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The number of patients with non-healing wounds continuously increases, and has become a prominent
societal issue that imposes a heavy burden on both patients and the entire healthcare system. Although
traditional dressings play an important role in wound healing, the complexity and diversity of the healing
process pose serious challenges in this field. Magneto-responsive biocomposites, with their excellent
biocompatibility, remote spatiotemporal controllability, and unique convenience, demonstrate enticing
advantages in the field of wound dressings. However, current research on magneto-responsive
biocomposites as wound dressings lacks comprehensive and in-depth reviews, which to some extent,
restricts the deeper understanding and further development of this field. Based on this, this paper reviews
the latest advances in magnetic responsive wound dressings for wound healing. First, we review the process
of skin wound healing and parameters for assessing repair progress. Then, we systematically discuss the
preparation strategies and unique characteristics of magneto-responsive biocomposites, focusing on
magneto-induced orientation, magneto-induced mechanical stimulation, and magnetocaloric effect.
Subsequently, this review elaborates the multiple mechanisms of magneto-responsive biocomposites in
promoting wound healing, including regulating cell behavior, enhancing electrical signal, controlling drug
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release, and accelerating tissue reconstruction. Finally, we further propose the development direction and

rsc.li/materials-b future challenges of magnetic responsive biomaterials as wound dressings in clinical application.

1. Introduction

Skin, as the largest organ of the human body, not only serves
multiple core functions such as sensing external stimulation,
regulating body temperature, and metabolism, but also acts as
the primary defense line safeguarding human health and
safety.'™ However, because skin has direct contact with the
external environment, it is also one of the tissues most suscep-
tible to injury.>® Every year, hundreds of millions of people
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suffer from skin trauma caused by burns, abrasions, surgeries,
and other factors.””® The healing process of wounds varies
depending on their size, depth, and the extent of damage on
the epidermis and dermis. Additionally, other factors such as
systemic malnutrition, immune compromise, aging, chronic
stress, and complications often lead to poor healing or pro-
longed healing time.? The healing process experienced by skin
trauma patients is often challenging, with significant physical
pressure and pain, as well as potential psychological issues,
social isolation, and decreased productivity, resulting in a
heavy economic burden on society.”'® Therefore, treatment
and rehabilitation are crucial, requiring collective attention
and support from individuals, healthcare professionals, and
policymakers to provide comprehensive care and support for
patients. This has profound significance for the entire health-
care system, economic development, and social stability.
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In recent years, with the continuous advancement of med-
ical technology, the research and application of wound dres-
sings have gradually gained widespread attention.'*™* Wound
dressings, as materials designed to cover wounds to protect
them from external infections, can also serve as scaffolds to
guide the reorganization of skin cells and facilitate the infiltra-
tion and integration of host tissues, thereby accelerating the
wound healing process."®'” To date, researchers have devel-
oped various forms of wound dressings, such as gauze, hydro-
gels, and foams, to meet diverse clinical needs.'®>® However,
despite the wide variety of existing wound dressing types, there
are still unmet needs in practical applications. For instance,
most available dressings lack the ability to adaptively adjust
their performance based on the progress of wound healing,
which greatly limits their therapeutic efficacy. Additionally,
there is a lack of wound dressings tailored for specific loca-
tions, such as joints and neck, which are subjected to high
tensile stress. Furthermore, the pain issue experienced by
patients during dressing changes has not received sufficient
attention and resolution. With the deepening understanding of
wound healing mechanisms, the demands for wound dressings
are gradually increasing. Therefore, the development of smart-
responsive, adaptive-regulating, and site-specific wound dres-
sings has become particularly urgent.>’

Smart wound dressings are advanced medical devices that
utilize built-in sensors and/or smart materials to continuously
monitor wound conditions or environmental changes and
respond effectively and appropriately in real-time.**”"
Compared to traditional wound dressings, smart wound dres-
sings offer higher flexibility and adaptability, and can meet the
needs of different stages of wound healing better. Smart wound
dressings not only interact with the wound environment
and provide continuous wound monitoring but also adjust
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Scheme 1 Schematic illustrations of the pathways through which magneto-responsive biocomposites promote wound healing.
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treatment strategies based on the changes in wound status,
controlling wound infections, reducing complications, and
promoting autonomous wound healing.*** Various types of
smart wound dressings have been developed, including
stimulus-responsive wound dressings, biomechanical wound
dressings, self-repairing wound dressings, and self-monitoring
wound dressings.***® In stimulus-responsive wound dressings,
compared to pH, light, heat, and electricity stimulation, mag-
netic stimulation possesses convenient remote temporal con-
trol, non-invasiveness, strong tissue penetration, and excellent
physicochemical properties, showing great potential in the field
of skin wound healing.*>*® Researchers have confirmed that
magneto-responsive biocomposites can effectively promote
skin wound healing through mechanisms such as modulating
cell behavior, magnetic hyperthermia sterilization, and con-
trolled drug release.*'™** However, a comprehensive review of
magneto-responsive biocomposites as wound dressings has yet
to be reported.

This review comprehensively outlines the current status and
progress of wound dressings made from magneto-responsive
biocomposites in the field of skin wound healing. Firstly, the
complex process of skin wound healing and the key parameters
for assessing its progress are introduced. Secondly, the pre-
paration strategies of magneto-responsive biocomposites are
systematically classified. Their unique characteristics, particu-
larly magneto-induced orientation, magneto-induced mechan-
ical stimulation, and magnetocaloric effect, are thoroughly
discussed. Subsequently, this review elucidates the multiple
mechanisms by which magneto-responsive biocomposites pro-
mote wound healing, including conduction regulating cell
behavior, enhancing electrical signal transmission, controlling
drug release, and accelerating tissue reconstruction. Finally,
challenges and future prospects faced by magneto-responsive
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wound dressings in the field of translational medicine are
discussed, aiming to deepen understanding of this area and
stimulate new research directions (Scheme 1).

