright 2018 Wiley-VCH).

characteristics, but as reference, it is usually around a few tens to
a few hundred of milligrams per liter.'”*~'*° Moreover, the
desired superparamagnetic behavior of MNPs also limits their
size to a few tens of nanometers.

To decrease the amount of required magnetic material and
prevent the associated cytotoxic effects, nonmagnetic aniso-
tropic elements can be prepared and further magnetically
modified, either by binding MNPs to their surface” or by
incorporating MNPs inside their volume.'”® Afterward, it is
possible for the subsequent alignment of the anisotropic
elements by the application of low-intensity external magnetic
fields. As mentioned above, due to their low cost, low toxicity,
easy production, and suitable magnetic properties, SPIONSs are
the most commonly used particles to provide magnetic response
to these structures, allowing their remote guiding within the 3D
space of hydrogels networks.

Several methods have been developed in the past decades for
the production of these biocompatible anisotropic elements, the
most common ones being photolithography,'”” electrospin-
ning,198 molding,26 microfluidics,’”® or liquid shearing.200
Fibers and rod-shaped micro- and nanoparticles are especially
interesting, since their highly elongated shapes can induce
relevant anisotropy degrees within the hydrogels by their
alignment at reduced magnetic material contents. For instance,
we synthesized iron oxide MNPs through the co-precipitation of
Fe?* and Fe** salts in the presence of rod-shaped cellulose
nanocrystals, obtaining cellulose rods decorated with 6.5 nm
sized SPIONs.”” The derived magnetic structures were
incorporated into injectable gelatin hydrogels, resulting in
solutions with a global SPIONs concentration of 0.0005% (v/v).
Next, a 108 mT magnetostatic field created by two parallel
magnets during gelation was enough to align the hybrid particles
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in order to generate anisotropic scaffolds that allowed the
directional growth of hASCs (Figure 6¢). Compared with the
works of our group and others mentioned above,'””'”® the
incorporation of MNPs to the structure of cellulose nanocrystals
allowed a significant decrease on the applied magnetic field
required for hybrid rod-shaped particles alignment (from 400 to
1200 mT to 108 mT). In another work, calcium sulfate rods
were coated with SPIONs and incorporated into a PEG-based
hydrogel precursor solution.””" The authors showed that the
alignment of the magnetic rods could be achieved through the
application of external magnetic fields up to 100 mT, and these
can be then dissolved in aqueous solution generating anisotropic
pores within the hydrogel network. However, the size of the
pores created was too small for cell in-growth.

MNPs can also be incorporated into the internal structure of
rod-shaped microparticles during their preparation, avoiding
subtle hydrodynamic size increases and/or colloidal stability
issues faced when MNPs are bonded on the surface of
nonmagnetic particles. Rose et al.’* prepared rod-shaped
microgels by a mold lithography approach using a star-PEG
solution containing water-soluble SPIONs, giving rise to
anisotropic and magnetic responsive polymer microgels. These
magnetic structures were mixed with a polymer precursor
solution before cross-linking under an applied magnetic field of
130 mT, rendering hydrogels with well-defined anisotropic
structure provided by alignment of the rod-shaped magnetic
microgels (Figure 6d). In a slightly different approach, the
microgels modified with MNPs can be bottom-up-assembled in
a controlled way under the application of magnetic fields,
generating magnetically responsive hydrogels with the desired
anisotropic architectures.”” Following this strategy, MNPs were
incorporated within PEG microgels prepared by a micromolding
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technique and then their magnetic assembly was promoted.”**

By controlling the microgel’s size, the MNPs concentration, and
the characteristics of the applied magnetic fields created by
parallel magnets, the authors obtained different assembled
structures, such as single rows, arrays, or three-layer spheroids.
Magnetically modified electrospun fibers are another example of
fillers that have been used to design anisotropic hydrogels.
Omidinia-Arkoli et al.*** added SPIONS to a poly(lactide-co-
glycolide) (PLGA) solution for the preparation of short
microfibers by electrospinning/microcutting technique. The
magnetic microfibers were then incorporated to a fibrin-based
hydrogel matrix, and their alignment was achieved under the
application of magnetic fields between 100 and 300 mT,
depending on the fibers’ length and SPIONS’ concentration. The
induced microfiber anisotropic organization modified the
mechanical properties of the hydrogel and also provided remote
control over the morphology and directional growth of the
encapsulated cells (Figure Ge).

These representative examples showed that the use of
magnetically modified fibers/rod-shaped microparticles is a
promising strategy to create anisotropic hierarchical hydrogels
with native tissues-like ordered microstructures which have the
potential to impact the behavior of encapsulated cells.

APPLICATIONS OF MAGNETIC HYDROGELS IN TISSUE
ENGINEERING

The healing response of the human body following an injury
event is naturally programmed to reestablish hemostasis and
invariably leads to the formation of a reparative fibrotic scar
tissue that replaces the original cells and the ECM. However, the
newly formed scar tissue has lower structural organization,
poorer biomechanical properties, and inferior functionality
compared to the uninjured ones.”” The ultimate goal of
regenerative strategies is to bioengineer systems capable of
either triggering this natural reparative process or even
completely replacing damaged and low-functional tissues,
while guiding new tissue formation and recovering their original
functionality. The achievement of this ultimate goal implies the
need to control multiple biophysical, biochemical, and biological
cues of cells’ microenvironment in vitro during the maturation
steps and in vivo after transplantation of the tissue-engineered
construct. Magnetic hydrogels are multifunctional scaffolding
biomaterials that provide the means to (remotely) control many
of these cues, in particular the biophysical, which are not
available in other nonmagnetic responsive systems.

Many tissues in the body present an anisotropic organization
of specific elementary structures with dimensional levels
spanning from the nano- to macroscale (Figures 7—12), which
confers them different mechanical, optical and electrical
properties.'*® In native tissues, the biological signaling
originated from cell morphology (the orientation and local-
ization of subcellular organelles and cell polarity) defined in
response to the structural and mechanical properties of tissues
are known regulators of cell fate. In TE applications, controlling
the 3D geometrical parameters of scaffolding biomaterials are
effective strategies to regulate cell spreading, migration, and
morphology that consequently impact their morphogenesis.206

As mentioned above, magnetic hydrogels with anisotropic
architectures provide not only an ordered 3D template in which
the complex architectural properties of native tissues can be
replicated but also add control over cell behavior. It is well-
known that the topography and hierarchical architecture of
scaffolding biomaterials impact the response of the encapsu-
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lated/seeded cells, controlling their proliferation, migration, and
differentiation (cell contact guidance phenomenon), whose
specific requirements are highly tissue dependent.”"”

