Journal of Composites and Compounds 8(2026) 1-8

Journal of Available Online at www.jourcc.com

e CrossMark
and
Compounds Journal homepage: www.JOURCC.com

-%y _ Journal of Composites and Compounds

Magnetically Responsive Biomaterials for Non-Invasive Drug Delivery and
Enhanced Wound Repair

Shiva Pishvaei *", Maryam Rezaei **, Marziyeh Azad ¢, Pantea Shahrivar ¢
* Faculty general medicine, Volgograd state medical university, Volgograd, Russia.
b Dentistry, Emergency Medicine, Psychology, Behavioral Sciences, Thilisi, Georgia.
¢ Department of Nanotechnology, Faculty of Chemistry, University of Isfahan, Isfahan 81746-73441, Iran.
4 Faculty of Medical Sciences, Guilan University of Medical Sciences, Rasht, Iran.

ABSTRACT ARTICLE INFORMATION
Magnetically responsive biomaterials offer a novel and adaptable platform for non- Article History:
invasive drug delivery and enhanced wound healing. These materials use outside Received 02 January 2026
magnetic stimuli to control when and where therapeutic agents are released, addressing Received in revised form 13 March 2026
problems with existing wound therapies, such as lack of targeting and inefficient Accepted 19 March 2026
activation of drugs. These biomaterials can be integrated with magnetic nanoparticles
. . R Keywords:
into hydrogels, nanofibrous scaffolds, or composite structures for remote activation . . . .
L . . Magnetically Responsive Biomaterials
and directional guidance that can modulate cellular behaviors, alter local T
microenvironments, and promote tissue regeneration. Furthermore, magnetic WoundRepaic
actuation enables controlled mechanical stimulation and drug release, helping to Biocompatible
facilitate the crucial stages of wound healing like inflammation regulation,
angiogenesis and tissue remodeling. Magnetically responsive biomaterials are
promising candidates for advanced wound dressings, able to adapt to wound
conditions and to improve healing outcomes without invasive procedures, due to their
high biocompatibility, the possibility to repeat magnetic stimulation and the possibility
to be multifunctional. Recent advances in smart wound management systems are
targeted to combine the magnetic responsiveness and stimuli-sensitive drug release to
improve the healing efficiency and the comfort of the patient, leading to clinical
applications.
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1. Introduction

The Rapid development of biomaterials science has opened a
new era of advanced therapies using the unique properties of
magnetic responsive biomaterials for medical applications [1].
These innovations are anticipated to revolutionize conventional
treatment methods, especially in non-invasive drug delivery and
wound healing, by offering controllable, targeted and on-demand
therapeutic options [2, 3]. The embedding of magnetic
nanoparticles or components into biocompatible matrices has
enabled researchers to create platforms that can be remotely
activated or guided, allowing for an unprecedented spatial and
temporal control in the delivery of therapy [1]. Modern medicine
aims at maximizing therapeutic effectiveness, while minimizing
patient discomfort and systemic side effects. Non-invasive drug
delivery is a major goal of contemporary medicine [4].

Effective wound repair, especially for chronic and non-healing
wounds, continues to be a significant burden for health care
systems around the world [5-7]. Conventional wound care systems
are often not able to provide the active and controlled support
during the complex multispectral healing process [8].
Magnetically responsive biocomposites represent a major advance
in this field, able to modulate cellular responses and stimulate
tissue regeneration thru localized mechanical and biochemical
stimulation. Using these materials can improve patient outcomes,
reduce the risk of infections, and speed up the healing process due
to the remote-control and bioactivity features of such technologies
[9]. Technologies in this area are based on concepts of remote
control, biocompatibility, and multifunctionality [10]. Magnetic
nanostructured materials can be developed and tailored to operate
in different strength and gradient fields [11]. The technology used
to create dynamic biointerfaces enhances effectiveness and safety
and minimizes the number of invasive procedures [12]. Moreover,
the versatility of these materials to be used as drug carriers, wound
dressings or scaffolds for tissue regeneration suggests their broad
therapeutical possibilities [13].This review presents the recent
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advances in the field of magnetically responsive biomaterials with
an emphasis on their use for non-invasive drug delivery and
improved wound healing. It describes their preparation techniques,
working principles, merits and current challenges. The review will
outline recent findings and indicate future perspectives to exploit
the potential of magnetic biomaterials for patient-centered non-
invasive therapies.

2. Fundamentals of Magnetic Responsiveness

Magnetic responsiveness is a phenomenon of response of the
substance or system according to the action of an external magnetic
field [14]. This phenomenon is an essential concept in materials
science, physics and engineering and has important applications in
many fields including smart materials, bioengineering and device
making [15].