2. Wound healing process and
evaluation parameters
2.1 Wound healing process

Wound healing is a complex natural process involving tissue,
cells, growth factors, and cytokines.* Its core objective is to
restore tissue integrity and stability.*>*” This repair process
consists of four interconnected stages, as described below
(Fig. 1).

Hemostasis phase. Hemostasis is a key initial step in wound
healing. In this stage, injured blood vessels constrict, and
platelets aggregate to form a platelet plug that stops bleeding.
Simultaneously, activated clotting factors initiate the coagula-
tion cascade, forming fibrin clots that stop bleeding and trigger
inflammation. As coagulation progresses, fibrinogen converts
into fibrin, creating a mesh that entraps platelets and cells to
form a stable thrombus and initiate the inflammatory immune
response.>*®

Inflammation phase. The inflammatory stage is the second
phase of wound healing, representing the body’s defense
response following vascular injury. During this stage, damaged
tissues release inflammatory mediators that increase vasodila-
tion and vascular permeability, allowing inflammatory cells to
infiltrate the wound and promote cleansing. However, excessive
inflammation may cause complications such as chronic wound
stagnation, making it important to modulate the inflammatory

response.*™*°
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Proliferation phase. As inflammation subsides, cells begin
to fill the wound through proliferation and migration. Epithe-
lial cells cover the wound by proliferating and migrating,
restoring skin integrity. Fibroblasts and myoblasts synthesize
and deposit extracellular matrix (ECM) proteins, strengthening
the wound structure. Notably, a balance between ECM deposi-
tion and degradation is essential to prevent the formation of
abnormal scars.’>>!

Remodeling phase. The remodeling stage is the final phase
of wound healing, marked by the disappearance of capillary,
macrophages, and fibroblasts through apoptosis or other pro-
cesses. Concurrently, collagen fiber content increases, with type I
collagen replacing type III collagen. The damaged tissue is restored
to its normal structure, with enhanced tensile strength.>

Overall, all stages of wound healing are exceedingly intricate,
and inhibition at any stage can lead to chronic wounds. Utilizing
bioactive materials with various properties can enhance the
effectiveness of wound healing and skin regeneration.

2.2 Evaluation parameters

Due to the complexity of the wound healing process, there are
diverse factors influencing its healing, and the parameters for
evaluating its repair are also numerous.

Inflammation-related cytokines. Moderate inflammation
facilitates the recruitment of inflammatory cells to clear
damaged tissue, eradicate pathogens, and initiate repair
mechanisms.>® However, excessive inflaimmatory action can
harm surrounding tissues and delay healing. Inflammatory
factors such as TNF-o, TGF-f, IL-1, IL-6, and CD68 are crucial
indicators for assessing the wound healing process.”* >’

Granulation tissue. Granulation tissue provides nutrients
and oxygen to the wound and helps clear pathogens and dead

tissue.>>>® However, thicker granulation tissue can lead to scar
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Fig. 1 Four stages of wound healing: hemostasis, inflammation, proliferation, and remodeling.*> Copyright 2014, American Association for the
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formation. Assessing the extent of granulation tissue formation
can provide crucial insights into the wound healing.

Re-epithelialization. The complete regeneration of the epi-
dermal layer helps prevent pathogen invasion and restores skin
function at the wound area.>*®® As a pivotal indicator of wound
healing, re-epithelialization can be assessed by detecting fac-
tors such as epidermal growth factor (EGF).*'

Collagen deposition. Collagen deposition can enhance the
mechanical strength of repaired tissue. Studies have indicated
that increased and organized collagen deposition improves
wound healing efficiency.®>®> Consequently, assessing col-
lagen deposition is of great concern for evaluating wound
healing progress and predicting outcomes.

Angiogenesis. Neovascularization supplies nutrients and
oxygen to damaged tissues, promotes cell migration and pro-
liferation, and modulates inflammatory. It also helps clear
waste from the wound site, supporting rapid healing. Vascular
endothelial growth factor (VEGF) and CD31 are closely asso-
ciated with angiogenesis.®®%®

Scarring. Scarring directly impacts wound healing outcomes
and patients’ quality of life. Highly active fibroblasts can
promote healing, but they may also lead to abnormal collagen
synthesis and scarring.®®”*> Therefore, modulating the for-
mation of extracellular matrix and collagen during healing is
essential to prevent scar formation.
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In addition, several other indicators can be used to assess
wound healing quality. For instance, wound closure rate can
visually assess healing speed, while hair follicle regeneration can
effectively evaluate functional recovery of the wound site.®*”%74

3. Magneto-responsive biocomposites
and their characteristics

3.1 Fabrication strategy of magneto-responsive
biocomposites

Magneto-responsive biocomposites typically consist of biocom-
patible materials and magnetic components.”” These compo-
sites are widely designed for applications in medical fields such
as tissue engineering, drug delivery, and medical imaging.”®”®
The magnetic components in magneto-responsive biocompo-
sites can be micron-sized or nano-sized magnetic particles (e.g.,
iron oxide, nickel, cobalt), while the matrix materials can be
artificial synthesized biocompatible polymers (e.g., PLGA, PCL,
PEG) or natural polymer materials (e.g., gelatin, hyaluronic
acid, chitosan).”®®° The magnetic particles within the compo-
sites respond to external magnetic fields to manipulate the
position, morphology, and functionality of the biocomposites.
The performance of the magnetic biocomposites depends on the
type and structure of the matrix material, as well as the size,
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distribution, orientation of magnetic particles, and the interaction
between the matrix material and magnetic particles.”® When
considering in vivo applications, the size of nanoparticles needs
to be constrained within a certain range, typically between 10 nm
and 100 nm, to ensure it can cross biological barriers to target
specific tissue or be metabolized. Hence, it is commonly referred
to as magnetic nanoparticles (MNPs).**"®* Various methods have
been developed for the preparation of magneto-responsive bio-
composites, including blending, in situ precipitation, and
grafting-onto methods, as illustrated in Fig. 2.