For instance, tendon (tenocytes) and skeletal muscle cells are
characterized by elongated morphologies, reminiscent of the
uniaxially aligned topography and fibrous hierarchical organ-
ization of their ECM niche. Therefore, anisotropic scaffolding
biomaterials with a high degree of structural alignments have
been shown to prevent phenotype drift of tenocoytes, induce the
tenogenic differentiation of the stem cells,"*"**® and promote
tissue regeneration in vivo. Similar architectural requirements are
also needed for proper cardiac and neuronal tissue regeneration,
whose cells are characterized by anisotropic morphologies and
organizations, being short, narrow, and fairly rectangular in
shape in the case of cardiomyocytes and presenting more
complex shapes in the case of neural cells.””” Anisotropic
hydrogels are a promising approach to recreate not only the
proper 3D topographical cues that characterize tissues with
characteristic uniaxial alignment but also tissues that present
gradients of ECM architectural organization such as cartilage or
tissue interfaces such as tendon-to-bone”'” and osteochondral
tissues.”'!

In addition to the geometrical (topographical and architec-
tural) cues, the cells’ response to external forces plays crucial
roles in the development, organization, function, and fate of
different tissues.”'” The mechanisms by which cells convert
mechanical stimuli into biochemical signaling, known as
mechanotransduction,”'® are complex, but among its different
origins is the signaling resulting from the integrin-mediated
interaction with the ECM and the forces conveyed by cell
cytoskeleton organization.”** The direct application of mechan-
ical stimuli has been shown to considerably improve the in vitro
maturation performance of tissue-engineered constructs devel-
oped for the regeneration of several mechanosensitive tissues
such as tendon, skeletal muscle, cartilage, or bone.”**'® Thus,
besides the advantages related to fabrication aspects of the
biomaterial, magnetic hydrogels where cells are seeded or
encapsulated can be intrinsically leveraged as mechanostimula-
tory materials to actively interact with these biological systems.
Since the remote magnetomechanical stimulation of the cells
(compression, tension, and shear) can be wirelessly performed
by exerting forces in the incorporated magnetic materials with
external magnetic fields, this supposes an additional non-
invasive tool that can be exploited to provide cells with the
adequate biomechanical stimuli. The mechanical stimuli
delivered through magnetic hydrogels are usually related to
the magnetically actuated deformation and movement of the
polymeric material where the nanoparticles are embedded.
However, the nano-/microscale dimensions of the cell focal
adhesion clusters (typically 0.2—10 gm?)*'” also suggest that the
nanoparticles themselves can directly actuate on these important
cell surface mechanotransducers if they come in close proximity
within the hydrogel network.

Besides the aforementioned biomechanical forces, other
biophysical cues of the cell microenvironment such as ECM
or scaffold stiffness are now well-established factors implicated
in the specification of cell fate.”'* For instance, it has been widely
demonstrated that soft hydrogels tend to direct stem cell
commitment toward soft tissue phenotypes (e.g, neurogenic),
whereas stiff hydrogels favor their differentiation into hard tissue
phenotypes (e.g,, osteogenic). Moreover, while in 2D surfaces
cells tend to develop stronger adhesion on stiffer surfaces; in 3D
matrices the dynamic remodeling of these transmembrane
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Table 4. Characteristics and MNPs Concentrations in Magnetic Hydrogels and Magnetic Field Intensities Used in Different
Tissue Engineering Applications

composition size (nm) synthetic method” concentration magnetic field (mT) TE type ref
Fe 11 C.A. 10% (v/v) 2 cartilage 148
cobalt C. A 166 mg-mL™" 800 cartilage 185
Fe;0, 110 C.A. 0.1% (v/v) cartilage 227
Fe;0, 100 C. A 1-20% (w/w) 500 cartilage 228
Fe,0, 10 thermal decomposition 0—10% (w/w) 15 bone 243
Fe;0, 71.5 co-precipitation 2.5-5.0 mg:mL ™! 240 bone 246
Fe;0, 10 co-precipitation 0.5-1.0 mg:mL™" 400 bone 249
7-Fe,0;4 10—-15 co-precipitation 0—80% (w/w) bone 250
iron oxide” 7 co-precipitation 5% 107%% (v/v) 108 tendon 29
Fe,0, 250 C.A 0.018:1 (%, w/w) 350 tendon 146
Fe;0, 10 in situ precipitation 350 tendon 261
Fe;0, 250 C.A. 1.8—3.6% (w/v) 350 tendon 299
iron-based 7 co-precipitation 0.2—0.4 mg-mL™" 350 enthesis 28
cobalt 25 C. A 150 mg-mL™! 530 skeletal muscle 150
Fe;0, 200 C.A. 37.5% (w/w) 335 skeletal muscle 273
iron oxide S0 C. A 2.5 mg:mL™! 150 skeletal muscle 291
Fe;0, 780 co-precipitation 1.2% (w/v) 1.5 cardiac 151
iron oxide 80 co-precipitation cardiac 290
iron oxide co-precipitation 20—40 mg-mL ™" cardiac 292
iron oxide® 11-12 2—8% (w/w) neural 144
1000 C. A 500 uM neural 165
iron oxide” C.A. 0.4—1.0 mg-mL™"; 1.0-3.0% (v/v) 130 spinal cord 196
Fe;0,° 52 1% (w/w); 0.015% (v/v) 300 muscle/neural 204
Fe;0,; 7-Fe,0; 100 C. A 0.05% (w/v) 26 neural 296
iron oxide 100 in situ precipitation blood vessel 300
Ni 151 X 18 (rods) current-pulsed electrodeposition 500 188
carbonyl iron 2010 C.A. 0.5% (w/v) 30 189
7-Fe,0O5 23 nucleation 0.005% (w/v) 301

“C. A. = commercially available. “Rod-shaped cellulose nanocrystals decorated with 7 nm iron oxide MNPs. “Iron oxide MNPs incorporated into
poly-L-lactic acid fibers. The MNPs concentration in these fibers was 2—8% (w/w). “Iron oxide MNPs incorporated into poly(ethylene oxide-stat-
propylene oxide)-based rod-shaped microgels. The microgels concentration in the hydrogels was 1.0—3.0% (v/v), while the MNPs concentration in
the microgels precursor solution was 0.4—1.0 mg-mL™". °5 nm Fe;0, MNPs incorporated into PLGA fibers. The fibers concentration in the final
composite was 0.015% (v/v), and the MNPs concentration in the fibers precursor solution was 1% (w/w).

clusters is favored by more pliable scaffolds.”*® Interestingly, the

temporal stiffness of many biological microenvironments, such
as myocardial ECM during development,”'® has a dynamic
nature that is not easy to recreate in scaffold biomaterials.
Therefore, besides the stiffening effect usually resulting from the
incorporation of magnetic nanoparticles into the soft hydrogel
matrices, actuation of magnetic hydrogels can also be explored
for the reversible spatiotemporal modulation of hydrogels’
elasticity, a strategy that was shown to be effective in the
dynamic modulation of stem cell activity, including spreading
and differentiation.”"”