2.1. Types of Magnetic Materials

Magnetic biomaterials represent a high-end technology in the
field of tailored drug administration and trauma treatment that
allows precise regulation of therapy and cell reactions. Ziv-Polat
et al. [16] developed thrombin-conjugated maghemite (y-Fe:0s)
nanoparticles for wound healing and compared their efficacy with
free thrombin in rat incisional wounds. The results showed
that bound thrombin significantly enhanced skin tensile strength
and promoted more advanced wound healing compared with free
thrombin and the control group. Zhang et al. [17] have synthesized
a magnetically responsive scaffold of HA/FesO. and proved that
magnetic field-mediated deformations and water convections
improved the release of the compound. As can be seen from Fig.1,
the release rate of methylene blue was higher and more uniform
under magnetic treatment compared to its absence. Table 1
provides an overview of the types of materials, their properties,
and their applications in medicine.
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Fig. 1. (A) Schematic illustration of the on-demand drug delivery procedure from HA/Fe304 sandwich structures by alternating magnetic fields. (B, C)
Photographs showing the release of methylene blue dye from HA/Fe3O4 sandwich structures without (B) and with (C) magnetic excitation within 1 h. (D)
Absorption spectrum of Hb solution before and after immersing the HA/Fe3;O4 sandwich structure in the solution. (E) Drug release curves for 4 h of Hb from
HA/Fe304 sandwich structures with magnetic excitation, and without magnetic excitation. (F) Hb release rates of HA/Fe304 sandwich structures with and

without magnetic excitation at different time points in 4 h [17].

Table 1
Types of Magnetic Materials.
Type of Magnetically Composition/Mechanism. Advantages for Drug Features/Challenges References
Responsive Biomaterial Delivery and Wound
Repair
Magnetic Nanoparticles  Superparamagnetic iron oxide (Fe304, y-  Enable remote, Low toxicity and high stability; can  [18, 19]
(MNPs, e.g., SPIONs) Fe203); may be coated with polymers, spatiotemporal control  be functionalized with drugs or
proteins, or lipids of  drug release; ligands; potential for aggregation if
targeted drug delivery  not properly coated.
guided by external
magnetic fields.
Magnetically Hydrogels incorporating magnetic  Controlled drug  Soft, biocompatible, and responsive  [9, 20, 21]
Responsive Hydrogels nanoparticles release through  to external fields for on-demand
magnetic stimulation;  therapy; features tunable porosity
improve cellular  and release profiles.
responses and tissue
regeneration.
Magnetic Nanofibers  Electrospun fibers (e.g., gelatin, silk fibroin)  Mimic the High  surface area, oxygen [17,22]
and Nanofibrous Mats embedded with MNPs. extracellular matrix;  permeability;  customizable  for
enable precise drug  different  drugs;  mechanically
release and support  flexible
cell growth.
Magnetically Hybrid matrices: polymers, ceramics, or  Facilitate tissue  Multi-responsive; enhance tissue  [9]
Responsive proteins combined with magnetic particles. reconstruction; integration; fabrication complexity
Biocomposites modulate  electrical ~ can vary
and mechanical cues
using magnetic fields.
Silk-Iron Microparticles  Silk fibroin matrix chemically bonded with  Biodegradable, FDA-approved silk reduces  [19]
(SIMPs) iron oxide nanoparticles. precisely controllable — immunogenicity; reliable magnetic
magnetic carrier for  control; adaptable for drug loading
targeted delivery
Magnetic ~ Core—Shell ~ ITron oxide core with a polymer, protein, or  Precise drug release  Shell improves biocompatibility and  [23]
Nanocarriers lipid shell control and targeting;  stops MNP leaching; customizable
fewer off-target  surfaces.
effects
Biodegradable PLGA vesicles containing SPIONs, Mn:ZnS  Controlled drug  Biodegradable, multifunctional, and  [24]
polymeric vesicles quantum dots, and busulfan; magnetic  delivery and  trackable; organ accumulation and
nanoparticles enable MRI response and QDs  multimodal imaging; limited evaluation for wound repair
provide fluorescence imaging. potential for localized  are challenges
therapeutic delivery.
Magnetic iron oxide  Thrombin-conjugated iron oxide nanoparticles ~ Enhanced incisional = Magnetic, biocompatible; requires  [16]
nanoparticles wound healing controlled thrombin activity
Biodegradable silk/ MNP Silk fibroin containing iron oxide MNPs;  Remotely controlled  Fully biodegradable and  [25]
membrane alternating magnetic field generates nanopores ~ and localized drug  magnetically responsive; mainly

through local heating

release; potential for
implantable
therapeutic systems.

demonstrated for drug delivery, not
directly for wound repair.