Blending method. Blending is a common method for pre-
paring composite materials. In this approach, MNPs and
biopolymers are separately prepared. Subsequently, they are
dissolved in suitable solvents, and then mixed together using
physical blending, mechanical stirring or ultrasonic treatment
to achieve uniform dispersion.®® This method is straightfor-
ward and applicable to the preparation of most composite
materials. Lin et al. dissolved cellulose in NaOH/urea aqueous
solution, then added beta-cyclodextrin followed by dropwise
addition of epichlorohydrin as a crosslinker (Fig. 2A). After
sufficient reaction, commercially purchased Fe;O, nano-
particles were added and uniformly dispersed. Finally, gradual
addition of CaCl, solution resulted in the formation of sphe-
rical magnetic beads. These spherical magnetic beads exhibit
rapid swelling-deswelling properties under an external mag-
netic field and enable remote control of gradual drug release.®*
Liu et al. fabricated poly(N-isopropylarcylamide) (PNIPAAm)/
Fe,0; magnetic hydrogels using the blending method. The
prepared ferrofluid was added to NIPAAm solution and hydro-
gels were formed using a suspension polymerization method,
which were readily moved and collected through an external
MF.*

The blending method offers advantages such as low cost
since no special equipment and materials are required. Addi-
tionally, it is independent from complicated processes and can
be easily extended to large-scale production. Furthermore,
blending can be employed to fabricate composites with good
biocompatibility. However, mere physical mixing may result in
poor dispersion among materials, and the precise control of
interface properties may be compromised. When there is dis-
parity in the solubility properties between MNPs and polymers,
the blending method becomes unsuitable.

In situ precipitation method. The basic principle of the
in situ precipitation method for preparing biocomposites
involves utilizing biopolymers as chemical reactors, enabling
the in situ precipitation of metal ions with precipitating agents
within the polymer network to form nanoparticles.®® This
method allows for control of the morphology, composition,
and structure of the precipitate by adjusting reaction condi-
tions such as temperature, pH, reaction time, etc., thereby
enabling modulation of the properties of the composites. Liao
et al. first mixed polyvinyl alcohol (PVA) solution with chitosan
solution in equal proportions, followed by freezing at —20 °C
for 8 h and then thawing at room temperature for 2 h (Fig. 2B).
After three freeze-thaw cycles, chitosan/PVA hydrogel was
obtained. The clean hydrogel was directly immersed in FeCl,/

This journal is © The Royal Society of Chemistry 2024
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FeCl; aqueous solution for 4 h, then transferred to NaOH
solution for another 4 h, allowing the in situ generation of
Fe;O0, NPs within the hydrogel. Subsequently, magnetic chit-
osan/PVA/Fe;0, hydrogel was obtained.®® Similarly, Gao et al.
immersed disk-shaped sodium 2-acrylamido-2-methyl-1-
propanesulfonate hydrogel (PNaAMPS) with negative charges
in an iron solution to adsorb Fe*" and Fe*". Subsequently, it was
transferred to a NaOH solution and soaked for 12 h to obtain
needle-shaped, rod-shaped, or octahedral Fe;O, nanocrystals.
The shape of the nanocrystals depends on the concentration of
the NaOH solution.*”

The advantages of the in situ precipitation method include
its wide applicability. It can be used to prepare various types of
biocomposites. Importantly, in situ precipitation can introduce
a large number of nanoparticles into the polymer network while
ensuring their good dispersion.’® However, the in situ precipi-
tation method requires strict reaction conditions, as deviations
may disrupt the established polymer network. Additionally, the
reaction process may generate waste liquid, necessitating addi-
tional post-reaction processing.

Grafting method. Both in situ precipitation and blending
methods are unable to ensure the dispersion stability of MNPs
within the polymer matrix due to the absence of strong inter-
action (chemical bonding or physical adsorption) between
them.”" The charm of the grafting-onto method lies in its
capability to combine nanoparticles with the polymer network
via either covalent or non-covalent bonds. Furthermore, MNPs
can even be introduced into the polymer network as cross-
linking agents, thereby enhancing the mechanical properties of
the composites and the dispersion stability of MNPs. The steps
before crosslinking are akin to those of the blending method,
where MNPs and polymer materials need to be prepared
separately. Subsequently, functional groups are grafted onto
the surface of MNPs, thereby establishing strong bonding
interactions with the polymer. Grafting-onto is a versatile
method for preparing biocomposites, offering considerable
potential for applications. Shou et al. incorporated acrylic
acid-functionalized RGD peptide sequences into poly(ethylene
glycol) diacrylate (PEGDA) polymer chains via ene reaction to
improve the biocompatibility of the hydrogel. Magnetic parti-
cles coated with thiol (TMP) were then dispersed into the
hydrogel network (i.e., PEGDA-RGD-TMP) to impart magnetic
responsiveness to the hydrogel. Under ultraviolet irradiation,
TMP was grafted onto the PEGDA backbone via thiol-ene click
reaction, and the precursor solution of PEGDA-RGD-TMP
quickly transformed into a solid gel (Fig. 2C). Compared to
physically encapsulated groups, the degree of TMP leakage
from the hydrogel was much weaker. The PEGDA-RGD-TMP
hydrogel network exhibited excellent mechanical properties
and maintained good biostability in acidic and alkaline envir-
onments. The hydrogel was filled with an interconnected
porous network, providing ample space for nutrient diffusion,
cell growth, and migration, while ensuring oxygen levels within
the hydrogel. This hydrogel can play a multifunctional role in
the process of wound healing.*® Injectable polysaccharide-
based magnetic hydrogels based on HA and Fe;O, were
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synthesised using MNP suspensions mixed with a bisphospho-
nate (BP) solution containing hyaluronic acid (HA). The BP
chelating ligand in the resulting HA-BP derivative was coordi-
nated with the iron atoms to form the final magnetic
hydrogel.”>

The advantage of the grafting-onto method lies in its ability
to ensure the dispersion stability of MNPs as well as the
adjustability of the biodegradability and mechanical properties
of the biocomposites. However, the preparation process of this
method is relatively complex, requiring high technical and
processing requirements. This may lead to prolonged prepara-
tion cycles and increased production costs.