Considering these aspects, magnetically responsive hydrogels
can be leveraged for designing tailored scaffolding biomaterials
with the desired anisotropic characteristics and/or for providing
on-demand wireless mechanical stimulation in tissue-specific TE
strategies (Table 4). As aforementioned, despite the existence of
common general features, each tissue is characterized by its own
properties related to its composition and architecture, as well as
with its mechanical and biological functions.

In this section, the use of magnetic hybrid hydrogels in TE
strategies to mimic different specific tissues, namely, cartilage,
bone, tendon, skeletal muscle, cardiac muscle, and neural tissues,
is reviewed. The main characteristics of each tissue will be briefly
expanded before discussing the most relevant TE works that

have been published regarding the design of magnetic hydrogels.
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Cartilage. Native cartilage tissues are characterized by a
complex ECM structure based on collagen fibers and
proteoglycans populated by a single type of cells, the
chondrocytes.””’ Among these, articular cartilage presents
three parts with different collagen fiber arrangements: in the
superficial zone, collagen fibers are packed tightly and aligned
parallel to the external surface; in the middle layer, they are
randomly oriented, whereas in the deepest area, before the
interface with bone tissue, they are aligned perpendicularly to
the cartilage surface. Moreover, the phenotype of chondrocytes
is different in each zone, and the concentration of proteoglycans
increases from the cartilage surface to the bone side, as well as
the resistance to compressive forces (Figure 7;1).26’221’222

In order to mimic the cartilage ECM, different hydrogels
based on natural (eg, hyaluronic acid, alginate, agarose, or
chitosan) and synthetic (e.g, PEG or PVA) polymers and/or
proteins (e.g, collagen, gelatin, or fibroin) have been evaluated
as potential materials to prepare cartilage-mimetic scaf-
folds.”**~**° In addition, as mechanosensitive tissue, mechanical
stimulation can be an effective strategy to enhance the
mechanical, structural, and cellular properties of tissue-
engineered constructs toward mimicking those of native
cartilage.”**

The use of magnetic materials to induce the magneto-
mechanical stimulation of cells in cartilage TE has been quite an
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Figure 8. (a) Schematic illustration of the hierarchical organization of bone tissues from the macro- to the nanoscale (Reproduced with
permission from ref 251. Copyright 2016 Wiley-VCH). (b) Application of magnetic hydrogels in bone TE. After 3 weeks in culture under the
application of a static magnetic field (SMF), PEG-based cell-laden hydrogels with incorporated MNPs showed high levels of calcium deposition
(alizarin red staining image). Confocal microscopy image also demonstrates that magnetic stimulation promotes an increase of CD31+ cells
population, indicating the vasculogenic potential of the designed composites. The composites were implanted subcutaneously into nude mice,
observing from pCT images different density gradients in the tissues generated in vivo. The highest degree of mineralization (red color) was
observed in MNPs-loaded hydrogels previously cultured in osteogenic medium under magnetic stimulation (MNP/SFM in OM), with a
significant increase from week 1 to week 8. The decrease on the overall volume of tissues with time in vivo was attributed to degradation of
hydrogels/tissue remodeling (Adapted with permission from ref 247. Copyright 2019 Elsevier).

effective approach. For example, Huang et al’® prepared

reinforced nanocomposite magnetic hydrogels using PVA,
hydroxyapatite particles and maghemite MNPs. The incorpo-
ration of MNPs enhanced the mechanical properties of the
scaffolds and promoted the proliferation and the chondrocyte-
related gene expression of the seeded bone mesenchymal stem
cells. In another work, commercially available MNPs and human
hyaline chondrocytes were incorporated within a fibrin—agarose
hydrogel.”*” The presence of magnetic materials increased the
values of the storage and loss moduli in the designed composites,
although they were still much weaker than native cartilage tissue.
Moreover, the inclusion of MNPs did not have a negative effect
over the expression of collagen type II by chondrocytes and the
cytocompatibility of the designed biomaterials, constituting a
promising approach to engineer cartilage tissues. Further et al.'®
combined the use of magnetic materials with the application of
external magnetic fields for the magnetomechanical stimulation
of the cells. These authors designed magnetic hydrogels through
the addition of MNPs to a styrene maleic anhydride copolymer
solution before the gelation step. Human mesenchymal stem
cells were seeded on the scaffolds and a noncontinuous 800 mT
magnetic field was applied (2 s on followed by 10—225 s off),
which promoted the chondrogenic differentiation of the cells
without any additional chondrogenesis stimulating growth
factor. In this way, it was demonstrated that a pure mechanical
stimulation derived from the deformation of the magnetic
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scaffolds under the application of external magnetic fields allows
the desired cell differentiation for cartilage TE. In a slightly
different approach, commercially available dextran-coated
MNPs were blended with agarose hydrogels.””® In order to
recreate the mechanical properties and architecture of native
cartilage, three hydrogel layers with different agarose concen-
trations (1, 2, and 2.5% (w/w)) were integrated, resulting in a
scaffold with decreasing compressive moduli from top to
bottom. Bovine chondrocytes were then seeded into the
different layers of the composite and cultured in chondrogenic
medium under the application of a 500 mT magnetic field. After
14 days, the scaffolds exhibited depth-dependent strain and a
biochemical gradient of sulfated glycosaminoglycans similar to
native cartilage tissues.

In the aforementioned works, MNPs were only exploited to
stimulate cells encapsulated within the magnetic hydrogels.
However, magnetic materials can also be used to create
hydrogels with anisotropic architectures, which is of great
interest for the correct mimicking of cartilage tissues. For
example, magnetically assisted 3D printing technique was
exploited to produce anisotropic bilayer composites using
collagen—agarose hydrogels containing iron oxide nanoparticles
under extremely weak 2 mT magnetic fields.'"*® The collagen
fibers were forced to align in the desired direction due to the
unidirectional traveling motion of MNPs across the hydrogel,
allowing one to obtain random-to-aligned collagen fibers

https://dx.doi.org/10.1021/acsnano.0c08253
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organization (Figure 7b). Due to this anisotropic structure, the
generated scaffolds showed reinforced directional mechanical
properties in comparison with monolayer composites. More-
over, when chondrocytes were loaded into these scaffolds, they
expressed more collagen type II in comparison to solely
randomly orientated fiber constructs, suggesting that the
proposed concept might have the potential to be applied in
cartilage TE.

