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Many soft tissues of the human body possess hierarchically anisotropic structures, exhibiting orientation-

specific mechanical properties and biological functionality. Hydrogels have been proposed as promising

scaffold materials for tissue engineering applications due to their water-rich composition, excellent bio-

compatibility, and tunable physico-chemical properties. However, conventional hydrogels with homo-

geneous structures often exhibit isotropic properties that differ from those of biological tissues, limiting

their further application. Recently, magnetically anisotropic hydrogels containing long-range ordered

magneto-structures have attracted widespread interest owing to their highly controllable assembly strat-

egy, rapid magnetic responsiveness and remote spatiotemporal regulation. In this review, we summarize

the latest progress of magnetically anisotropic hydrogels for tissue engineering. The fabrication strategy

of magnetically anisotropic hydrogels from magnetic nanofillers with different dimensions is systemically

introduced. Then, the effects of magnetically anisotropic cues on the physicochemical properties of

hydrogels and the cellular biological behavior are discussed. And the applications of magnetically aniso-

tropic hydrogels in the engineering of different tissues are emphasized. Finally, the current challenges and

the future perspectives for magnetically anisotropic hydrogels are presented.

1. Introduction

Tissue engineering aims at recreating tissue to repair defects
in vivo, while accelerating wound healing and reducing
medical complications.1,2 Therefore, tissue-engineered bio-
mimetic scaffolds should have a structure and composition
that mimic the extracellular matrix to provide cells with a wide
range of biochemical and biophysical cues. The natural extra-
cellular matrix (ECM) contains fibrous structural proteins for
maintaining structure, adhesive proteins for signaling, and
non-structural proteins for storing bioactive substances, which
play important roles in cellular transport properties, mechani-
cal transduction, and growth factor signal transduction.3–5

Furthermore, many biological tissues, such as skeletal muscle,
bone, and cartilage, exhibit anisotropic properties derived
from inherent ordered structures and are crucial for maintain-
ing physiological activities and adapting to complex
environments.6–8 For example, skeletal muscle, as the core of
our driving system, self-assembles its collagen proteins into
1D fiber bundles that orient and aggregate under the action of
motor proteins, generating directed forces or providing shock
absorption.9,10 Similarly, the ordered multilayered structure

composed of collagen fibers provides cartilage with a mecha-
nism for low friction, high strength, and energy dissipation.11

Thus, biomimetic scaffolds replicating the multilevel ordered
hierarchy is also of great importance for tissue repair and func-
tional recovery.

Among the many biomaterials, hydrogels with water-
swollen 3D network structures are among the most promising
candidates for the development of tissue engineering bio-
mimetic scaffolds, which is mainly owing to their water-rich
composition similar to the native ECM, excellent biocompat-
ibility, elasticity, thixotropy, and ease of functionalization.12–16

Based on the different sources of raw materials, hydrogels can
be classified into natural polymer hydrogels (such as gelatin,
sodium alginate, hyaluronic acid, silk fibroin, and chitosan)
and synthetic polymer hydrogels (such as polyacrylic acid,
polyvinyl alcohol, and polyacrylamide), and the appropriate
hydrogel type can be selected according to specific application
requirements.17–20 Moreover, the chemical and biophysical
properties of the obtained hydrogels can be efficiently modu-
lated by changing the way and degree of crosslinking.21–24

However, the isotropic nature of conventional hydrogels limits
their potential to mimic the anisotropic features of different
biological tissues in vivo.25–27 To fabricate structurally aniso-
tropic hydrogels, many methods have been developed to
induce a particular orientation of nanofillers or fibrous net-
works, including electric/magnetic field-induced self-
assembly,28,29 mechanical stretching,30 electrospinning,31
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directional freeze-casting,32 shear stress-induced alignment,33

etc. But many approaches have their own limitations. For
example, the electric field approach strongly relies on the
electrochemical stability of hydrogels; the mechanical stretch-
ing approach demands a tough hydrogel precursor; the electro-
spinning approach cannot control the interval between de-
posited fibers very well; the directional freeze-casting approach
faces challenges in precisely controlling the thermal gradient;
the shear alignment approach exhibits a decreased perform-
ance when faced with thick scaffolds.2,34,35 By contrast,
employing magnetic fields to fabricate anisotropic hydrogels
has attracted intensive research, because the space-pervasive
nature of magnetic fields makes their applications nondestruc-
tive, noncontact, remotely controllable and fully
biocompatible.36,37 With the application of an external mag-
netic field, the magnetic nanofillers will form long-range
ordered structures in the 3D network of nanocomposite hydro-
gels, achieving a controlled design of magnetically anisotropic
biomimetic scaffolds.2,7 Magneto-responsive hydrogels with an
anisotropic structure usually exhibit significant anisotropic
mechanical properties similar to the ECM, an enhanced mag-
netocaloric effect and conductivity.38,39 Furthermore, magneti-
cally anisotropic hydrogels combined with on-demand mag-
netic stimuli generated from applied magnetic fields can
provide cells with a specific ordered structure and regulate
their biological behavior, recreating the architectures of native
tissues.40–42

Due to the unique advantages and application value of
magnetic hydrogels, there have been several excellent
reviews that have summarized their fabrication strategies,
physicochemical properties, and biomedical
applications.21,43–46 However, relatively less attention has
been paid to magnetic hydrogels with anisotropic structures,
despite their bright prospects in the field of tissue engineer-
ing. Therefore, a comprehensive review that covers the
design strategy, anisotropic properties, novel functionality
and specific applications in tissue engineering of magnetic
hydrogels with an ordered structure is essential and mean-
ingful. In this review, we aim to summarize the significant
advances in magneto-responsive hydrogels with an aniso-
tropic structure in tissue engineering, mainly focusing on
the fabrication strategies of magnetically anisotropic hydro-
gels from magnetic nanomaterials with different dimensions
(0D, 1D, 2D). We also highlight the versatility of magneti-
cally anisotropic hydrogels, including the enhanced or regu-
latory effect of magnetically anisotropic cues on hydrogels’
mechanical, thermal and optical/electrical properties as well
as cell behavior. Moreover, the applications of recently
reported magnetically anisotropic hydrogels in various tissue
engineering fields (such as skeletal muscle, cartilage,
tendon and nerve tissue engineering) are discussed. Finally,
the future development and prospects for magnetically an-
isotropic hydrogels are discussed to improve their appli-
cation potential in different biomedical fields (Scheme 1).

Scheme 1 Schematic illustrations of the fabrication, properties and tissue engineering applications of magnetically anisotropic hydrogels.
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2. Fabrication strategies of
magnetically anisotropic hydrogels

Hydrogels with magnetic components embedded in the matrix
network are generally referred to as magnetic hydrogels.47 The
properties of magnetic hydrogels (e.g. magnetic responsiveness
and mechanical stability) depend not only on the type of
hydrogel and magnetic materials, but also on the concen-
tration, size, morphology and distribution of the magnetic
materials as well as the interactions between magnetic
materials and the polymer networks.48 Several common
approaches have been developed to fabricate magnetic hydro-
gels, including the blending method, in situ precipitation
method and grafting-onto method, which has been described
in detail in previous reviews.43,45 Many biological soft tissues
exhibit well-defined structural anisotropy, which is closely
related to their orientation-specific performance and physio-
logical activities.2 Therefore, the introduction of ordered struc-
tures in magnetic hydrogels to simulate the structure and pro-
perties of anisotropic tissues and provide suitable microenvir-
onments for cells is of great significance to promote their
application in tissue engineering. Based on the intrinsic pro-
perties of magnetic nanomaterials, magnetically anisotropic
hydrogels can be effectively prepared by magneto-induced self-
assembly technology.21 With the application of an external
magnetic field, magnetic nanomaterials are magnetized due to
the existence of magnetically responsive electrons in the
objects, thus forming long-range ordered structures in
polymer network matrixes.49 The ordered structures of mag-
netic hydrogels can be modulated systematically by changing
the size and concentration of magnetic materials and the
characteristics of the applied magnetic field.50 In the process

of hydrogel gels, this anisotropic structure can be well fixed in
the hydrogel network. This magneto-induced self-assembly
strategy has become the most common and popular approach
for preparing magnetically anisotropic hydrogels because it
has no restrictions on the dimension of the magnetic
materials and the orientation direction of hydrogel samples.7

In this section, we present recent progress in magneto-induced
self-assembly within hydrogel matrices based on the ordered
arrangement of magnetic nanofillers, including 0D, 1D, and
2D magnetic nanomaterials (Table 1).