2.2. Mechanisms
Biological Systems

of Magnetic Interaction with

Magnetically activated biomaterials have developed into an
essential medium for drug delivery without the need for invasive
procedures, as well as for accelerating tissue repair, due to their
unique function of participating in biological processes when
subjected to an external magnetic field [9]. The constituents of
magnetically regulated biomaterials usually include magnetic
nanoparticles such as iron oxide that can be operated in a non-
invasive way, achieving drug release as well as control over
cellular processes at certain points in time and space [26].
Application of magnetic fields can cause physical changes in these
composites that lead to the reorientation of the materials or even

mechanical deformation, which eventually influences their

biological microenvironment [27].

These materials make use of mechanical stimulation whereby
magnetism influences the functions of cells, such as cell alignment,
cell migration, and cell proliferation, which play an important role
in tissue repair and healing [28, 29]. Furthermore, magnetic fields
allow cellular communication via electrobiological signaling.

One of the most important mechanisms is the release of active
substances upon contact or the controlled delivery of therapeutic
agents: the magnetic field affects the permeability or compacts
certain components of biological materials, allowing drug delivery
at the site of injury with minimal systemic presence of the drug
[19, 30]. The use of this method provides controlled dosage that
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can be customized according to the stages of healing or dynamic
processes of drug distribution.

Biocompatibility and safety are essential, with surface
modifications like polymer or protein coatings improving the
stability and decreasing the toxicity of magnetic nanoparticles in
biological systems [31, 32]. The relevance of biological
compatibility as well as other safety measures is a must in
connection with surface modifications via coatings composed of
both polymers and proteins [9, 30, 33] .

3. Magnetically Responsive Drug Delivery Systems

Magnetically responsive drug delivery systems (MR-DDS) is a
pioneering solution in targeted drug delivery [34]. In recent years,
using the properties of magnetic nanoparticles combined with
biocompatible carriers, it is possible to control the movements of
the systems via magnetic fields from the outside [19].

3.1. Design Principles of Magnetic Drug Carriers

Design principles for magnetic drug carriers in biomaterials are
mainly aimed at achieving optimization of the magnetism [35].
Efficient magnetic carriers possess high magnetic moments,
allowing them to react properly to the application of an external
magnetic field, thereby directing the carrier to a specific place in
the body, as deep as tissues [36]. This is achieved due to the design
of carriers from MNPs that assume shapes like nanorods,
nanotubes, or nanochains, which ensure better magnetic behavior
in comparison with standard spherical shape nanoelements.
Moreover, drug carriers must be constructed of materials that allow
loading of a drug at the desired level by implementing the idea of
the presence of unfulfilled spaces in the carrier that should work as
reservoirs [37, 38]. In addition, materials should have
biocompatibility of the carrier that needs to be achieved by
covering the devised carrier with biocompatible polymers or
peptides that provide properties of stealth, promote circulation, and
enhance uptake by cells [39]. This research that the magnetic drug
carriers allow the operation of controlled drug delivery due to the
use of a magnetic field when drugs are released at the disease site
by force provided by magnetic waves used for drug induction [40].

Magnetic drug carriers are affected not only by their magnetic
and structural design but also by their chemistry and the surface
engineering process to which they were subjected [41]. Moreover,
these carriers exhibit superparamagnetic on the nanoscale, thus
eliminating the possibility of the carriers agglomerating in the
bloodstream and ensuring that there is a high magnetic response
only when they are subjected to the influence of an external magnet
[42]. All of these aspects lead to the advantages of custom drug
delivery schemes and accurate spatial control of the magnetic
carriers, which is essential for minimizing the side effects and
achieving maximum therapeutic effect [43].

3.2. Targeted Drug Delivery Mechanisms

In targeted pharmaceutical delivery systems, magnetically
responsive biomaterials employ magnetic nanoparticles for the
specific distribution and targeted delivery of drugs [44, 45]. By
applying external magnetic fields to the system, drug-loaded
nanoparticles are steered towards infected tissues, allowing them
to release drugs locally while minimizing systemic toxicity [46]. It
is worth mentioning that the effectiveness of the system is at its
highest in tumor treatment due to the fact that in this situation the
nanoparticles can concentrate in the tumor microenvironment due
to the operations of passive permeability and magnetism [47-49].
Furthermore, the release of drugs can be evoked by alternating

magnetic fields or the use of responsiveness linkers responsive to
external phenomena such as pH and temperature, making therapy
controllable both in space and time [50]. The effectiveness of this
method is determined by the properties and size of the
magnetically-shaped biomaterials and the external magnetic field
[51]. Recent studies have shown increased survival rates in animals
treated with this method. The technology seems promising,
providing improved targeted drug delivery [52].