Bone. Bones are mineralized connective tissues that compose
the skeleton of vertebrates, harboring the bone marrow. The
ECM ofbones consists of hydroxyapatite nanocrystals deposited
periodically along collagen fibers forming complex composite
structures hierarchically organized from the nano- to the
macroscale.”*”**° The bone cells, located between the collagen
fibers, are the living elements responsible for bone homeostasis
and response to external stimuli. Morphologically, the bone can
be classified into cortical or trabecular bone. Cortical bone is
more compact and solid (<20% porosity) and consists of
cylindrical structures (Haversian canals) with a central channel
enclosing a blood vessel and surrounding it by concentric rings
of bone matrix, whereas trabecular bone (>90% porosity) is
structured in plates (trabeculae) offering a larger surface area to
mass ratio, making it an effective structure for ion exchange
(homeostasis) and imparting flexibility in load-bearing bones.”"
Cortical bones are characterized by highly anisotropic
mechanical properties, presenting an elastic modulus close to
20 GPa when the force is applied along the Haversian system
which decreases to 8 GPa along the transverse axis. On the other
hand, trabecular bone is softer and more flexible and presents
more isotropic mechanical stiffness, with elastic moduli between
50 and 100 MPa (Figure 8a).”*

The characteristic very high toughness and stiffness of bone
tissues limit the potential use of hydrogels in bone TE,
particularly for the regeneration of critical size defects in load-
bearing bones.****** Notwithstanding, many composite hydro-
gel-based systems containing osteopromotive and reinforcing
ceramic particles have been proposed for bone TE.***~**’ For
example, the incorporation of hydroxyapatite microparticles™**
or disk-shaped nanosilicates™*” within GelMA hydrogels has
been analyzed, observing high increases on the storage modulus
of the scaffolds by the sole influence of the particles in the first
case and the proliferation and osteogenic differentiation of the
encapsulated stem cells in both.

The incorporation of magnetic materials and the subsequent
application of magnetic fields may present different advantages
for bone TE strategies. First, although it is a low-explored
strategy, MNPs can be used to provide the biomaterials with the
anisotropic hierarchical architecture observed in native bone
tissues. Moreover, the magnetic forces at the interface between
cells and hybrid composites have been shown to activate
sensitive receptors of the cell’s surface, enhancing cell activity
and promoting the bone formation process and the integration
of scaffolds into the host bone.”*°>** On the other hand, MNPs
present high specific stiffness and strength, which can be
leveraged to improve mechanical properties of bone-engineered
constructs.'®* In this regard, magnetic PCL-based matrices have
been commonly used as support for bone-mimicking scaffolds
due to their low toxicity and high toughness and strength.***~**

Although hydrogels are not the first choice for developing
bone scaffolds, there are a few, but promising, reports using
magnetic hydrogels in the field. For example, magnetite MNPs
modified with basic fibroblast growth factor were incorporated
within the structure of silk fibroin-based hydrogels.”*® The
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presence of MNPs induced significant increases in the water
uptake and the stiffness of the composites. In vitro studies
performed under the effect of a 240 mT magnetic field showed
that the designed composites maintain the viability of human
osteoblasts-like cells and enhance alkaline phosphatase (ALP)
activity, one of the main markers of osteoblasts differentiation
and bone formation. In a recent work, PEG-based hydrogels
incorporating MNPs were used to magnetomechanically actuate
the encapsulated cells from the stromal vascular fraction (SVF)
of human adipose tissue.”*” Magnetic actuation of the constructs
with external magnetostatic fields significantly increased the
expression of different osteogenic markers and deposition of the
mineralized matrix while simultaneously inducing a strong
activation of endothelial, pericytic, and perivascular genes, as
well as an enrichment in the CD31+ cells population, suggesting
that besides promoting osteogenesis progenitor cells it also
favors vasculogenesis, both critical events for bone regener-
ation.”*® Interestingly, the stimulation of cell signaling pathways
involved in the mechanotransduction suggested that these
effects are mediated by the mechanical stimuli applied through
magnetic actuation of the constructs. Overall, these results
indicate that magnetomechanical actuation is a promising
strategy to improve the functionality of bioengineered bone
tissue grafts (Figure 8b).

As mentioned, the use of osteoinductive nano- and micro-
particles is a widely explored approach in bone TE, having also
been evaluated for its combination with the incorporation of
MNPs. For instance, Huang and Chu** integrated magnetite
MNPs and hydroxyapatite NPs within injectable methoxy-
(PEG)-polyalanine hydrogels. MC3T3-El rat preosteoblasts
were encapsulated within the composites and cultured under the
application of 400 mT magnetostatic or moving fields. The
designed scaffolds up-regulated osteoblasts’ proliferation and
differentiation markers such as alkaline phosphatase and
osteocalcin, indicating an osteogenic commitment. In a slightly
different approach, maghemite MNPs were synthesized and
then coated with hydroxyapatite shells.”*° The hybrid ceramic—
magnetic particles were composited with PVA hydrogels,
increasing the porosity and compressive strength (up to 29
MPa) of the resulting structures. The hydrogels with both
magnetic and ceramic phases promoted higher degrees of cells
adhesion and proliferation of human SV40 osteoblasts than pure
PVA and hydroxyapatite—PVA formulations.

Tendon and Tendon-to-Bone. Tendons consist of dense
networks of collagen type I fibers aligned in the direction of the
long axis of the tissue, connecting bones, and muscles. In
addition to collagen I (70%—80% dry weight of normal tendon),
collagen types III, V, or XII are also present, as well as
proteoglycans and glycoproteins such as elastin or fibronectin.'®
Tendon tissues are loaded in the direction parallel to fibers and
display anisotropic and viscoelastic properties at all levels of
hierarchy. The complex structure of tendons’ ECM allows fibrils
(nanometric scales), fibers (small groups of fibrils), and fascicles
(micrometric scale) to slide side by side, giving rise to singular
mechanical properties. Moreover, the mechanical properties
also depend on the nature of the tendon tissue and the aging.
Thus, human patellar tendon characterized by a Young’s
modulus of around 650 MPa, while in tibialis anterior tendon
it increases to 1200 MPa.”*”> Regarding the biological
component, the ECM surrounds a scarce resident cell
population, mainly composed of tenocytes, which are typically
found in rows between collagen bundles showing elongated
morphologies.”*****

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure 9. Schematic illustration of (a) tendon-to-bone interface (Adapted with permission from ref 35. Copyright 2015 Elsevier) and (b)
tendon/ligament tissues (Adapted with permission from ref 265. Copyright 2018 The Authors under a Creative Commons CC BY License
(https://creativecommons.org/licenses/by/4.0/), published by MDPI). (c) Application of magnetic hydrogels in tendon-to-bone TE:
development of biphasic hydrogels with well-differentiated anisotropic (incorporation and magnetic alignment of cellulose nanocrystals) and
mineralized (incorporation of hydroxyapatite NPs) phases. From confocal images, it can be observed that anisotropic phase induces higher
aspect ratio of the nucleus of encapsulated cells (scale bars = 100 gm). Moreover, osteogenic differentiation-related marker osteopontin (OPN)
is highly expressed in mineralized phase, while tendon-related marker tenascin (TNC) is highly expressed in anisotropic phase (Adapted with
permission from ref 178. Copyright 2019 American Chemical Society).

Furthermore, the interface between tendon and bone (also
called enthesis) is a biomechanical buffering region mainly
composed by collagen II and aggrecan and characterized by
complex gradients in composition, organization, mechanical
properties, and cells phenotype.”>> From tendon to bone, there
is a gradual transition from soft to stiff, from unmineralized to
mineralized, from low to high cellularization, and in the
anisotropy degree of the ECM/cell alignment (Figure 9a,b).”"