2.1 Self-assembly of 0D magnetic nanomaterials

Due to their rapid and reversible magnetic responsiveness,
magnetic nanoparticles (MNPs) have been extensively investi-
gated as response nanounits to construct magnetically aniso-
tropic hydrogels.51,52 Under magnetic dipole interactions,
MNPs inside hydrogel precursor solutions tend to rapidly form
long-range chain or columnar structures parallel to the direc-
tion of the external magnetic field.50,53 Among various mag-
netic nanomaterials, iron oxide-based MNPs (e.g. γ-Fe2O3 and
Fe3O4) have become the most potential candidates for tissue
engineering due to their excellent biocompatibility, good
chemical stability, easy functionalization and high sensitivity
to the application of external magnetic stimuli.50 Moreover,
iron oxide-based MNPs with high saturation magnetization
can be induced to align using a low-intensity magnetic field,
thereby avoiding the potential risks caused by the use of high-
intensity magnetic fields.21

Based on the efficient self-assembly behavior of MNPs, a
variety of magnetically anisotropic hydrogels have been devel-
oped for use in different biological fields. Hu et al.38 reported
a novel magneto-response hydrogel with an anisotropic align-

Table 1 Different strategies for fabricating magnetically anisotropic hydrogels

Nano-
objects Magnetic core Hydrogel matrix

Magnetic
field Properties and application Ref.

0D IO NPs GelMA 0.02 T C2C12 skeletal myoblasts differentiate toward myotubes 55
Soft robotics

MNPs Collagen 255 G Neuronal growth in the direction of the magnetically aligned cues 54
Fe3O4@SiO2 NPs Polyacrylamide 80 mT Enhanced magnetothermal effect and controlled drug release 38
Streptavidin-coated MNPs Agarose, collagen 2 mT Cartilage tissue engineering 72

1D Fe3O4@SiO2 NRs GelMA 7.5 mT Regulation of the differentiation of iPSCs 59
IO NRs Polyisocyanide 20 mT Anisotropic mechanical properties 36
Rod-shape magnetic CNC Gelatin 108 mT Induction of the directional growth of hASCs 56
PLGA-based magnetic fibers Fibrin 100 mT Stimulation of fibroblasts and functional nerve cells to grow in a

linear manner.
65

Rod-shaped magnetic
microgels

Star-PEG-OH 100 mT Triggering of the alignment of fibroblasts and nerve cells in 3D 37

MSNFs GelMA 80 mT Skeletal muscle regeneration 73
CNCs Polyacrylamide 9.4 T Diffraction gratings 74

2D MoS2/Fe3O4 NSs PNIPAm 1 T Modulation of the photothermal efficiency and the optical
properties

58

Fe/Al2O3 platelets N-
isopropylacrylamide

300 mT Multidimensional intelligent anticounterfeiting 66

TiNS Poly(vinyl alcohol) 10 T Optical and mechanical anisotropies 75

IO: iron oxide, MNPs: magnetic nanoparticles, NRs: nanorods, NSs: nanosheets, CNC: cellulose nanocrystal, GelMA: gelatin methacrylate, iPSCs:
human induced pluripotent stem cells, hASCs: human adipose-derived stem cells, Star-PEG-OH: six-armed star-shaped poly(ethylene oxide-stat-
propylene oxide), MSNFs: magnetic controlled short nanofibers, PNIPAm: poly(N-isopropyl acrylamide).
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ment of magnetic colloids inside for drug delivery. The mixture
solution containing magnetic nanospheres was poured into the
module that was exposed to a static magnetic field, with the field
lines perpendicular to the horizontal plane (Fig. 1A). The solution
was then heated to 50 °C to trigger the gelation of polyacrylamide,
thereby stabilizing the assembled structures. Antman-Passig
et al.54 developed a new approach to dynamically and remotely
control the alignment of magnetic gels in situ. With the appli-
cation of an external magnetic field, the MNPs aggregated into
magnetic strings, resulting in the arrangement of the collagen
fibers (Fig. 1B). In another work, Tognato et al.55 prepared poly-
ethylene glycol-capped MNPs through co-precipitation and solvo-
thermal methods, and then mixed them into methacryloyl gelatin
(GelMA) solution to obtain a homogeneous suspension by vortex-
ing. After that, the solution was immersed in a 0.02 Tesla magne-
tostatic field generated by two NdFeB permanent magnetic con-
figurations, triggering the MNPs to assemble in oriented fila-
ments along the magnetic flux (Fig. 2A). The 1D assembly struc-

tures obtained served as supportive cues to promote the for-
mation of an elongated co-oriented morphology in neurons.

2.2 Self-assembly of 1D magnetic nanomaterials

Research has shown that magnetically anisotropic hydrogels
constructed by the incorporation of 0D MNPs still have certain
limitations in the expected applications, because the aggregation
and interaction between individual MNPs under magnetic fields
are not easy to control.21 As alternatives, 1D magnetic nano-
materials (e.g. nanorods and nanowires) have attracted attention
owing to their unique properties. They are aligned rapidly within
the hydrogels along the magnetic axis to reconstruct the hier-
archically ordered composite structures of natural tissues.7 For
example, Goodrich et al.59 synthesized Fe3O4@SiO2 nanorods
using a hydrothermal method and utilized multiple electromag-
netic magnets to construct an anisotropic complex magnetic
field (7.5 mT) to induce the arrangement of the magnetic nano-
rods (MNRs) (Fig. 2B). This strategy not only enhances the

Fig. 1 (A) Schematic illustration of the fabrication process of magnetically anisotropic hydrogels based on 0D nanomaterials.38 (Reprinted with per-
mission from Wiley, copyright 2015.) (B) Schematic overview of the particle alignment induced by magnetic actuation.54 (Reprinted with permission
from American Chemical Society, copyright 2016.) (C) Schematic representation of the nanoparticle synthesis and the 1D nanomaterial alignment in
the hydrogels.56 (Reprinted with permission from American Chemical Society, copyright 2019.) (D) Schematic diagram of the fabrication process of
magnetically anisotropic hydrogels based on 1D nanomaterials prepared by electrospinning.57 (Reprinted with permission from American Chemical
Society, copyright 2019.) (E) Schematic illustration of the synthesis process of MoS2/Fe3O4 and programming the orientation of magnetic nanosheets
under a magnetic field, followed by NIR light-treatment of frozen hydrogels. Fluorescent quick dot-matrix response (QR) codes based on PNIPAm-
MoS2/Fe3O4 hydrogels.58 (Reprinted with permission from Wiley, copyright 2022.)
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dynamic range of the hydrogel, but also generates modulus gra-
dients in a specific location. Chen et al.36 developed hydrogels
with graded anisotropic structures containing magnetic nanorods
prepared by a simple one-step in situmethod under low magnetic
fields (Fig. 2C). It is worth noting that although most magnetic
nanomaterials exhibit good biocompatibility, it is generally not
biologically feasible to prepare magnetically anisotropic hydro-
gels by adding fully magnetic 1D materials, which may be
because the concentration of MNPs in hydrogels exceeds their
critical toxic concentrations.60–62