3.2 Characteristics of magneto-responsive biocomposites

Magneto-responsive biocomposites are advanced materials
characterized by excellent responsiveness to magnetic fields
and superior biocompatibility. Under the influence of a specific
external magnetic field, these materials can rapidly and pre-
cisely respond, exhibiting unique physical or chemical property
changes, such as magneto-induced orientation, magneto-
induced mechanical stimulation and the magnetocaloric effect.

Magneto-induced orientation. The most intuitive response
of magnetic biocomposites to a magnetic field is the orienta-
tion of MNPs. This is not limited to the rotation of anisotropic
magnetic nanoparticles (such as rod-shaped or plate-shaped
particles) induced by an external magnetic field. For isotropic
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magnetic nanospheres, the orientation of induced magnetic
dipoles by the external magnetic field leads to attractive forces
between the nanospheres.”*®” And the attraction further
results in the development of pearl-chain-like structures of
MNPs aligned along the direction of the magnetic field.
Magneto-induction orientation can be utilized in the prepara-
tion of biocomposites with highly anisotropic structures, exhi-
biting multiple direction-dependent characteristics such as
anisotropic elastic modulus and swelling.”®

In our previous review, we systematically described the
preparation methods, properties, and biomedical applications
of magnetic anisotropic biomaterials.*® A commonly used pre-
paration method is inducing the alignment of magnetic nano-
particles, nanorods, or nanoplates in a specific direction using
an external static magnetic field before the matrix material is
shaped. Subsequently, this ordered structure is preserved dur-
ing the solidification process of the matrix material (Fig. 3A).
The magneto-induced anisotropic structure not only imparts
anisotropic mechanical strength to biocomposites but also
exhibits directional dependence in their magnetic heating
effects. Additionally, the anisotropic structure can increase
the conductivity or transparency of the biomaterial in a specific
direction. Importantly, the ordered structure also provides
directional cues for cell growth, facilitating the directional
growth of neurons or muscle cells, thereby accelerating tissue
repair or promoting tissue function recovery.
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Fig. 3 (A) Schematic illustration of the fabrication process of magnetically anisotropic hydrogels; depth color-coded images of 3D fibrin hydrogels
containing PLGA-based magnetic fibers.*® Copyright 2023, Royal Society of Chemistry. (B) Schematic illustration of magneto-mechanical stimulation
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Magneto-induced mechanical stimulation. It is well recog-
nized that mechanical stimulation plays a pivotal role in
regulating various physiological processes, ranging from
embryonic development to tissue regeneration. Mechanical
stimulation can activate intracellular signaling pathways,
thereby influencing gene expression and cellular functions.
The effects of mechanical stimulation on stem cells have also
emerged as a focal point in the field of tissue engineering.
Furthermore, mechanical stimulation can modulate tissue
morphology and structure.'®* ™% However, directly applying
appropriate mechanical stimulation to damaged tissues is
often challenging, especially when the depth of tissue damage
is significant. Controlling the intensity, frequency, and spatio-
temporal characteristics of mechanical stimulation is also
difficult. In this context, magnetic biocomposites undergo
subtle deformations under the influence of external magnetic
stimulation, thereby transmitting mechanical cues to cells or
tissues.”>'** Magnetic-induced mechanical stimulation, com-
pared to direct physical stimulation, offers a more sophisti-
cated approach and allows precise control of mechanical
stimulation by modulating the external magnetic field. Design-
ing the matrix material of magnetic biocomposites as hydrogels
and incorporating magnetic nanoparticles as crosslinkers can
further enhance the deformation magnitude of the material
under magnetic field exposure, thereby augmenting magnetic-
driven mechanical stimulation.'*>*%

Using in situ scanning with atomic force microscopy, we
observed for the first time the nanoscale deformation of magnetic
bio-composite materials under a static magnetic field. Combined
with the activation of mechanosensitive channel proteins (Pizeo1)
in cells, we demonstrated the regulatory function of magneto-
induced mechanical stimulation on cellular behavior (Fig. 3A).%°
Subsequently, molecular dynamics simulations and in vitro experi-
ments were used to investigate the effect of nanoparticle surface
modification on the intensity of magneto-induced mechanical
stimulation.'® Recent research indicates that magneto-induced
mechanical stimulation can also promote skin wound healing
through mechanisms such as promoting angiogenesis and tissue
reconstruction.”® These findings lay a solid foundation for the
widespread application of magneto-induced mechanical stimula-
tion in the field of biomedicine.