Several works show the relevance of the highly anisotropic
uniaxial architecture in order to mimic the structure of tendon
tissues and provide cells the cues for their tenogenic differ-
entiation.”**~**" Although electrospinning and wet-spinning are
the preferred techniques to prepare nano- and microfiber-based
scaffolds to mimic tendon, their lack of 3D structure is a
limitation, which has fostered the development of innovative
strategies to incorporate these fibers into hydrogels. For
instance, hydrogels prepared with aligned electrospun PCL
nanofibers™ or wet-spun GelMA microfibers*® showed the
desirable anisotropic architectures, which induced an elongated
morphology and the differentiation of the encapsulated stem
cells into the tenocyte lineage.

As mechanosensitive tissues, the development of magnetic
responsive hydrogels capable of stimulating cells and/or
showing anisotropic architecture might be an important
progress to achieve functional tendon TE constructs, which
has been mainly investigated by our team. In order to remotely
stimulate cells, iron oxide MNPs were added to tropoelastin-
based hydrogels through an in situ precipitation method,
observing a highly uniform distribution of the magnetic material
in the 3D network.”" Interestingly, the presence of MNPs
changed the secondary structure of tropoelastin, leading to
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spongy-like hydrogels with quasi-anisotropic lamellar-like
structures with smaller pore sizes and lower swelling extents
than nonmagnetic hydrogels. Human tendon-derived cells were
seeded on the magnetic scaffolds, which were exposed to an
oscillating magnetic field (350 mT; oscillation, 2 Hz; 0.2 mm).
After 14 days in culture, the magnetic scaffolds improved the
adhesion and viability of tendon cells, providing evidence of
their potential for tendon tissue regeneration.

The use of magnetism to fabricate anisotropic hydrogels for
tendon TE was explored by Aratjo-Custédio et al.”” in a recent
work. Here, rod-shaped cellulose NPs were co-precipitated with
iron oxide MNPs, which aligned within gelatin-based hydrogels
through the application of 108 mT magnetic fields. The
microstructural pattern derived from NPs distribution provided
hydrogels with highly anisotropic mechanical properties
(maximum storage modulus in the direction parallel to the
main axis of alignment). Moreover, the anisotropic character-
istics induced an elongated morphology and directional growth
of the hASCs encapsulated or seeded in the hydrogels.
Nevertheless, we did not test stem cells’ tenogenic commitment,
which only allows one to suggest the potential application of this
concept to mimic highly anisotropic tissues such as tendons.

The engineering of tendon-to-bone interfaces has mainly
relied on the development of fiber-based scaffolds showing
gradients of fibers’ alignment and/or mineralization de-
gree. 2627264 As more biomimetic alternative, similar to tendon,
strategies, magnetically responsive hydrogels have been
proposed as potential supports for the design of enthesis-like
composites. For instance, magnetic hydrogels were used to
remotely stimulate the encapsulated cells and induce the
biological characteristics of enthesis.”® For that, iron oxide

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure 10. (a) Schematic illustration of the organization of skeletal muscle tissues (Adapted with permission from ref 276. Copyright 2019
Elsevier). (b) Application of magnetic hydrogels in skeletal muscle TE. Evaluation of magnetic alginate-based hydrogels for the in vivo
regeneration of tibial anterior muscles of mice; histological cross-section images of muscles show that after 2 weeks mean muscle fiber size is
greater in muscles treated with ferrogels under magnetic stimulation compared with no-treatment controls. Moreover, injured muscles treated
with stimulated ferrogels showed significant increases in specific peak contractile force after 2 weeks, 2.6-fold over no-treatment controls
(Adapted with permission from ref 274). (c) Application of magnetic hydrogels in skeletal muscle TE. Confocal images of C2C12 myoblasts
encapsulated in microfiber-shaped magnetic hydrogels showed that cells in unstrained hydrogels present random orientation after
encapsulation. However, cells in hydrogels magnetically stretched at 10% for 14 days present an increasing polarization parallel to the stretch
direction. This observation indicates the alignment of the encapsulated cells within the designed 3D matrix as a function of the uniaxial
stretching time, mimicking in this way native muscle tissues (Adapted with permission from ref 275. Copyright 2015 Wiley-VCH).

MNPs were prepared through a co-precipitation method and,
then, incorporated into methacrylated chondroitin sulfate
hydrogels together with tendon-derived cells and osteogenically
differentiated stem cells. The application of an oscillating
magnetostatic field modulated the intrinsic properties of the
magnetically responsive composites, allowing the replication of
the forces exerted on cells in native tissues. Although this
strategy did not mimic the characteristic anisotropy of enthesis
tissues, magnetic stimulation enabled achieving a control on the
cell response, creating the desired biological gradients within the
hydrogels.

For the purpose of recreating the characteristic gradients of
the enthesis, gelatin hydrogels incorporating hydroxyapatite
microparticles or diamagnetic rod-shaped cellulose nanocrystals
were used to engineer constructs with two different phases,
mimicking the bone and tendon, respectively.'”® In the bone-
like phase, the presence of hydroxyapatite particles increased the
stiffness of the composites and induced the differentiation of the
encapsulated hASCs to osteogenic lineages, increasing the
alkaline phosphatase activity and up-regulating the expression of
bone markers such as osteopontin. In the other phase, the
application of a 400 mT magnetostatic field during gelatin cross-
linking resulted in the alignment of the cellulose crystals, which
induced cell elongation and alignment and increased the
deposition of tenascin (tendon marker). Thus, these authors
obtained magnetic scaffolds with gradients on their structure,
mineralization degree and cellular organization/differentiation
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similar to those observed on tendon-to-bone native interfaces
(Figure 9¢).

Skeletal Muscle. Skeletal muscle represents more than 40%
of total body weight. Its structure consists on multinucleated cell
fibers (myofibers) with highly uniaxial alignment degree along
the main axis of the tissue. Individual myofibers are hierarchi-
cally organized and wrapped by a thin connective tissue mainly
composed of laminin and collagen types I and IV.**® Skeletal
muscles are populated by myocytes, cells characterized by an
elongated morphology and tubular structure, which are fused to
form the myofibers (a process known as myogenesis).”*”
Skeletal muscles are considered soft tissues, with maximum
elastic modulus in the range of several tens of kPa.**® Their
anisotropic mechanical response is observed, for instance, in the
elasticity of porcine tracheal muscle, which is 31 and 8 kPa in the
axial and circumferential directions of fibers, respectively.”*’
Moreover, skeletal muscle tissues also present anisotropic
electrical behavior, being able to carry higher electric current
flows along the main axis of muscle fibers than in other
directions (Figure 10a).””°