4. Enhanced Wound Repair Using Magnetic
Biomaterials

Magnificent wound rehabilitation by means of magnetically
activated composites with respect to magnetically controlled bio-
composites is primarily concerned with the utilization of unique
characteristics displayed by magnetically affected bio-composites
to enhance skin wound restoration [9]. These composites exhibit
better biocompatibility and can be remotely controlled by external
magnetic fields, thereby enabling precise control of spatiotemporal
parameters of the healing environment [53]. Magneto-active bio-
composites can accelerate the process of wound healing by
modifying the behavior of cells (such as their proliferation,
migration, and differentiation), providing required control over the
drug delivery process, as well as promoting tissue repair through
various means (e.g., magneto-induced orientation, mechanical
stimulation, and thermal effects) [9]. All these processes facilitate
better tissue regeneration, reduce fibrosis, and stimulate both
angiogenesis and hair follicle regeneration [54].

4.1. Role of Magnetically Responsive Materials in
Tissue Regeneration

Magnetically responsive biomaterials enable precise control
over cell alignment, proliferation, differentiation, and functional
maturation through the application of external magnetic fields
[55]. In particular, the application of external fields leads to the
generation of thermal, mechanical, or biochemical stimuli at
precise locations using a non-invasive approach. The use of
magnetic nanoparticles is an illustration of this, as, under the action
of an alternating magnetic field,, these particles generate heat at a
specific location, thereby initiating a predetermined pathway in a
cell [56]. The mechanism for nerve recovery and tissue
regeneration based on magnetically active biomaterials is quite
effective because it does not harm surrounding tissues [57].

Injectable magnetically controlled hydrogels are a minimally
invasive strategy for regeneration of aligned tissues such as
skeletal muscle, spinal cord and tendons, allowing rapid in situ
gelation and guiding cellular organization [58]. The technique
increases fibroblast growth and reprograms the immune responses
needed for regeneration. Magneto-responsive scaffolds also
enhance the mechanical environment of cells by delivering
magneto mechanical forces that activate mechanosensitive
signaling pathways such as YAP/TAZ that govern cytoskeletal
structure and cell fate decisions [59]. This allows dynamic control
of tissue growth and remodeling in response to external stimuli,
and has advantages over static biomaterials [60].

4.2. Mechanisms of Action in Wound Healing

The mechanisms that are responsible for wound healing
through the application of magnetically responsive biomaterials
are intricate, arising from the specific physical, and biochemical
relationships created by magnetic fields [61]. These biomaterials
possess beneficial properties of biocompatibility and remote
spatiotemporal management of the wound healing environment
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[9]. mainly involve control of cell behavior, enhancement of
electrical signaling, controlled drug release and acceleration of
tissue regeneration [62].

Magnetically active composites can position cells and
components within the extracellular matrix by activating cellular
architecture in response to magnetic fields, thereby promoting
more efficient tissue regeneration. The process of tissue repair is
also favored because of mechanical stimulation that is induced by
the magnetic field, which in turn influences Mechan transduction
pathways and leads to changes in some aspects of cell behaviour,
such as migration, adhesion, and differentiation that are important
to healing [63, 64]. The effect of magnetocaloric change can also
optimize the wound microenvironment by inducing temperature
changes, thereby aiding healing [65]. Other than that, these
materials can control cellular processes owing to their influence on
immune cell activity, which is achieved by controlling the balance
between pro- and anti-inflammatory signals, which is important
considering that inflammation may complicate the healing process
[66]. Magnetic stimulation improves the (electrical) environment
within the wound and thus improves cell communication and
treatment [67]. Magnetically active biocomposites can also enable
continuous, controlled delivery of medicines that might improve
the effectiveness of treatment for injuries or wounds [68].