Magnetocaloric effect. When the external magnetic field is
not static but alternative in high-frequency, MNPs will undergo
Néel Brownian relaxation and generate heat, known as the
magnetocaloric effect."””'%® This effect has been widely
studied over the past decade, with one of the most extensively
researched areas being magnetic hyperthermia therapy.'%®""!
A shock response in tumor cells can be induced by the heat
released by MNPs, effectively treating cancer. Compared to
other physical stimulation (such as light or sound), magnetic
heating has no depth penetration limits and is not attenuated
by tissues. Recently, the magnetocaloric effect has been more
broadly applied in other biomedical fields, such as activation of
heat-sensitive receptors, cellular signal transduction pathways
involving gene expression and protein production, and mag-
netic heat-triggered substance delivery."*°
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The magnetocaloric effect can not only directly affect cells
and tissues but also impact biomaterials. For instance, in our
previous work, we utilized the magnetocaloric effect of MNPs to
control the real-time temperature of PLGA scaffolds, thereby
achieving controlled degradation of the scaffolds. The inter-
action between the grafted MNPs and the polymeric matrix is
stronger than bare MNPs, leading to a more pronounced heat
transfer effect and faster degradation rate (Fig. 3C)."°° This
result was further semi-quantitatively demonstrated through
molecular dynamics simulations. Recent studies also indicate
that the magnetocaloric effect can be utilized for deep steriliza-
tion or drug release in skin wound healing.**

4. Magneto-responsive biocomposites
for enhancing wound healing

4.1 Magneto-responsive biocomposites for regulating cell
behavior

Precise control of cellular behavior plays a central role in the
process of skin wound healing. Biological processes such as cell
proliferation, migration, differentiation, and apoptosis inter-
twine to form the complex process of skin regeneration and
repair. Precise control of cellular behavior is crucial to ensuring
rapid and complete repair of skin wounds.""*'* In recent years,
with the rapid development of molecular biology and cell
biology, researchers have gained a deeper understanding in
regulating cellular behavior. By intervening in the function of
membrane proteins and downstream signaling pathways, cell
proliferation, migration, and differentiation can be effectively
regulated, thereby accelerating the wound healing process.'*>'®
Among these, magnetic biocomposites, as a novel type of smart
responsive biomaterial, demonstrate unique responsiveness
under the influence of an external magnetic field due to the
embedded magnetic particles, thereby achieving precise control
of cellular behavior. They can not only alter the cellular micro-
environment through physical stimulation but also can influ-
ence the interaction between cells and materials, guiding the
directed cell growth and wound repair.""”~"" This characteristic
makes magneto-responsive biocomposites show vast potential in
the field of skin wound healing, offering new possibilities for
future medical treatments.

Zhu et al. utilized MNPs as a non-contact actuator, combined
with hydrogel as the matrix material, to develop a novel dynamic
adjustment and repair system, which they termed the magneto-
responsive massage membrane (MMM). In this composite mate-
rial, they designed reinforced fibers as a negative Poisson’s ratio
structure to enhance the mechanical strength of the hydrogel,
while a high concentration of MNPs was designed in an
umbrella-like structure to achieve a more uniform stress-strain
distribution (Fig. 4A). The results indicate that the magnetic
hydrogel can be activated and deformed to different amplitudes
periodically using a dynamic magnetic system. During this
process, the mechanical transduction signals of fibroblasts are
activated. Subsequently, the expression of a-smooth muscle
actin (a-SMA) increases, indicating the differentiation of
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fibroblasts towards myofibroblast under the stimulation. The
expression of the typical epithelial marker Keratin 14 (K14) also
increases simultaneously. However, prolonged (over 6 h)
magnetic-mechanical stimulation instead leads to cell apoptosis.
This study fully demonstrates the potential application of appro-
priate magneto-mechanical stimulation in regulating cellular
behavior and promoting wound healing.*’ Moreover, Ganguly
et al. utilized the magnetic response of cellulose nanocrystals
(CNCs) embedded in alginate-silk fibroin (ASF) matrix under
low-intensity magnetic fields to enable the fabrication of mag-
netically aligned, anisotropic three-dimensional wound healing
scaffolds (Fig. 4B). The anisotropic structure significantly
enhanced the mechanical strength of the scaffolds and pro-
moted the proliferation of skin fibroblasts, keratinocytes, and
endothelial cells, along with the alignment of their cytoskele-
tons. Concurrently, the expression of keratins (KRT1, KRT5,
KRT10, and KRT14) in HaCaT cells was notably affected, while
the expression of platelet endothelial cell adhesion molecule
(PECAM), vascular endothelial growth factor (VEGF), and

7470 | J Mater. Chem. B, 2024,12, 7463-7479

vascular endothelial cadherin (VE-CAD) in human umbilical vein
endothelial cells (HUVEC) increased significantly. Further in vivo
experiments demonstrated that the anisotropic biomimetic scaf-
fold structure effectively accelerated wound closure. These stu-
dies highlight the unique advantages of magneto-responsive
biocomposites in modulating cellular biology and promoting
wound healing."*

4.2 Magneto-responsive biocomposites for enhancing
electrical signal conduction

The skin healing process involves a series of complex biological
reactions, in which electrical signals play a crucial role in cell
proliferation and differentiation, as well as tissue maturation
and maintenance. Electrical signal transduction, as one of the
important means of intercellular information transmission,
converts external stimulation into intracellular electrical sig-
nals through ion channels or receptors on the cell membrane,
121-124 Dur-