Muscle TE strategies are focused on the design of anisotropic
scaffolds that provide cells the adequate features for their
alignment, elongated growth, and fusion. Natural and synthetic
polymers prepared in the form of micro-/nanofibrous or porous-
aligned scaffolds have been proposed as supports for muscle-
engineered composites.”*® In order to provide them with the
desired mechanical/electrical properties, the use of different

https://dx.doi.org/10.1021/acsnano.0c08253
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Figure 11. (a) Schematic illustration of the anisotropic architecture of cardiac tissue (Reproduced with permission from ref 293. Copyright
2014 Springer Nature). (b) Application of magnetic hydrogels in cardiac TE. Magnetic stimulus promotes a morphological change in the
endothelial cells seeded onto alginate hydrogels modified with MNPs after 14 days of culture. Stimulated cells in magnetic scaffolds were mostly
found in separated looplike structures similar to those observed for native cardiac tissues, instead of a massive interconnected structure (Scale
bars = 30 pm. Adapted with permission from ref 151. Copyright 2012 Elsevier). (c) Application of magnetic hydrogels in cardiac TE.
Anisotropic PEG-based hydrogels were prepared by stacking two layers in the form of a 3D tube. Image sequence shows that the incorporation
of MNPs within the constructs enabled the magnetic gradient pulling-based actuation of the folded structures using a neodymium magnet (scale
bar = 1 mm). The Cor4u cardiomyocytes incorporated inside the tubes exhibit high viability and preserve their contractile function over the
course of 7 days (scale bar = 20 ym). (Adapted with permission from ref 291. Copyright 2018 Wiley-VCH).

structures such as carbon nanotubes’’' or electrospun
conductive fibers”’* has been evaluated.

Magnetically responsive hydrogels have also been studied as
potential scaffolding materials to provide the contractions
necessary to engineer skeletal muscle tissues. In a very recent
work, magnetic polyacrylamide hydrogels were prepared
through a grafting-onto method.””® For that, magnetite MNPs
were coated with 3-(trimethoxysilyl)propyl methacrylate, this
compound acting as cross-linker and generating covalent bonds
between MNPs and hydrogel monomers, thus preventing their
loss or leaching. The high magnetic content of the composites
(60% of the weight of polymer and water) allowed fast responses
to the application of an external magnetic field, also providing
them high tensile strength and fracture toughness. Through the
application of a non-uniform magnetic field with maximum
intensity of 335 mT created by an electromagnet, contractions
along the axial directions of the hydrogels up to 22% of their
original lengths can be reached, which highlighted their potential
use as artificial muscles. Similarly, hydrogels prepared with high
content of cobalt NPs covalently bonded to the polymer
network were tested for their potential as artificial muscles."’
Elongation and contraction movements were induced using a
parallel arrangement of the magnetic hydrogel and the magnetic
field gradient provided by a simple electromagnetic coil. The
designed magnetic hydrogels showed long-term stability and
flexibility, as well as a stretching up to 123% of their initial length,
being promising candidates for their use in muscle TE
applications. In a different work from Mooney’s group, iron
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oxide MNPs were incorporated in RGD-modified alginate
hydrogels, which were tested in vivo in injured tibial anterior
muscles of mice.””* The magnetic ferrogels showed high fatigue
resistance and the application of an external AMF (651 mT, 1
Hz) resulted in uniform cyclic compressions that led to reduced
fibrous capsule formation around the implant, as well as reduced
fibrosis and inflammation in the injured muscle. In contrast, no
significant effect of ferrogel actuation on muscle vascularization
or perfusion was found. Thus, it was demonstrated that the
designed magnetic scaffolds can mechanically stimulate injured
skeletal muscles and promote their regeneration (Figure 10b).
Microfiber-based constructs composed of GelMA and dimetha-
crylated PEG modified with magnetic iron microspheres were
also evaluated to engineer skeletal muscle tissues.””> The
magnetically responsive hydrogels were stretched using the
magnetostatic field created by a single neodymium magnet,
observing that the applied tensile force induce the spreading,
proliferation and differentiation of the encapsulated C2C12
myoblasts. The cells showed significant alignment parallel to the
stretch direction and myosin heavy chain formation after 14 days
in culture. The structural maturation of the composites was
evident from the progressive increases in the myotubes diameter
and in the expression of skeleton muscle-specific proteins with
the time of culture (Figure 10c).

Cardiac Tissue. Cardiac tissue is a specialized type of muscle
that constitutes the walls of the heart. The ECM is composed
mainly by collagen type I and collagen type III, with elastin,
fibronectin, laminin, or different glycoproteins also present in
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lower percentage, lending high viscoelastic properties.”’” These
molecules are anisotropically organized, allowing direction of
the force generated by cardiac contractions and expansions in
the same direction.””® Furthermore, the bioelectrical signals
generated by the heart are transmitted through cardiac tissue as a
result of its conductive and contractile properties originated by
the alignment and coupling of cardiomyocytes (Figure 11a).””

The scaffolds for cardiac TE have to mimic the mechanical
properties of the native tissue, provide cells with cues for their
correct orientation and elongation in order to recreate their
specific contractile properties, and allow electrical conductiv-
ity.”® The use of conductive polymers, such as polyaniline”®" or
polypirrole,”** as well as the incorporation of noble metals** or
carbon-based particles”®* has been evaluated for cardiac TE
strategies. Among the latter, the rod-shaped morphology of
carbon nanotubes makes them especially suited to aim for
cardiac TE applications. These kinds of NPs have been used to
create highly conductive scaffolds with anisotropic architecture

that promoted the growth of elongated cells similar to those
283,286

286

observed in cardiac native tissues.

Although the use of electric fields”* or acoustic waves™*” have
been more explored in the field of cardiac TE, magnetic
strategies for fabrication and stimulation can be applied to mimic
the physical/biological organization of cardiac tissues, as well as
a tool to reproduce the cardiac contraction—expansion rhythm
in the designed hydrogels.”**** For example, Sapir et al."'
explored the use of MNPs for the remote stimulation of cells in
cardiac-engineered constructs. For that, co-precipitated magnet-
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ite MNPs were blended with alginate macroporous hydrogels
fabricated by a freeze-drying technique. Bovine aortic
endothelial cells were seeded onto the scaffolds, and an
extremely weak AFM generated by Helmholtz coils (1.5 mT,
40 Hz) was applied. The exposure of magnetic scaffolds to AFM
and the consequent mechanical stimulation promoted the
organization of the endothelial cells into early capillary-like
structures, mimicking the biological architecture of native
cardiac tissue (Figure 11b).