In order to avoid the cytotoxic effects of fully magnetic 1D
materials, the strategy of combining biocompatible nonmag-
netic anisotropic elements with MNPs to construct anisotropic
structures has been proposed. For example, Araújo-Custόdio
et al.56 prepared hybrid magnetic nanorods by co-precipitating
iron oxide on rod-shaped cellulose nanocrystals. The obtained
magnetic nanorods (0.1–0.5 wt%) were incorporated within the
hydrogel matrix, and a uniform low magnetic field (108 mT)
was used to induce a magnetic nanomaterial alignment
(Fig. 1C and 2D). The resulting magneto-responsive hydrogels

Fig. 2 Microscopy images of magnetically anisotropic hydrogels prepared by magneto-induced self-assembly. (A) Time-lapsed image of the
growing filaments of MNPs in GelMA solution under static conditions and a 0.02 Tesla magnetostatic field for 30 min, respectively.55 (Reprinted with
permission from Wiley, copyright 2018.) (B) Bright-field images of GelMA hydrogels containing Fe3O4@SiO2 nanorods under static conditions and a
7.5 mT electromagnetic field for 5 min, respectively.59 (Reprinted with permission from Wiley, copyright 2023.) (C) Cryo-SEM images of polyisocya-
nide hydrogels containing iron oxide nanorods under static conditions and a 20 mT magnetostatic field for 2 min each in two perpendicular direc-
tions, respectively.36 (Reprinted with permission from Wiley, copyright 2022.) (D) SEM images of freeze-dried gelatin containing MNP-decorated cell-
ulose nanocrystals under static conditions and a 108 mT magnetostatic field for 90 min, respectively.56 (Reprinted with permission from American
Chemical Society, copyright 2019.) (E) Depth color-coded images of 3D fibrin hydrogels containing PLGA-based magnetic fibers under static con-
ditions and a 100 mT magnetic field, respectively.65 (Reprinted with permission from Wiley, copyright 2017.) (F) Optical microscopy images of rod-
shaped poly(ethylene oxide-stat-propylene oxide) microgels containing superparamagnetic iron oxide nanoparticles under static conditions and a
100 mT magnetic field, respectively.37 (Reprinted with permission from American Chemical Society, copyright 2017). (G) Representative SEM images
of hydrogels containing PNIPAm-MoS2/Fe3O4 nanosheets under static conditions and a 1 T electromagnetic field, respectively.58 (Reprinted with
permission from Wiley, copyright 2022.) (H) SEM images of hybrid hydrogels containing Fe/Al2O3 platelets under static conditions and a 300 mT
magnetic field.66 (Reprinted with permission from Elsevier 2022.)
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with bioinspired directional microstructures showed a better
biological performance and anisotropic mechanical properties.
Sommer et al.63 coated the surface of calcium sulfate rods with
superparamagnetic iron oxide nanoparticles to endow them
with magnetic responsiveness, and then induced controlled
anisotropic porosity in hydrogels by using aligned magnetic
rods as sacrificial templates. Moreover, MNPs can also be
incorporated into the internal structure of 1D nonmagnetic an-
isotropic elements rather than being bound to the surface,
which is more conducive to improving the colloidal stability. Liu
et al.64 fabricated magnetic microcryogels with pre-defined
shapes by cryogelation and micro-molding technologies, which
can be controllably assembled from bottom to top under a mag-
netic force to generate magnetically anisotropic hydrogels.
Electrospinning is also an effective strategy for preparing mag-
netic fibers used as nanofillers to design ordered structures.
Johnson et al.57 reported that SPIONs were incorporated into
poly-L-lactic acid solutions and magnetic electrospun fibers were
prepared by electrospinning/microcutting techniques (Fig. 1D).
The obtained fibers were added into collagen and aligned under
the application of magnetic fields, which could provide direc-
tional guidance to the internal neurons.

2.3 Self-assembly of 2D magnetic nanomaterials

Hydrogels filled with 2D nanomaterials have attracted great
interest due to their excellent mechanical properties and opti-
mized functionalities.67 Additionally, the incorporation of 2D
nanomaterials into hydrogels can be used to develop novel
functions through shear stress, mechanical stretching or elec-
tric field-induced assembly.68,69 Drawing inspiration from
these developments, the combination of MNPs with 2D nano-
materials has emerged as a promising strategy for the fabrica-
tion of high-performance magnetic anisotropic hydrogels.
Here, the magneto-induced self-assembly of 2D nanomaterials
with magnetic responsiveness in the hydrogel matrix is
discussed.

Chen et al.58 developed a programmable hydrogel with a
controllable anisotropic structure. 2D nanomaterials with both
magnetic and photothermal stimuli-responsiveness were fabri-
cated through co-precipitating Fe3O4 and anchoring poly(N-iso-
propyl acrylamide) (PNIPAm) on the surface of MoS2
nanosheets prepared by a liquid-phase exfoliation method
(Fig. 1E and 2G). The resulting hydrogel cubes prepared by 3D
printing were oriented in a horizontal magnetic field environ-
ment. Based on the magneto- and NIR photo-responsive pro-
perties of the nanosheets, local control of the thermal-induced
phase transition within the 3D-printed hydrogels was achieved,
leading to the development of a remarkable gel with a 2D
barcode array direction. Apart from surface-coated magnetic
materials, anti-magnetic nanomaterials can also be aligned in
an ordered manner using a magnetic field. Due to the anti-
magnetic “ring current” effect of the π-conjugated system, gra-
phene oxide (GO) nanosheets are typical anti-magnetic
materials that can be aligned parallel to the plane of a strong
magnetic field to prepare magnetic anisotropic hydrogels.70

Wu et al.71 utilized the magnetic-induced orientation of GO

and in situ crosslinking polymerization of acrylic acid mono-
mers to prepare a highly anisotropic hydrogel with rheological
anisotropy. The formation of the gel network effectively sup-
pressed the structural relaxation of GO, and the anisotropic
structure was preserved even without a magnetic field, facilitat-
ing the in situ chemical reduction of GO. The anisotropic
hydrogel hybridized with reduced graphene oxide (RGO)
exhibited anisotropic enhanced conductivity.

3. The versatility of magnetically
anisotropic hydrogels

Hydrogels with anisotropic structures often display unique
mechanical, thermal, optical, electrical, and biological pro-
perties. These properties stem from the directional alignment
of the constituent molecules or particles. Magnetic field, as an
important physical field, provides a novel strategy with mul-
tiple advantages for achieving the directional alignment of
magnetic nanomaterials. The magneto-induced self-assembly
imparts anisotropic properties and novel performances to
hydrogels. Such hydrogels have drawn significant attention for
a wide range of applications, from tissue engineering to
sensors and actuators.

3.1 The effect of magnetically anisotropic cues on hydrogels’
mechanical properties

Despite the excellent biocompatibility of hydrogels, their weak
mechanical strength can only match a few biological tissues,
limiting their widespread application in the field of tissue
engineering.76 Research studies have shown that linearly
arranged fillers can better mimic the morphology and
mechanical properties of biological tissues.77,78 Anisotropic
hydrogels containing such fillers exhibit excellent compression
strength in the orientation direction, attributed to the
enhanced stress transfer between the nanofillers.79,80 The mag-
netic alignment capability of magnetic nanofillers under mag-
netic stimulation has been widely used to prepare magnetically
anisotropic hydrogels with mechanical properties mimicking
human tissues.