He et al. [69] developed a magnetically actuated GelMA
hydrogel dressing coated with aligned magnetic nanocomposite—
protein fibers. Magnetic stimulation generated mechanical cues
that regulated fibroblast proliferation and migration, while the
dressing promoted vascularization, hair follicle formation, and
overall skin regeneration in a full-thickness wound model,
demonstrating its potential for magnetically controlled wound
healing. The magnetically tunable injectable hydrogel was created
by Rossi et al. [70], which is made from gellan gum, hyaluronic
acid, collagen, and magnetic nanoparticles (MNPs). Type I
collagen was mixed with MNPs to create magnetic collagen
bundles (MColIB), and the direction of these bundles was adjusted
with an external low intensity magnetic field, which produced an
anisotropic structure. The hydrogel was found to be biocompatible
and promoted the proliferation of fibroblasts and activation of pro-
regenerative macrophage. Fig.2 shows the composition and
fabrication of the magnetically responsive injectable system,
including magnetic collagen bundles and the injectable matrix, as
well as its response to a low-intensity static magnetic field and the
resulting injectability, mechanical properties, cellular response,
and regenerative potential.

Magnetic Collagen Bundlles
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Fig. 2. Fabrication and properties of the magnetically responsive injectable system.

Peng et al. (2025) [71] introduced magneto-responsive
microspheres incorporating stem cell secretome to promote rapid
wound healing. The magnetic approach facilitated targeted
delivery and prolonged release of the bioactive molecules,
enabling a spatially and temporally regulated delivery of these
agents for effective wound repair.

5. Challenges and Future Perspectives

The challenges and prospects of magnetically responsive
biomaterials for non-invasive drug delivery and more effective
wound healing hinge on many complicated and interrelated factors
[72]. One important problem is precisely targeting deep-tissue sites
using magnetic fields to steer therapeutic agents, as current
imaging and magnetic control technologies are still not sufficient
to operate at such depths. Likewise, the design of magnetic carriers
that would specifically meet the needs of medicine is vital since
the properties of such a carrier, including its size and shape, as well
as the way it is coated, significantly influence its movement in

blood and tissues, drug loading, release, and biocompatibility or
safety, since agglomeration prevents the carrier from blocking the
blood vessels [73]. Before these types of carriers can be used
according to the existing regulations, it is essential to study their
performance in vivo. However, achieving this requires a coherent
interplay of specialists such as nanofabricators, chemists,
biologists, engineers, mathematicians, and practitioners [39].

The use of magnetically reactive biomaterials for wound
healing shows potential benefits such as good compatibility and
remote control over the release of medications and mechanical
stimulation [9].These materials provide a way to influence the
behavior of cells, improve the capability of electrical signals, and
enhance tissue repair, thus allowing the limits of classical dressings
to be overcome [62]. Nonetheless, the difficulties associated with
the complicated nature of wound healing processes involve the
impossibility of using these materials [74]. The preparation
method of biomaterials and their properties, including magneto-
orientation, mechanical impact, and magnetocaloric effects,
remain to be improved. The absence of comprehensive research
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and review regarding biomaterials limits the understanding of this
field of science and the possibility of clinical use. Moving forward,
success in the sphere of magneto-responsive biocomposites design
is essential for developing drug delivery capabilities and
promoting tissue regeneration [9].

In the future, work should be directed to develop systems for
non-invasive delivery of magnetic therapy deep inside the body,
which is an unmet area at present [39]. Expanding the area of
magnetic fields from small animals to human therapy would
involve great innovations in magnet designs and coils so as to
ensure efficient and targeted magnet stimulation without excessive
heating or unfavorable influence on surrounding tissues [73]. In
addition, creating the carriers of magnetic medicine that are
durable and stealthy enough to avoid immune clearance while
enabling controlled and regulated release of drugs is another goal
that has yet to be achieved [75, 76]. Although much progress has
been made in the case of the use of magnetic materials that have
been approved for imaging and hyperthermia purposes, the reality
is that the use of magnetic drug delivery in clinical practice is still
quite limited, which indicates that it is necessary to continue
working on the problem [77].

6. Conclusion

Magnetically responsive biomaterials show promise as
breakthroughs in the field of non-invasive drug delivery and
improved healing processes due to their capacity to perform
remote and spatiotemporal control of therapies. These biomaterials
that contain magnetic nanoparticles can enable a very precise drug
release process and help in tissue engineering due to magnetic cell
patterning, as well as mechanical stimulation. They not only offer
solutions for wound healing, but also help tackle problems related
to chronic and complex wounds by improving cellular response,
stimulating blood vessel formation, controlling inflammation, and
speeding up tissue regeneration. The malleability of the systems
triggered by magnets has a great advantage in adaptation to
changes in the microenvironment, thereby transferring tailored
active substances for such conditions as diabetes or infection.
However, despite the fact that magnetically responsive
biomaterials show great effectiveness, much research should be
done in order to develop them into accepted solutions.
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