As an example of the use of magnetism for biofabrication of
scaffolds for cardiac TE, paramagnetic iron oxide nanoparticles
synthesized by co-precipitation were incorporated into collagen
films.>”® Through the application of external magnetostatic
fields (obtained by two parallel magnets or current wire setups),
it was possible to obtain micropatterns of MNPs within the
collagen matrices. This strategy allowed an increase of the
electrical conductivity of the designed scaffolds without adding
highly conductive compounds. In this way, the authors
demonstrated the importance of the anisotropy to mimic
propetrly the electroconductive properties of cardiac tissues,
designing a useful tool in order to trigger stem cells’ cardiac
differentiation. In another interesting work, PEG diacrylate-
based hydrogels consisting of two stacked 2D layers modified
with commercially available MNPs were also evaluated as
potential scaffolds for cardiac and muscle TE.*”' For that, the
layers were folded into 3D tubes and cardiomyocytes were
seeded inside, exhibiting high adhesion and viability and

preserving their contractile function over the course of 7 days.
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The presence of MNPs enabled the remote movement of the
composites under the application of a 150 mT generated by a
single magnet setup, envisioning not only the desired uniaxial
organization of cells but also a fine positioning in the
implantation site (Figure 11c). Magnetically responsive cryogels
based on GelMA and methacrylated elastin modified with
carbon nanotubes and magnetite MNPs were also evaluated for
cardiac TE purposes.””” The resultant scaffolds combined
excellent elasticity, flexibility, and stress-dependent conductivity
under the application of external magnetic fields in the mT
range, thus being excellent candidates to be used as remotely
controlled conductive bioactuators for cardiac TE. However,
these authors also did not encapsulate/seed cells in order to
evaluate the biological behavior of the designed composites.

Neural Tissue. Neural tissue is the specialized part of the
nervous system that receives and transmits the nerve impulse
across the body. Neurons, the most common cells in neural
tissues, present a cell body and elongated extensions (axon and
dendrites), thus showing highly anisotropic characteristics. In
contrast with other anisotropic tissues, such as bone or cartilage,
neural tissues are among of the softest of the human body and
are characterized by elastic moduli lower than 1 kPa.*”* To reach
these values, soft hydrogels are typically used as templates to
mimic this tissue, in almost all cases combined with other
biophysical and biological cues that §uide and stimulate oriented
neural tissue growth (Figure 11a).”

In a very interesting approach, the effect of magneto-
mechanical stimulation of neuron cells was analyzed using
magnetic microparticles blended into high molecular weight
hyaluronic acid hydrogels.'®> The resultant composites
mimicked the mechanical properties of the spinal cord ECM,
showing a storage modulus of 0.14 kPa. Moreover, the magnetic
hydrogels facilitated the healthy growth of the encapsulated
dorsal root ganglion neurons as well as the expression of
excitatory and inhibitory ion channels. In this sense, the authors
studied the effect of magnetomechanical stimulation of the
composites using a 2 T permanent magnet. While short-term
“acute” stimulation enhanced the opening of endogenous
mechanosensitive ion channels allowing calcium influx, long-
term “chronic” stimulation reduced the expression of these
channels. Thus, these hydrogels are a versatile tool to study not
only the effects of magnetomechanical stimulation but as well a
possible therapeutic strategy to reduce the expression of
mechanosensitive channels typically overexpressed in patients
suffering from chronic pain.

Other works explored the use of magnetism to fabricate
hydrogels with anisotropic architecture, mimicking the proper-
ties of native neural tissues and providing cells the adequate cues
for their elongated growth and/or neuronal differentiation. For
example, Antman-Passig et al’’° added magnetite and
maghemite MNPs to a collagen solution and applied a weak
magnetic field (25.5 mT) during polymer gelation. This external
stimulus resulted in MNPs aggregation in the form of magnetic
strings along the lines of the applied magnetic field within the
hydrogels. In addition, the anisotropic distribution of the
magnetic material also led to an alignment of the collagen fibers.
The physical cues provided by the scaffolds induced the
elongation (aspect ratio twice as high as control) and directional
growth of the encapsulated primary neurons derived from the
medicinal leech (a type of worm), mimicking in this way the
characteristic cellular features of native neural tissues. To
validate the capacity of the ferrogels to direct neuronal growth,
the authors also analyzed the behavior PC12 cells (derived from
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rat adrenal medulla). Following treatment with nerve growth
factor (NGF), it was observed that PC12 cells showed oriented
growth within the anisotropic hydrogels and developed co-
oriented neurites (Figure 12b).

Since high concentrations of magnetic iron oxide particles can
decrease cell viability (especially of very sensitive cells such as
neurons),””’ lowering the amount of magnetic materials
necessary to obtain anisotropy within hydrogels has been
investigated using MNPs incorporated within rod-shaped
micro- and nanoelements. For example, PEG-based rod-shaped
microgels loaded with commercially available SPIONs were
aligned within a hydrogel matrix through the application of a 130
mT magnetic field, which resulted in anisotropic scaffolds with
low elastic moduli (kPa range).'”® Chicken-derived primary
dorsal root ganglions were encapsulated into NGF-supple-
mented anisotropic hydrogels, which oriented neurite growth
and blocked their extension in the perpendicular direction
(Figure 12c). In another relevant example, 12 nm SPIONs were
incorporated into electrospun poly-L-lactic acid nanofibers,
which were used in combination with collagen and fibrinogen
solutions to form hydrogels."** Under the application of
magnetostatic fields, generated by two parallel magnets
configuration, the SPIONs-loaded fibers were aligned within
the hydrogels. The anisotropy created in the hybrid composites
provided directional nanotopographic cues for the alignment of
the encapsulated primary dorsal root ganglions. The average
length of the cells increased 3-fold in fibrin hydrogels and 1.4-
fold in collagen hydrogels modified with magnetic fibers in
comparison with cells grown in nonmagnetic isotropic hydro-

gels.
CONCLUSIONS AND OUTLOOK

Anisotropic magnetically responsive hydrogels have been
confirmed as promising support materials to engineer different
tissues of the human body. By controlling the properties of the
magnetic materials incorporated into the hydrogels made of
different polymers and adjusting the applied magnetic fields, the
response of the hydrogels can be tunable, providing these hybrid
composites with the desired physical properties and biological
cues to mimic native tissues. In this way, the use of magnetically
responsive hydrogels has allowed impressive advances in the
field of TE in the past few years.

Although the magnetic manipulation of diamagnetic nano-
materials with weak magnetic response has been proposed as a
strategy to control the microstructural properties of nano-
composite hydrogels, the addition of MNPs with much higher
magnetic susceptibility has been the preferential strategy
followed to improve the magnetic control over tissue-
engineered constructs and decrease the amplitude of the
magnetic fields required for their manipulation. In this sense,
the incorporation of highly sensitive MNPs that can be remotely
controlled through the application of low-intensity magnetic
fields is one of the most important key factors in the preparation
of magnetic hydrogels. In this context, the choice of the adequate
synthetic method is critical, as is the careful design of the MNPs
in terms of size, shape, or composition, among other features to
provide them with high magnetic power and predicting their
response when an external magnetic field is applied.