Araujo Custódió et al.56 prepared magnetic fibers by co-pre-
cipitating MNPs on rod-like cellulose, and achieved their align-
ment within a gelatin-based hydrogel under a 108 mT mag-
netic field. The ordered orientation of the magnetic fibers in
the hydrogels maximized the storage modulus along their
main axis, resulting in highly anisotropic mechanical pro-
perties of the hydrogels. Liu et al.66 fabricated a novel multisti-
muli-responsive anisotropic hydrogel by copolymerizing super-
paramagnetic nanoparticle-coated alumina platelets (Fe/
Al2O3), and N-isopropylacrylamide (NIPA) under a uniform
magnetic field (Fig. 2H and 3A). The aligned magnetic plate-
lets within the hydrogels endowed them with unique aniso-
tropic mechanical properties. Specifically, the hydrogel exhi-
bits a higher fracture stress and elongation ratio in the direc-
tion parallel to the magnetic field, which can be attributed to
the oriented magnetic platelets acting as crack bridges to resist

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 6384–6402 | 6389

Pu
bl

is
he

d 
on

 2
7 

jú
la

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
.1

1.
20

24
 1

:4
1:

59
. 

View Article Online

https://doi.org/10.1039/d3bm00744h


the propagation of cracks and dissipate mechanical energy
during the deformation, thus preventing further damage.
Moreover, the compressive strength and storage modulus par-
allel to the magnetic field direction were found to be 2.5 times
and 2 times higher, respectively, than those measured in the
direction perpendicular to the magnetic field (Fig. 3B). This
difference can be attributed to the fact that compression per-
pendicular to the magnetic platelets mainly occurs in the soft
polymer matrix, whereas compression parallel to the magnetic
platelets requires overcoming the resistance caused by the
folding and breaking of the nanosheets. However, Chen et al.36

obtained opposite results, in which Young’s modulus of a
hydrogel perpendicular to the MNP alignment direction (E⊥ =
952 Pa) was much higher than that parallel to the MNP align-
ment direction (E∥ = 386 Pa) under large strain conditions
(Fig. 3C). The underlying physical mechanism behind this
difference is considered to be related to the morphologies of
magnetic materials, the properties of the hydrogel matrix, the
crosslinking strategy, etc. It prompts that many factors should

be simultaneously considered when designing magnetic aniso-
tropic hydrogels.

3.2 The effect of magnetically anisotropic cues on hydrogels’
thermal properties

Heat is an important physical factor in biology and medicine.
The introduction of heat makes hydrogels more biocompati-
ble, comfortable, and safe, which is evidently necessary for the
tissue reconstruction process after damage. Additionally, if the
hydrogel is loaded with drugs, it can also achieve thermally-
controlled drug release.81–83 The unique magnetothermal
effect of magnetic materials endows them with innate advan-
tages in biomedical domain.84 The mechanism and regulatory
strategies of the magnetothermal effect have been systemati-
cally studied. However, most of the magnetic hydrogels cur-
rently used for magnetothermal therapy did not consider the
ordered arrangement of magnetic materials, which may
suggest novel and unique properties and functionalities.

Fig. 3 (A) Schematic illustration for the construction of the hybrid hydrogel with multi-stimuli-responsive mechanical/luminescent dual anisotropic
properties. (B) Tensile stress strain curves, compression stress strain curves and storage modulus of the hybrid hydrogel (from left to right).66

(Reprinted with permission from Elsevier, copyright 2022.) (C) Schematic diagram of the preparation and assembly of magnetically anisotropic polyi-
socyanide, and mechanical anisotropy of composite hydrogels.36 (Reprinted with permission from Wiley, copyright 2022.)
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Through magnetically assembling magnetic nanospheres
within hydrogels, Hu et al.38 achieved enhanced heat gene-
ration, and the resulting magnetically anisotropic hydrogels
exhibited direction-dependent heating under an alternating
magnetic field (Fig. 4A). The magnetic coupling between nano-
spheres restricts the reversal of homologous magnetic
moments, hence the alternating magnetic field must consume
more energy to drive the reversal of magnetic moments. The
magnetic coupling along the chain direction is much stronger
than that perpendicular to the chain direction. Therefore, the
heat generated by an alternating magnetic field parallel to the
direction of the chain is greater than that generated by a field
perpendicular to the chain direction (Fig. 4B). A more general
result shows that the magnetothermal efficiency is inversely
proportional to the angle between the chain and the alternat-
ing magnetic field. Moreover, a recent study utilized thermo-
responsive poly(N-isopropylacrylamide) (PNIPAm) and mag-
netic nanoplatelets (MoS2/Fe3O4) to prepare a novel program-
mable anisotropic material with magnetic and photothermal
responsive properties (Fig. 4C).58 The photothermal effect of
MoS2 nanosheets results in a rapid increase in the temperature
of the MoS2/Fe3O4 gel under near-infrared light irradiation
(Fig. 4D). And changing the orientation of magnetic nanoplate-
lets results in significant variations in their photothermal
efficiency and optical properties. Specifically, the near-infrared

light irradiation perpendicular to the magnetic field exhibits
higher photothermal efficiency compared with the parallel
irradiation (Fig. 4E). These results indicate that the anisotropic
hydrogels fabricated by magneto-induced self-assembly have
adjustable thermal properties, and have great application
potential in precise therapy and information storage.

3.3 The effect of magnetically anisotropic cues on hydrogels’
optical/electrical properties

Traditional hydrogels usually lack conductivity, which limits
their ability to mimic the physiological microenvironment of
electrically active tissues such as skeletal, cardiac, and neural
tissues.85 The most common method for producing conductive
hydrogels is to incorporate conductive nanoparticles into the
polymer matrix. Compared to hydrogels carrying randomly dis-
tributed conductive nanoparticles, hydrogels containing
oriented aligned nanoparticles exhibit significantly enhanced
electrical conductivity.86 Based on the advantages of the long-
range regulation of magnetic fields, the preparation of conduc-
tive hydrogels with oriented structures by combining conduc-
tive and magnetic materials has become a current research
hotspot. For instance, Liu et al.39 utilized an external magnetic
field to align anisotropically a magnetic fluid composed of
polydopamine-coated carbon nanotube-Fe3O4 hybrids
(PFeCNT), and then solidified this anisotropic structure via

Fig. 4 (A) Schematic cartoon of the magnetothermal effect for the disorganized sample and the aligned magnetic sample in two directions. (B)
Magnetothermal curves of the disorganized magnetic hydrogel and aligned magnetic hydrogel with chains immobilized at 3, 15, and 45 min,
respectively (from left to right). The included angle between the chains and the applied alternating magnetic field was 0°, 30°, 45°, 60°, and 90°.38

(Reprinted with permission from Wiley, copyright 2015.) (C) Schematic illustration of the photothermal test of arranged magnetic hydrogels under
perpendicular and parallel X-ray irradiation. (D) Temperature profiles of MoS2/Fe3O4 solution over time by placing a magnetic field parallel and verti-
cal to NIR light illumination for the beginning 1200 s. (E) Photothermal conversion efficiency of PNIPAm-MoS2/Fe3O4 hydrogels under the magnetic
field of different directions.58 (Reprinted with permission from Wiley, copyright 2022.)
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in situ free radical polymerization of acrylamide monomers for
gelation (Fig. 5A). The anisotropic hydrogel based on conduc-
tive ferrofluid exhibits direction-specific conductivity.
Compared to the vertical direction, the electrical conductivity
parallel to the direction of PFeCNT was significantly enhanced
due to the more complete path of electroosmotic flow. The
enhancement in conductivity is attributed to the CNT network
aligned parallel to the direction of the applied electric field,
which facilitates the propagation of current. Ahadian et al.87

prepared a gelatin-based hydrogel containing aligned CNTs
using a dielectrophoresis approach, which exhibits conduc-
tivity more than 15 times greater than that with randomly
oriented CNTs. The developed magnetic anisotropic hydrogels
possess tunable mechanical and electrical properties, provid-
ing an effective and controllable platform for the electrical
stimulation and differentiation of stem cells, with potential
applications in tissue regeneration and cell therapy.