signal

thereby triggering corresponding biological effects.
ing the skin wound healing process, electrical
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transduction can rapidly respond to injury signals, activate
intracellular signaling pathways, promote cell proliferation,
migration, and differentiation, thereby accelerating wound
healing. Therefore, the reconstruction of endogenous bioelec-
tric signals in damaged tissue has become a research hotspot.
Traditional electrical stimulation methods rely on invasive
exogenous devices, making it difficult to accurately adjust the
dose and spatial range of the physical stimulation. And electro-
des are prone to induce inflammation and infection, hindering
wound healing and prolonging treatment time.">> To overcome
these drawbacks, the development of smart biocomposites for
bioelectric stimulation has become a feasible strategy.
Combining magneto-mechanical stimulation with piezoelec-
tric materials is a clever design. Zhang et al. designed an aligned
magnetoelectric nanofibrous membrane system (containing poly-
t-lactic acid (PLLA) and cobalt ferrite (CFO)) with magneto-
mechano-electric cascade stimulation (Fig. 5A). Excellent mag-
netic properties, enhanced crystallinity, and resulting piezoelec-
tric responsiveness were achieved by simply adjusting the loading
of magnetic nanoparticles. Specifically, under the influence of an
external magnetic field, the magnetic response in PLLA/CFO is
amplified, leading to significant deformation and subsequent
generation of both mechanical and electrical signals. Importantly,
this performance can be finely tuned to match the actual wound
healing process, facilitating accelerated repair of full-thickness
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skin defects in rats. This work presents a novel strategy for
reconstructing  complex  biophysical  microenvironments
remotely.”” Apart from the magneto-mechano-electric effect, the
increase in conductivity due to magnetic anisotropy can also be
utilized to enhance intercellular electrical signal transmission.
Inspired by the highly ordered hierarchical structure of natural
soft tissues, Li et al introduced ordered magneto-electric
nanosheets (MPG) into gelatin-oxidized dextran (Gel-ODex) hydro-
gels, imparting anisotropy to the hydrogel (Fig. 5B). The directed
arrangement of MPG within the hydrogel formed an ordered
conductive pathway. Then, the Gel-ODex-MPG hydrogel exhibited
anisotropic mechanical and electrical properties under near-
infrared light (NIR, 808 nm). By optimizing the content of MPG,
the electrical conductivity of the hydrogel material can be max-
imized. Moreover, anisotropic Gel-ODex-MPG conductive hydro-
gels can accelerate wound healing and sensitively detect human
movement, aiding in monitoring wound status and rehabilitation
training during the wound recovery process. This provides
insights into the development of multifunctional anisotropic
hydrogels integrated for wound healing and personal health
monitoring.'*®

4.3 Magneto-responsive biocomposites for controlling drug release

In the wound healing process, any infection can potentially
delay or disrupt the repair process. Therefore, sterilization is a
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conductive hydrogel and its medical application; effect of rGO, PDA and MPG on the conductive performance of the hydrogels.**® Copyright 2023, Elsevier.
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crucial aspect in ensuring smooth wound healing. Effectively
eliminating pathogens around the wound can reduce the risk of
infection, protect the wound from further inflammation, and
provide a clean healing environment. Additionally, sterilization
helps alleviate symptoms such as swollen and pain, and accel-
erates the regeneration of wound tissues.'””**° Researchers
have developed various novel drug molecules and antibacterial
materials that not only enhance bactericidal efficacy but also
enable non-invasive real-time monitoring of the treatment
process, effectively avoiding irritation and damage to normal
tissues."*° The controlled release of these drug molecules poses
the next challenge for researchers. Among various strategies,
magnetically induced drug delivery stands out for its remote
and spatiotemporal controllability.  Specifically, MNPs
embedded in biocomposites can rapidly respond to external
magnetic stimulation and generate the magnetocaloric effect.
This property enables MNPs to achieve an “on-off”” switching
function.”® Combined with the modulation of the magnetic
field, drug release can be precisely controlled. Magnetic
hyperthermia-triggered drug delivery systems not only integrate
multiple thermo-responsive interactions, such as molecular

View Article Online
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contraction, dissociation, and cleavage, but also demonstrate
significant advantages in the precision and efficiency of drug
release. This innovative drug delivery method not only provides
a safer and more efficient treatment for skin wound healing but
also offers new solutions to drug delivery issues in other
medical fields.

Yang et al. designed a 2D MXene-based hydrogel system
consisting of MXene encapsulated MNPs and poly(N-iso-
propylacrylamide)-alginate double crosslinking hydrogels
(Fig. 6A). By further loading Ag NPs a novel smart drug carrier
was constructed. Under near-infrared light irradiation and
alternating magnetic field, the system’s temperature could
rapidly increase, triggering the thermosensitive properties of
the hydrogel, thereby releasing Ag NPs in a controlled manner.
The system’s multifaceted responsiveness and controllable
drug delivery capability can reduce drug side effects and
promote wound healing processes. Its practicality was demon-
strated through its application in treating full-thickness skin
wounds and subcutaneous infected wounds in a rat model.**
Coincidentally, Chung et al. also conducted research on mag-
netically controlled drug release. By combining nitric oxide
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(NO) carrier ([Fe(p-S-thioglycerol(NO),)],) with porous Fe;0,@C
derived from a metal-organic framework (MOF), further encap-
sulating them in thermo-responsive PLGA microspheres,
assembly of MagNORM was achieved. Continuous application
of alternating magnetic fields to the material enabled ON/OFF
control of NO release, thereby triggering bactericidal effects
against Gram-positive Staphylococcus aureus (S. aureus) and
Gram-negative Escherichia coli (E. coli). Moreover, after the
withdrawal of the alternating magnetic field, stable release of
NO from MagNORM promoted subsequent collagen formation
and mouse wound healing. These results indicate the promis-
ing performance of magnetically controlled drug release in
deep chronic wound healing and related biomedical fields."**

4.4 Magneto-responsive biocomposites for accelerating tissue
reconstruction

The importance of tissue reconstruction in the wound healing
process is self-evident. Through a series of intricate and complex
mechanisms, tissue reconstruction comprehensively assists
wound repair.'*® Firstly, tissue reconstruction can readjust the
structure of damaged tissues, making them more orderly and
stable, thereby laying a solid foundation for wound healing.
Secondly, this process promotes the deposition of collagen,
enhancing the stability of the wound edges and improving the
resilience and elasticity of the skin. Furthermore, tissue recon-
struction accelerates the process of re-epithelialization, allowing
epithelial cells to quickly cover the wound surface and reduce the
risk of infection. Simultaneously, neovascularization is also
crucial for wound healing, as it not only provides ample blood
supply to the wound area but also accelerates the delivery of
nutrients and clearance of waste products.”** Finally, tissue
reconstruction improves the local microenvironment, reducing
the secretion of pro-inflammatory factors and infiltration of
inflammatory cells, further promoting epidermal regeneration
and wound closure."**™**’ Failure in tissue reconstruction may
lead to delayed repair processes, difficulty in wound closure, and
even scarring, causing long-term distress and pain to patients.
Therefore, in-depth research and understanding of the process
and mechanisms of tissue reconstruction are of great signifi-
cance in improving the quality of wound healing and reducing
complications.