The ability to arrange the magnetic materials within the
polymeric hydrogels in the desired form is crucial to engineer
tissues with highly anisotropic architecture. However, in most
cases, it is difficult to reach a high control over the
interdistances/aggregation state of free MNPs directly incorpo-
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rated within the hydrogels, hindering the creation of composites
with global anisotropy. In this sense, the design of anisotropic
nano- or microstructures, such as fibers or rod-shaped microgels,
and their subsequent modification with MNPs before their
incorporation within hydrogels has been revealed to be among
the most successful alternatives to fabricate constructs with
magnetic responsiveness and high degrees of anisotropic
microarchitectural organization.

The application of magnetically responsive hydrogels to
engineer specific human tissues such as tendon, bone, cartilage,
or skeletal muscle has seen an impressive increase during the
recent past years. In some cases, the magnetic materials
incorporated within polymeric networks have been combined
with other components such as ceramic particles or conductive
structures to properly mimic the native tissues. In this way, the
combination of cells with the hybrid nanocomposite hydrogels
under the control of programmed external magnetic fields allows
the design of biomaterials with tissue-mimetic characteristics in
terms of anisotropy and mechanical properties. These properties
have shown positive effects over the behavior of encapsulated
cells (e.g, directed migration, differentiation) in constructs
designed for different TE applications.

However, there are still many challenges related to the
application of magnetic hydrogels in the biomedical field. The
use of magnetic materials presents several problems related with
their non-negligible cytotoxicity, as well as with the safety risks
associated with the application of high-intensity magnetic fields.
On the other hand, the importance of the actual dimensions and
spacing between magnetically aligned particles in the hydrogel
matrix or the specific “design rules” of anisotropic hydrogels for
achieving the aimed biological responses are often not
sufficiently understood and need further systematic inves-
tigation. In addition, although improved, the mechanical
properties of the majority of magnetic hydrogels obtained
following the proposed synthetic routes are still not completely
satisfactory for their successful implementation in many TE
strategies requiring mechanical support, particularly for high-
load-bearing tissues. The design of magnetic composite
hydrogels that combine controlled magnetic properties with
the required mechanical and biological performance has,
therefore, considerable room for improvement.

The development of the next generation of magnetic hydrogel
biomaterials would definitely benefit from an increased
integration of bioengineering and physical science knowledge.
The design of MNPs with high magnetic power, which can be
synthesized following the available strategies discussed here,
would allow one to decrease the required amount of magnetic
material and the intensity of the applied magnetic fields for
achieving the targeted responsiveness, minimizing the afore-
mentioned associated risks. Therefore, we expect that the
incorporation of rationally designed MNPs into hydrogels’
matrices will allow a greater control over their resulting
mechanical/biological properties and will also contribute to
facilitate the implementation of this kind of biomaterials in
clinical practice.

The use of magnetic hydrogels has been suggested for TE
strategies of many different tissues, particularly for mechano-
sensitive tissues of the musculoskeletal system that present
characteristic uniaxial anisotropic architectures in their cell and
ECM organization, which are crucial for their function,
including, e.g,, bone, cartilage, or skeletal muscle. Nevertheless,
most human body tissues have hierarchical architectures
organized in anisotropic structures. The additional design
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control allowed by magnetic materials and fabrication
technologies could thus be leveraged for improving the
regenerative outcome of a much wider range of TE strategies.
On the other hand, besides being used for the uniaxial alignment
of magnetic elements to produce hydrogels with uniform
microarchitectures, experimental setups that allow for the
generation of magnetic field gradients or defined magnetic
patterns could be applied to engineer tissues that present regions
with different anisotropic patterns on their structural organ-
ization, such as cartilage or cornea.

In terms of fabrication technologies, the recently introduced
magnetically assisted 3D printing technique has the potential to
significantly increase the level of control and to widen the
available design space of hybrid magnetic composites. However,
as mentioned throughout the review, just a few works have used
this technique in the field of TE."*”'** Significant hardware
configuration evolutions are still needed to fully explore the
design liberty that this technology promises, making it a field
with many possibilities to be explored. In this sense, we expect
that the strategies for the preparation of advanced magnetic
materials detailed here, combined with the progress on the
required setups for the generation of tunable external magnetic
fields, will contribute to increase the fabrication with nano- to
macroscale precision of hydrogel-based constructs.

Beyond the fabrication and design aspects of the materials, the
possibilities that magnetic hydrogels offer for remote actuation
are intrinsic characteristics that can be explored in multiple ways.
Several works have explored the responsiveness of magnetic
hydrogels to magnetomechanically stimulate encapsulated cells
and improve the overall performance of the proposed TE
strategy. However, this concept can be further evolved to
incorporate into magnetic hydrogels additional stimulation
possibilities besides the magnetic and mechanical ones allowed
by the current systems.

For example, the combination of electrical and magnetic
responses has attracted intensive research efforts in the past few
years. Among these, the incorporation of electrically responsive
elements within the internal structure of the MNPs*** or the
formation of external shells around them®** have been the most
common design approaches. These types of nanostructures
could be particularly useful to improve the regenerative potential
of TE strategies proposed for tissues that not only require
anisotropic structure for function but are also responsive to
electrical stimuli, such as cardiac tissues or nerves.

Several unpredicted directions for future regenerative
strategies might also arise from the intersection of TE with
other biomedical branches that are showing exciting develop-
ments with magnetic hydrogels. In this sense, biodegradable
magnetic “milli-robots” (microfabricated hydrogels with aniso-
tropic armaments of MNPs whose motion can be controlled by
external magnetic fields) are being proposed as potential devices
for minimally invasive medical applications inside the human
body.””* The questions of whether these milli-robots can
transport cells as cargo to an injury site and/or anchor on it to
stimulate endogenous regenerative mechanisms remain to be
tested and answered. However, these questions also suggest that
the potential of magnetic hydrogels with bioinspired ordered
structures in the field of TE is wide-ranging and in many aspects
still quite unexplored. Therefore, we foresee the surge of many
exciting developments in this field in the near future.
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VOCABULARY

Tissue engineering, interdisciplinary field that involves the use
of knowledge and technology from life sciences and engineering
to develop biological substitutes that restore, maintain, or
improve tissue function or a whole organ; Nanoparticles,
particles with their three size dimensions below 100 nm that
usually display physicochemical properties different from those
observed on their bulk materials counterparts; Magnetic
biomaterials, natural or synthetic magnetically responsive
substances that present the suitable characteristics to be
introduced into living tissues for biomedical purposes (the
magnetic behavior is typically provided through the incorpo-
ration of magnetic materials); Anisotropic hydrogels, hydrogels
that present directionally dependent properties (one or more
physical, chemical and/or biological properties change with
direction along these types of hydrogels); Magnetic field, vector
field originated around magnets, electric currents, or changing
electric fields (moving charged particles) and which makes a
magnetic force move electric charges and magnetic dipoles;
Remote actuation, use of remote stimuli, such as light or
magnetic/electric fields, to manipulate constructs that have parts
with responsive properties to these external stimuli in the
desired way; Magnetomechanical stimulation, use of remote
magnetic fields to produce mechanical stimuli in the designed
constructs on the basis of the movement/physical change of the
previously incorporated magnetic materials.
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