In addition, studies have shown that the magnetically
induced 1D assembly of magnetic colloidal particles can
produce photonic crystal structures, which can display struc-
tural colors in the visible light range. Significant progress has
been made in constructing and fixing photonic structures
using gelation properties and magnetically induced self-
assembly.88–90 For example, Wang et al.91 utilized the
magneto-induced self-assembly of carbon-encapsulated mag-

netic nanoparticles to prepare a photonic chain structure,
resulting in the preparation of a structurally colored hydrogel
with sensitivity to temperature and ionic strength. Cao et al.74

reported a simple method for fabricating gratings by using the
synergistic effects of gravity-induced phase separation and
magnetic field-induced orientation of cellulose nanocrystals
(CNCs), which were fixed in a polymer network via photo-
polymerization to obtain hydrogel films with uniform periodic
structures arranged perpendicularly (Fig. 5B). The developed
hydrogel generates up to sixth-order diffraction spots and
shows linear polarization selectivity. Under a strong magnetic
field, Liu et al.75 achieved the co-alignment of negatively
charged unilamellar titanate and fixed this transversely
induced ordered structure in situ via photo-triggered vinyl
polymerization (Fig. 5C). The optical transparency of hydrogels
with anisotropic structures is significantly higher in the direc-
tion orthogonal to the magnetic flux than in the parallel direc-
tion. Materials with optical anisotropy induced by magnetic
orientation have great potential in many fields, such as
organic light emitting diodes and field emission devices.

3.4 The effect of magnetically anisotropic cues on cell
behavior

Magnetism has become a frequently used tool for preparing
anisotropic hydrogels with complex structures that mimic

Fig. 5 (A) Schematics of the preparation of an anisotropic hydrogel based on a mussel-inspired conductive ferrofluid, and effects of the ordered
PFeCNT nanohybrids on the anisotropic conductivity of the hydrogels.39 (Reprinted with permission from American Chemical Society, copyright
2019.) (B) Schematic representation of the formation of the optical grating hydrogel. Images of the transmission diffraction pattern of incident
monochromatic blue laser light (450 nm), green laser light (523 nm) and red laser light (650 nm), white light shone through a rectangular slit (from
left to right).74 (Reprinted with permission from Wiley, copyright 2020.) (C) Structural and optical anisotropic features of hydrogels containing cofa-
cially oriented TiNSs in a quasi-crystalline order.75 (Reprinted with permission from Springer Nature, copyright 2015.)
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natural human tissues. In addition to inducing the oriented
arrangement of magnetic materials, magnetic fields them-
selves also exert significant effects on biological systems.40,52

In particular, when combined with an external magnetic field,
the subtle deformation of magnetic materials can directly
transmit mechanical stimuli to cells, activating mechanosensi-
tive receptors and thereby affecting cell activity and controlling
their behavior.92–95 Overall, the application of an external mag-
netic field can be used both to create anisotropic hydrogels
and to remotely stimulate encapsulated cells. Furthermore, the
combination of magnetic anisotropic hydrogels and magnetic
stimulation allows for a higher degree of mimicking the aniso-
tropic physical/mechanical properties of natural tissues, while
also enabling remote mechanical stimulation of encapsulated/
implanted cells at the relevant cellular scale.96,97 The compre-
hensive control of the structure of biological materials and
driving of biological components by magnetism represents a
key advantage of this approach.

Araújo-Custόdio et al.56 prepared magnetic anisotropic
hydrogels using magnetic nanorods and observed directional
growth of both seeded cells on the hydrogel surface and encap-
sulated cells within the hydrogel (Fig. 6A). The authors specu-
late that the rigid nanoparticles in the soft gelatin matrix
provide nanotopographical cues for cell–substrate adhesion

and actin extension and contraction, thereby promoting cell
spreading in a particular direction. However, when 0.3 wt%
nanoparticles are used, the directional growth behavior dis-
appears, which suggests that there is a best material design to
achieve cell alignment (Fig. 6B). In addition, it has been
demonstrated that incorporating PEG-terminated magnetic
nanoparticles in a directional arrangement can improve cell
viability during UV crosslinking of hydrogels (Fig. 6C).55

Echave et al.98 reported an enzymatically crosslinked gelatin
hydrogel with anisotropic features, where a tunable magneto-
static field was used to trigger the alignment of CNC in a
hydrogel network. The cells embedded in the anisotropic
system grew directionally along the aligned CNC, and the
sharp peaks at specific angles were noticed, obtaining values
of the full with half medium (FWHM) around 60° (Fig. 6D).
Notably, the strength of the magnetic field used to fabricate
anisotropic structures had no significant effect on cell organiz-
ation (Fig. 6E). Moreover, Goodrich et al.59 created a non-
uniform stiffness field in a single hydrogel containing MNRs
using an anisotropic magnetic field, and investigated the local
modulus dependence of iPSC differentiation. The results
showed that cells in hydrogels with pre-aligned magnetic rods
exhibited the greatest expression of active-RhoA and YAP, both
of which are mechanical stimulation-sensitive proteins,

Fig. 6 (A) Representative images of hASCs seeded on isotropic and anisotropic hydrogels after 3 days of culture (red, cytoskeleton; blue, nucleus).
(B) The full with half medium (FWHM) of the distribution was calculated for cells seeded on hydrogels.56 (Reprinted with permission from American
Chemical Society, copyright 2019.) (C) The viability of the cells encapsulated in 3D hydrogels at day 1, 3, and 7.55 (Reprinted with permission from
Wiley, copyright 2018.) (D) Confocal fluorescence images of the cellular cytoskeleton (F-actin, red) encapsulated in 3D hydrogels. Scale bars =
200 μm. (E) The directionality histograms of actin filament distribution after 1 week of culture.98 (Reprinted with permission from American Chemical
Society, copyright 2019.) (F) The effects of hydrogel stiffening on the mechano-sensitive RhoA signaling of iPSCs cultured within a MNR-incorpor-
ated hydrogel. (G) The effects of the local modulus on the differentiation of iPSCs.59 (Reprinted with permission from Wiley, copyright 2023.)
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suggesting a superior dynamic range of the hydrogel with pre-
aligned MNRs (Fig. 6F). Moreover, in the stiffer region, the
cells formed a discoidal colony with a higher expression of the
mesodermal marker brachyury and a mild expression of SOX2,
an ectodermal marker (Fig. 6G). This magnetic-responsive
hydrogel system can serve as a platform for investigating the
biological behaviors of cells in dynamic mechanical
microenvironments.

To conclude, the anisotropic structural properties of
scaffolds serve as crucial biophysical cues that activate intra-
cellular biochemical signals, which in turn regulate various
functional processes of encapsulated or inoculated cells,
including growth, migration, and in the case of stem cells,
differentiation into specific lineages.

4. Tissue engineering applications of
magnetically anisotropic hydrogels

Many biological tissues in the human body exhibit complex
anisotropic structures from micro to macro scales, which
make them difficult to repair after damage. The ultimate aim
of regenerative strategies is to activate the natural repair
process in tissue engineering systems, guiding the formation
of new tissues and restoring their original function. Apart
from geometric cues, mechanical stimuli play a crucial role in
the epigenetic control of tissue development, remodeling, and
regeneration, which has been demonstrated to significantly
enhance the in vitro maturation performance of tissue-engin-
eered constructs. Magnetically anisotropic hydrogels not only
provide well-organized 3D templates that can replicate the
complex structural properties of natural tissues, but also can
deliver magneto-mechanical stimuli to cells to regulate their
biological behavior under external magnetic fields. Given
these aspects, magnetically anisotropic hydrogels can provide
the desired anisotropic properties for the fabricated tissue
engineering scaffolds and offer on-demand remote mechanical
stimuli in tissue engineering strategies. In this section, we
review the application of magnetically anisotropic hydrogels in
tissue engineering strategies to simulate different specific
tissues, including skeletal muscle, cartilage, tendon, and
neural tissue.