Zhang et al. designed a gel-based multifunctional dressing
composed of two types of microfibers. One microfiber contains
an Fe;0,@Si0, interpenetrating polymer network, while the
other microfiber carries human umbilical cord mesenchymal
stem cells (Fig. 7A). The dressing significantly promotes cell
proliferation and tissue reconstruction, improving re-
epithelialization, granulation tissue formation, and collagen
deposition at the wound site. Additionally, its unique woven
structure provides additional capabilities such as absorbing
exudate, providing a moist environment, and retaining thera-
peutic cells. In vivo experiments demonstrate that the gel-based
multifunctional dressing, under the influence of a magnetic
field, significantly accelerates the repair process of full-
thickness skin injuries. Concurrently, hair growth is also
significantly enhanced, indicating higher quality of wound

This journal is © The Royal Society of Chemistry 2024
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repair.'*® Moreover, Wang et al. utilized tannic acid to bridge
magneto-deformable cobalt ferrite nanoparticles (CFO NPs)
with a polyvinyl alcohol (PVA) matrix, resulting in a nanocom-
posite hydrogel with enhanced mechanical properties and
magnetic responsiveness (Fig. 7B). Under a simple static mag-
netic field, the tannic acid bridge effectively transfers the
magnetic responsiveness from the CFO NPs to PVA, leading
to significant changes in the material surface morphology.
These morphological changes further promote cell adhesion
and proliferation. The synergistic action of the magneto-
responsive bionanocomposites with the magnetic field also
significantly accelerates early vascular formation at the wound
site, thereby markedly expediting the tissue reconstruction and
wound healing. These results reveal the potential of multi-
functional dressings in accelerating tissue reconstruction.'*”

4.5 Multifunctionality of magneto-responsive biocomposites

Wound healing is an extremely complex and dynamic biologi-
cal process, akin to a meticulously orchestrated symphony,
requiring coordinated efforts from multiple aspects. From the
initial hemostasis and sterilization, to subsequent cell prolif-
eration, migration, and differentiation, and finally tissue remo-
deling and angiogenesis, each step is crucial. Any deficiency or
dysfunction in a particular step may trigger a cascade of
reactions, leading to the failure of the entire repair process.’
For instance, inadequate sterilization may result in infection,
thereby compromising the newly formed tissue and delaying
the healing process; aberrant cell behavior may lead to exces-
sive cell proliferation or overproduction of collagen peptide,
resulting in scarring or other complications. Therefore, in the
process of wound healing, comprehensive consideration and
meticulous regulation of each step are imperative to ensure
their coordination and mutual cooperation. To promote wound
healing more effectively, the concerted action of multiple repair
functions is typically required. In this regard, magnetic materi-
als demonstrate immense potential.

He et al designed magneto-thermal responsive bilayer
microneedles (Fe-Se-HA-MNs) composed of functionalized
HA, Fe;O, and micelle-protected selenium nanoparticles
(SeNPs@LAS). A self-designed disk-shaped electromagnetic
field device (Disk-ZVS) was employed to apply magnetic stimu-
lation to the microneedles (Fig. 8A). The electric field intensity
and electromagnetic loss were mainly concentrated at the tips
of the Fe-Se-HA-MNs. The microneedles can penetrate tough
scabs, pierce bacterial biofilms, and perform effective magneto-
thermal conversion for deep thermal therapy disinfection. As
the microneedle structure gradually degrades, the sustained
release of Se NPs can stimulate endothelial cell proliferation,
migration, and the expression of genes related to angiogenesis.
Additionally, Se NPs promote angiogenesis, facilitating blood
vessel formation. In summary, Fe-Se-HA-MNs can achieve mul-
tiple functions such as magneto-thermal disinfection, deep
non-invasive tissue penetration, anti-inflammatory effects,
and promotion of angiogenesis.** Fu et al. constructed a novel
living electrospun short fibrous sponge by modifying bionic
short fibers with engineered nanofat, which can load stem cells
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and release vascular endothelial growth factor, thereby promot-
ing the tubulogenesis of human umbilical vein endothelial
cells. This sponge can effectively and continuously act on
wounds in vivo, facilitating the continuous healing of diabetic
wounds.'*® Furthermore, Shou et al. developed a powerful
platform technology combining magnetic-responsive hydro-
gels, cells, and magneto-mechanical stimulation (Fig. 8B).
The cells encapsulated in the hydrogel were FDA-approved
fibroblasts and keratinocytes. These cells achieved a threefold
increase in wound closure rate in diabetic mice. Additionally,
magneto-mechanical stimulation activated fibroblasts, signifi-
cantly enhancing their proliferation and collagen deposition.
Furthermore, the platform improved the secretion profile
of keratinocytes through the Ras/MEK/ERK pathway to
promote angiogenesis. Importantly, the magnetic-responsive
properties also facilitated on-demand insulin release for spa-
tiotemporal glucose regulation by increasing network deforma-
tion and interstitial flow. This integrated system addresses
most pathological factors associated with diabetic wounds on
a single platform, demonstrating the multifunctionality of
magneto-responsive bio-composites in the wound healing
process.*