4.1 Application in skeletal muscle tissue engineering

Skeletal muscle is a complex structure composed of muscle
fiber bundles. It is the largest and strongest muscle system in
the human body, playing a crucial role in improving physical
performance and fitness level.99 Each muscle fiber bundle con-
sists of many multinucleated muscle fibers, characterized by
their elongated morphology and tubular structure (Fig. 7A). As
the basic unit of muscle contraction, myofibers are composed
of proteins such as myosin and creatine kinase, and have a
high degree of uniaxial arrangement along the main axis of
the tissue.100,101 Different types of muscle fibers exhibit struc-
tural and functional differences, such as fast-twitch fibers
being suitable for explosive strength and slow-twitch fibers

being suitable for sustained low-intensity exercise. The aniso-
tropic structure of skeletal muscle results in different mechani-
cal and electrical properties in different directions, enabling
our bodies to perform different movements.21,102

The strategy of muscle tissue engineering focuses on
designing structurally anisotropic scaffolds that provide
sufficient features for cell growth, alignment, and functional
differentiation. Recently, oriented micro/nanofibers as fillers
combined with natural or synthetic polymers have been pro-
posed to construct muscle tissue engineering scaffolds with
anisotropic properties, and have been widely studied.
Magnetically anisotropic hydrogels have also been investigated
as potential scaffold materials to achieve the desired contrac-
tile function of skeletal muscle tissues. For instance, an aniso-
tropic hydrogel containing aligned electromagnetic nano-
hybrids has been developed to guide the directional migration
and growth of C2C12 cells.39 And the myoblasts exhibited the
most pronounced oriented growth under electrical stimuli,
because the current signal stimulates the cells most signifi-
cantly along the direction of the conductive ferrofluid.
Furthermore, the ordered hydrogels combined with electrical
stimuli enhanced the directional accumulation of vinculin,
which plays an important role in maintaining the myofiber
morphology, muscle tension transmission, and muscle cell
structure. The results demonstrated that magneto-induced an-
isotropic conductive hydrogels have great application potential
in skeletal muscle tissue engineering. In another work, the
authors prepared cellularized anisotropic scaffolds by a
magneto-induced arrangement of MNPs in gelatin-based
hydrogels.55 The results showed that C2C12 cells grew direc-
tionally along the aligned magnetic filaments within aniso-
tropic hydrogels within 72 hours (Fig. 7B). Compared to the
other groups, C2C12 cells in the magnetically anisotropic
hydrogel showed higher myosin heavy chain (MyHC)
expression and enhanced myotube formation in the elongated
structures, which was further promoted by adding a differen-
tiation medium (Fig. 7C). The characteristic of magnetically
anisotropic hydrogels, i.e., inducing the differentiation of
C2C12 cells in mature multinucleated myotubes, provides
ideas for the fabrication of novel scaffolds for skeletal muscle
tissue engineering. In addition, Wang et al. prepared novel
magnetic controlled short nanofibers (MSNFs) using an
advanced coaxial electrospinning–cyrocutting approach, and
further designed an injectable aligned MSNF/gel scaffold via a
remote magnetic field.73 The developed anisotropic MSNF/gel
scaffolds significantly promoted the formation of newborn
myofibers and accelerated angiogenesis and tissue remodeling
in a rat volumetric muscle loss (VML) model (Fig. 7D).
Moreover, compared with the blank group, the anisotropic
MSNF/gel scaffold group exhibited more parallel and longer
myofibers with a well-organized structure, indicating that the
magnetic alignment provided an anisotropic microenvi-
ronment for skeletal muscle regeneration (Fig. 7E). This
approach offers a new promising tissue engineering strategy
for the aligned myofiber formation for enhancing skeletal
muscle regeneration in vivo.
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4.2 Application in cartilage tissue engineering

Cartilage is a special connective tissue rich in collagen and
elastic fibers, providing a smooth and hard surface for joint
movement and load transmission.6 Chondrocytes are the only
cell type in cartilage, primarily responsible for secreting and
maintaining the cartilage matrix.103 In the superficial layer of
cartilage, collagen fibers are closely arranged parallel to the
cartilage surface.104 The middle layer of cartilage is composed
of randomly oriented fibers, and the fibers are aligned perpen-
dicular to the cartilage surface in the deepest area (Fig. 8A).
The different orientations of collagen fibers in different layers
provide the cartilage with an anisotropic structure and pro-
perties. Additionally, cartilage exhibits excellent compressive
properties, with a higher compressive modulus compared to

other tissues. This is due to the hydration and arrangement of
proteoglycan molecules, which allow cartilage to slowly bend
and absorb energy under compressive loads, thereby protect-
ing the joints and maintaining their normal function.11,105

Based on the natural heterogeneous structure of the carti-
lage tissue, researchers have constructed a variety of aniso-
tropic hydrogels for the repair of cartilage damage. Yu et al.
developed decellularized extracellular matrix-based anisotropic
hydrogels by controlled diffusion.106 The anisotropic hydrogel,
as a biological scaffold, significantly promoted the chondro-
genic differentiation of mesenchymal stem cells in vitro and
efficiently accelerated the regeneration of damaged cartilage
in vivo. In addition, mechanical stimulation has been con-
sidered as a powerful and effective strategy to enhance the
unique properties of tissue engineered constructs because of

Fig. 7 (A) The hierarchical structure of skeletal muscle, wherein fibers are bundled together in increasingly larger fascicles.21,99 (Reprinted with per-
mission from American Chemical Society and Wiley, copyright 2021 and 2020, respectively.) (B) 2D-FFT analysis of the fluorescent images at day 1, 3,
and 7. (C) Immunofluorescence images of C2C12 cells embedded in different hydrogels cultured in the presence and absence of horse serum (HS)
at day 11. Nuclei (DAPI, blue), actin filaments (Phalloidin, green), and myosin filaments (myosin heavy chain (MyHC), orange). Scale bars = 20 µm.55

(Reprinted with permission from Wiley, copyright 2018.) (D) Skeletal muscle regeneration in a rat VML model after implantation of aligned a MSNF/
gel scaffold for 1 week. Yellow arrows in the image showing H&E staining indicate centronucleated myofibers, immunofluorescence staining of the
tissue sections of α-smooth muscle actin (α-SMA, green) and the myosin heavy chain (MHC, red) to assess angiogenesis and tissue remodeling. (E)
Ultrasound images and H&E staining of the defective area of rats treated with an aligned magnetic scaffold after 2 weeks and 8 weeks, respectively.
The yellow boxes indicate the defective area, the red arrow indicates the fibrous scar tissues and the yellow arrows indicated the regenerated
myofibers.73 (Reprinted with permission from Elsevier, copyright 2022.)
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the stress-growth properties of cartilage. Magneto-mechanical
stimulation, as a new type of mechanical force, has attracted
widespread attention and research due to its advantages such
as fast response, deep tissue penetration, remote driving, and
precise spatiotemporal regulation.92 For example, Fuhrer
et al.107 prepared magnetic hydrogels by combining MNPs
with styrene–maleic anhydride copolymers, and induced cyclic
deformation of the soft magnetic hydrogel scaffold using an
ultra-low frequency pulse magnetic field of 800 mT. The
results demonstrated that the magneto-mechanical stimu-
lation could induce chondrogenic differentiation of mesenchy-
mal stem cells without any additional chondrogenic transcrip-
tion factors. Moreover, magnetic materials possess unique
advantages in constructing anisotropic structures, which have
strong appeal for highly biomimetic approaches in cartilage
tissue engineering. Simińska-Stanny et al.108 utilized mag-
netic-assisted 3D printing technology to produce anisotropic
bilayer composites using a collagen–gelatin hydrogel contain-
ing iron oxide nanoparticles under an extremely weak mag-
netic field (2 mT) (Fig. 8B). The collagen fibers were forced to
orientate under the magnetic field, resulting in an ordered
and aligned collagen fiber tissue. This anisotropic structure
led to the hydrogel scaffold exhibiting anisotropic enhanced
mechanical properties, with a significantly higher com-
pression modulus in the fiber alignment direction (Fig. 8C).
Compared to the randomly oriented scaffold, chondrocytes
loaded on the magnetic anisotropic scaffold expressed more
type II collagen, indicating the potential of the proposed
concept for application in cartilage tissue engineering
(Fig. 8D).