7474 | J Mater. Chem. B, 2024,12, 7463-7479

5. Conclusion and future perspective

Wound dressings have a developmental history spanning hun-
dreds of years. With the increasingly profound understanding
of wound healing mechanisms, various wound dressings have
emerged to meet the needs in different stages of wound
healing. In recent years, ‘“‘magneto-responsive wound dres-
sings” have emerged as a novel type of smart wound dressing.
By responding to external magnetic stimulation and interacting
with the wounds, they sense and react to changes in wound
conditions or environments, greatly enhancing the speed and
quality of wound repair. This review aims to comprehensively
summarize the enhancement functions of magneto-responsive
biocomposites as wound dressings reported in the literature.
These magneto-responsive biocomposites can regulate cell
behavior by directly affecting the interaction between the
material and cells, such as promoting cell adhesion and pro-
liferation, and accurately controlling their differentiation. And
the MNPs can achieve directional arrangement under the
influence of an external magnetic field, providing the compo-
sites with excellent mechanical anisotropy and effectively guid-
ing the orientation growth of cells and the directional

This journal is © The Royal Society of Chemistry 2024
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arrangement of collagen fibers. Moreover, under external mag-
netic stimulation, magneto-responsive biocomposites undergo
nanoscale deformation, providing localized mechanical stimu-
lation to the damaged area, thereby promoting tissue remodel-
ing and regeneration. Remarkably, the magnetocaloric effect of
the magneto-responsive biocomposites not only possesses pro-
found antimicrobial capability but also allows for precise
modulation and control of drug release in a spatiotemporal
regime. By programmatically sterilizing, it effectively sup-
presses inflammation and accelerates wound repair. Based on
the multifaceted mechanisms, magneto-responsive biocompo-
sites demonstrate tremendous potential applications in the

This journal is © The Royal Society of Chemistry 2024

field of wound healing dressings. However, before the wide-
spread clinical application of magnetic responsive wound
dressings, a series of challenges still need to be addressed to
ensure their safety and efficiency toward patients.

The cytotoxicity of MNPs has been a subject of controversy.
While most studies indicate low cytotoxicity of MNPs, their
toxicity can vary depending on factors such as size, surface
coating, dosage, exposure time, and cell line."*"'** In vivo
studies can provide a more realistic reflection of the overall
impact of MNPs on the body. They have not shown significant
acute toxicity but have revealed potential risks of genetic,
neurological, immunological, and reproductive toxicity.
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Therefore, it is necessary to extensively conduct both in vitro
and in vivo studies to thoroughly investigate the cytotoxicity and
long-term effects of MNPs. Furthermore, there are challenges in
effectively and safely integrating MNPs with wound dressings.
To optimize materials and determine their reliability in wound
repair applications, a deeper understanding of the response of
magneto-responsive wound dressings to different external mag-
netic fields. Particle distribution, surface chemistry, coatings,
and their effects on wound healing are also needed. Establish-
ing standardized research methods to explore the biological
effects of MNPs with different physical properties is crucial.
Before clinical application or preclinical trials, it is essential to
conduct in-depth laboratory research on the biomedical appli-
cations of current and future magnetic nanoparticles to ensure
their safety and efficacy.

Additionally, the practical application of magneto-responsive
wound dressings typically requires coordination with specific
external magnetic fields to leverage their magnetic responsive
properties. Although researchers have indicated the potential of
magnetic fields in promoting wound healing, there is still a lack
of sufficient evidence to support these positive effects in clinical
trials. Various factors such as the form, intensity, and direction
of the magnetic field significantly impact wound healing effi-
ciency, making the application of magnetic fields more complex
and nuanced. In particular, dynamic magnetic fields possess
diverse parameters such as field intensity, frequency, pulse
width, duration, and exposure frequency, complicating the
mechanisms involved in wound healing and making them
difficult to elucidate. Furthermore, the mode of magnetic field
exposure is equally important. In practical applications, mag-
netic field exposure can be divided into local exposure and
whole-body exposure. Static magnetic fields generated by per-
manent magnets can be conveniently placed near the wound or
applied to the entire body. However, it still lacks the clear
research conclusions on whether the beneficial effects of
dynamic magnetic fields on wound healing are contributed by
the direct infliction on the wound site or the regulation on the
entire body.'* Wound healing is a complex and prolonged
biological process involving interactions among various cells
and molecules. The effects of magnetic field exposure may vary
during different stages of wound healing. For dynamic magnetic
field exposure, tissues undergo a heating process. Short-term
exposure to dynamic magnetic fields can protect biological
tissues from temperature elevation while exerting their positive
effects. However, prolonged exposure to dynamic magnetic fields
may have adverse effects on normal tissues, leading to ongoing
debates about their safety, necessitating further research and
assessment.

Furthermore, the specific mechanism of magneto-responsive
biocomposites in promoting wound healing remains not fully
elucidated. Although existing research studies mention some
positive effects such as re-epithelialization, vascular regenera-
tion, and collagen deposition, these studies often focus on
intuitionistic observations, lacking in-depth, systematic explora-
tion of mechanisms. To comprehensively understand how
magneto-responsive biocomposites affect the wound healing
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process, further research is needed into their specific roles in
cellular signal transduction, regulation of gene expression, and
molecular interactions. The commercialization process of
magneto-responsive wound dressings also faces numerous chal-
lenges. Due to the novel design and materials used in magneto-
responsive wound dressings, coupled with high requirements for
magnetic equipment, transitioning from research and develop-
ment to commercial application entails a lengthy and complex
process. This includes material safety assessment, efficacy vali-
dation, optimization of production processes, and cost control,
etc. Additionally, large-scale production of magneto-responsive
wound dressings poses a technological challenge, as most
products are still in the experimental stage, lacking uniform,
efficient production processes, and standards.

To promote the clinical application and commercialization
process of magneto-responsive wound dressings, it is essential
to enhance interdisciplinary collaboration. This involves inte-
grating resources and technical expertise from fields such as
materials science, biomedical engineering, pharmaceuticals,
and clinical medicine. Through in-depth research, technologi-
cal innovation, and process improvement, we can continuously
enhance the therapeutic efficacy and production efficiency of
magneto-responsive wound dressings while reducing produc-
tion costs. Ultimately, this will lead to their widespread appli-
cation and commercial success in the market. However, there is
still a long road ahead to achieve perfect skin repair.
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