4.3 Application in tendon tissue engineering

Tendon is a kind of connective tissue composed mainly of
dense type I collagen fibers arranged along the long axis of the
tissue, connecting muscles to bones (Fig. 9A).109 Additionally,
the composition of tendons also contains type III, V, and XII
collagen fibers, elastic fibers, and other extracellular matrix
molecules. The hierarchical organization of above molecules
endow tendons with anisotropic mechanical and viscoelastic
properties, with the maximum load-bearing capacity along the
direction of collagen fibers.110,111 The main function of
tendons is to transmit the contraction force of muscles to the
bones, thereby allowing the body to move and maintain pos-
tural stability. Moreover, tendons help regulate the strength
and stability of muscles and joints, as well as assist the body
in absorbing impact and reverse forces.2

Since tendons are mechanically sensitive tissues, develop-
ing smart hydrogels with anisotropic structures that can
respond to external magnetic stimuli with mechanical defor-
mation is crucial for achieving functional tendon tissue engin-
eering. Pesqueira et al.112 prepared a tropoelastin-based mag-
netic spongy-like hydrogel with a quasi-anisotropic lamellar-
like structure by an in situ precipitation approach. With the
application of an oscillating magnetic field, the magnetic
hydrogels effectively promoted the adhesion, spreading and
migration of human tendon-derived cells, suggesting their
potential in accelerating tendon tissue regeneration. Echave
et al.98 developed a multiphase hydrogel system, in which
oriented cellulose nanocrystals (CNCs) were incorporated to
mimic the tendon tissue (Fig. 9B). The hASCs encapsulated in

Fig. 8 (A) Schematic illustration of the highly ordered structures of cartilage.6 (Reprinted with permission from Wiley, copyright 2017.) (B) 4D bio-
printing stage including a custom-designed adaptor for incorporating a cylindrical magnet that forces real-time remodeling of the bioink while bio-
printing. (C) Second-harmonic generation images showing the collagen fiber alignment in printable bioinks in the presence or absence of a mag-
netic field. Toluidine blue histological staining (scale bars = 100 µm) and aggrecan (ACAN) antibody staining (scale bars = 200 µm) of the bioprinted
samples. (D) The expression analysis of COL II.72 (Reprinted with permission from John Wiley and Sons Ltd, copyright 2018.)
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magnetically anisotropic hydrogels exhibited an aligned cell
growth, with a higher nuclear aspect ratio. In the anisotropic
hydrogel, the expression of tendon-related ECM protein tenas-
cin (TNC) was higher, and the deposition of this glycoprotein
was shown in a more organized manner along the arranged
CNCs (Fig. 9C and D). These results highlight the feasibility of
using magnetically anisotropic hydrogels for developing
tendon-mimicking connective tissues. Furthermore, Wright
et al.113 prepared collagen I hydrogels with anisotropic struc-
tures by adding anti-collagen I-labeled MNPs to a fluorescent
collagen solution and immersing them in a 50–52 mT magne-
tostatic field for 30 min. It was observed that the F-actin fila-
ments of hASCs seeded within the magnetically anisotropic
hydrogel were unidirectional, parallel to the orientation of
MNPs and fibrous collagen (Fig. 9E). And compared to the
control group, the experimental group showed an increased
expression of tenocyte-related proteins (tenomodulin (TNMD)

and scleraxis (SCXA)), confirming the tenocyte-likeness of the
cells (Fig. 9F). These results demonstrated that the developed
approach can be used to remotely control the collagen matrix
organization, reproducing the natural tendons.

4.4 Application in nerve tissue engineering

Nervous tissue composed of neurons and neuroglial cells plays
an important role in receiving, processing, and transmitting
nerve impulses throughout the body.114,115 Inside neurons,
highly branched dendrites are connected through cell bodies
to axons; an axon is a single long neural fiber that conducts
signals one-way to other neurons or target cells (Fig. 10A). The
axons are aligned in parallel bundles forming oriented axon
tracts, which exhibit mechanical properties when arranged
parallel or perpendicular to the shear displacement.116 The an-
isotropic structure of neurons allows them to transmit nerve

Fig. 9 (A) A cross-sectional view of a tendon showing the hierarchical structure of the organ at the tissue and molecular levels.109 (Reprinted with
permission from Springer Nature, copyright 2020.) (B) Schematic diagram of the magnetic alignment of CNC. (C) Confocal images of the immunola-
beled samples against TNC (green), cell nuclei (blue), and cytoskeleton (red) (scale bars = 200 μm). (D) Evaluation of the TNC deposition (left top)
and the cytoskeleton (left bottom) directionality by using the encapsulated cells; the nuclei aspect ratio of cells cultured in isotropic and anisotropic
hydrogels (right top); and quantification of the tendon-related marker TNC expression normalized with the area of the nuclei (right bottom).98

(Reprinted with permission from American Chemical Society, copyright 2019.) (E) Confocal imaging of primary hASCs seeded within collagen hydro-
gels 7 days post-seeding. Scale bars = 200 μm, blue = nuclei, red = F-actin, green = collagen I. (F) Confocal images of cellular collagen I scaffolds 7
days post-gelation following fixation and immunofluorescence staining for TNMD and SCXA. Scale bars = 100 μm, blue = nuclei, green = collagen I,
red = TNMD or SCXA.113 (Reprinted with permission from Frontiers Media S.A., copyright 2022).
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impulses in different directions and improve the transmission
efficiency of electrical signals, thereby realizing the complex
functions of the brain and nervous system.117,118

Numerous studies have explored the use of self-assembly of
magnetic materials in a magnetic field to manufacture hydro-
gels with anisotropic structures, providing guidance for direc-
tional growth of neurons and/or neural differentiation. For
example, Rose et al.37 reported a novel injectable PEG-based
hydrogel involving rod-like magnetoceptive microgel objects
that could be oriented at an external magnetic field of 130 mT.
As a result, the cells responded strongly to the directional
structure, leading to parallel nerve extension (Fig. 2F and 10B).

An anisotropic hydrogel was fabricated by combining MNPS
and a weak magnetic field (25.5 mT), and its physical cues
could induce the oriented growth of the encapsulated primary
neurons and the development of co-oriented neurites of PC12,
mimicking the cellular characteristics of the natural nerve
tissue.54 Moreover, collagen-based anisotropic hydrogels pre-
pared based on the magnetic-responsive nanofibers have also
been shown to provide directional nanotopographic cues for
the arrangement of primary dorsal root ganglions, where the
average length of cells is increased by 3 times.57 Babu et al.119

endowed hydrogels with anisotropic structures by using a weak
magnetic field to induce a directional arrangement of mag-

Fig. 10 (A) Schematic illustration of the structures of neurons.114 (Reprinted with permission from Springer, copyright 2017.) (B) Fluorescent images
of dorsal root ganglions (DRGs) positioned in hydrogels with microgels (green, fluorescein). Distribution of neurite and microgel orientation. Scale
bars = 200 µm, β-tubulin staining (red, Alexa Fluor 633).37 (Reprinted with permission from American Chemical Society, copyright 2017.) (C)
Confocal micrographs of DRGs after seven days of culture in different anisogels (scale bars = 500 µm). Cyan indicates β-tubulin and red indicates
rhodamine-labeled microgels, and the white arrows indicate the direction of alignment of the microgels. (D) Plot comparing the FWHM of neurite
orientation under different microgel conditions.119 (Reprinted with permission from Wiley, copyright 2022.) (E) The signal propagation direction of
neurons cultured within the aligned magnetic hydrogel (scale bars = 20 μm). Red arrows indicate the calcium signal direction, while the small green
arrows represent the fibers. The solid circle indicates a maintained or increasing signal, while the dashed circle corresponds to a fading signal. (F)
Normalized quantification of the calcium signals in the aligned magnetic hydrogel.65 (Reprinted with permission from Wiley, copyright 2017.) (G)
Fluorescence images of axon infiltration in different scaffolds. Short scale = 100 μm, long scale = 50 μm. (H) Regeneration of sensory and serotoner-
gic axons at the injury site. Scale = 50 μm; (i) aligned acellular, (ii) unaligned hMSC-seeded and (iii) aligned hMSC-seeded scaffolds. White arrows
represent the direction of the magnetic field during surgery. DAPI (blue), GFP (green fluorescent protein, green), Tuj (red in (G)), CGRP (magenta in
(H)), 5HT (serotonergic axon, white).120 (Reprinted with permission from Royal Society of Chemistry, copyright 2022.)
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netic microgels in PEG-based hydrogels. The in vitro experi-
ments showed that 1 vol% microgels could significantly
promote the directed growth of dorsal root neurons in chicken
embryos, with a mean full width half medium (FWHM) of 87 ±
29°, representing a high level of neurite alignment (Fig. 10C
and D). Omidinia-Anarkoli et al.65 reported an injectable
hydrogel with oriented magnetic fibers that can trigger axons
to grow and extend unidirectionally along the fiber direction
(Fig. 2E). Compared with pure hydrogels, hydrogels containing
arranged or random staple fibers increased axon elongation by
55% and 34%, respectively, which facilitates the calcium
signals propagating along the principal axis of the fibers
(Fig. 10E and F). Furthermore, Tran et al. fabricated an aniso-
tropic hydrogel utilizing a magnetically responsive self-assem-
bling strategy, and verified its efficiency in promoting spinal
cord injury repair in vivo.120 Fig. 10G shows that the aligned
hMSC-seeded scaffold significantly promoted the axon align-
ment along the rostral–caudal direction, which also efficiently
augmented the regeneration of calcitonin gene-related pep-
tides (CGRPs) (Fig. 10H). These results indicated that the
developed magnetically aligned peptide hydrogel could
provide topological cues to guide neurite growth and further
accelerate the repair of the damaged spinal cord. With the
advantages of inducing oriented growth of neurites and trig-
gering unidirectional signal propagation along oriented
nerves, magnetically anisotropic hydrogels show great appli-
cation potential in nerve tissue engineering.

5. Conclusion and perspective

Biological tissues possess highly anisotropic mechanical and
biological properties due to their unique structures, which are
critical considerations in tissue engineering. Anisotropic
hydrogels have become a perfect template material for con-
structing tissue engineering scaffolds due to their excellent
biocompatibility and highly moldable properties. Magnetic
self-assembly of materials can not only be used to construct
magnetically anisotropic hydrogels, but also endow hydrogels
with intelligent responsiveness to external magnetic fields,
thereby regulating cellular behaviors. This provides a new
design strategy for personalized clinical treatment based on
tissue engineering. Currently, various magnetic nanomaterials
with different magnetic properties (superparamagnetic, para-
magnetic, diamagnetic, etc.) and structures (nanospheres,
nanorods, nanowires, nanoplates, etc.) have been attempted
for constructing magnetic anisotropic hydrogel materials.
These successful attempts have endowed hydrogels with aniso-
tropic mechanical, thermal, optical, and electrical properties
and enabled the regulation of various types of cellular beha-
viors (neuronal cells, stem cells, fibroblasts, etc.) through the
ordered anisotropic structure and magnetic responsiveness of
magnetic anisotropic hydrogels. The potential applications of
magnetic anisotropic hydrogels have been preliminarily
demonstrated in various tissue engineering fields, such as car-
tilage, tendon, nerve, and skeletal muscle.

However, the application of magnetic anisotropic hydrogels
in the biomedical field still faces many challenges. Firstly,
although the tunable range of mechanical strength of mag-
netic anisotropic hydrogels has been greatly expanded (from
Pa to MPa), it still cannot match all body tissues, such as bone
tissue (GPa), the hardest tissue in the human body. Using
magnetic-induced self-assembly to prepare novel ultra-high
strength magnetic anisotropic hydrogels for bone tissue
repair/strengthening will expand their application in bone
tissue engineering. Secondly, the mechanism by which struc-
tural anisotropy in a 3D environment affects cellular behavior
is not yet clear. Extensive research is still needed to identify
the potential signaling pathways that govern the oriented mor-
phology and migration of cells when cultured in anisotropic
hydrogels. This is also a necessary step for the translation of
cutting-edge research into clinical applications. Thirdly, bio-
logical tissues typically have a hierarchical structure with sig-
nificantly different mechanical properties and biological activi-
ties between different layers, which cannot be simply
mimicked by magnetic anisotropic hydrogels. To construct a
fully biomimetic tissue engineering scaffold using magnetic
anisotropic hydrogels, technological breakthroughs are
needed. 3D bioprinting technology can finely control the
three-dimensional structure of the construct, but only a few
works have adopted this technique in the construction of mag-
netic anisotropic hydrogels. Additionally, many biological
factors within the tissue have a decisive impact on cellular be-
havior, and the intrinsic mechanisms by which multiple
factors (biological factors, anisotropic structure, external
stimuli) synergistically affect cellular behavior need to be
further clarified. Fourthly, the importance of the spatial
characteristics of oriented domains, such as their size and dis-
tribution, in magnetic anisotropic hydrogels for achieving
specific biological responses has not been fully elucidated.
This may also become a bottleneck that limits the further clini-
cal application of magnetic anisotropic hydrogels, and there-
fore further systematic research is needed. Fifthly, the
magneto-mechanical stimulation is a novel means for remote
real-time control of cellular behavior. By constructing mag-
netic anisotropic hydrogels, this concept can be further devel-
oped by considering additional effects such as light, electricity,
and heat that arise from the ordered structure. The coupling
between multiple effects may evolve into many important and
interesting biological functions. Sixthly, although the influ-
ence of magnetic nanoparticles’ size, shape, and other charac-
teristics on cell fate has been widely studied, the conclusions
are not always consistent. The relationship between the struc-
ture of magnetic nanoparticles and their biocompatibility has
not been fully established. Meanwhile, the magnetic field
intensity used in the construction of magnetic anisotropic
hydrogels also needs to be carefully selected, as strong mag-
netic fields are generally considered harmful to living organ-
isms. Designing magnetic materials to achieve efficient con-
struction of magnetically anisotropic hydrogels while main-
taining the biocompatibility of the entire process is a topic of
significant importance.
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The high manufacturability of hydrogel materials and the
multifunctionality that can be imparted by magnetic an-
isotropy structures suggest their potential widespread appli-
cations in various biomedical fields, including tissue engineer-
ing, drug delivery, soft robotics, biosensing, magnetic
hyperthermia, magnetic resonance imaging, bioseparation,
etc.38,46,55,121–124 On the path from magnetic anisotropic hydro-
gels in the laboratory to clinical use, many factors need to be
considered, including mechanical properties, biocompatibility,
in vivo safety, regulatory laws, and molecular mechanisms. We
anticipate that this review, which focuses primarily on the pro-
spects of magnetic anisotropic hydrogels in tissue engineering,
may inspire more innovative studies and further advance the
understanding, design, and application of magnetic fields,
magnetic materials, and hydrogel materials.
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