
Biomedical Technology 10 (2025) 100084
Contents lists available at ScienceDirect

Biomedical Technology

journal homepage: www.keaipublishing.com/en/journals/biomedical-technology
Review
Superparamagnetic hydrogels: Precision-driven platforms for biomedicine,
robotics, and environmental remediation

Huaibin Wang a,1, Yingying Hou a,b,1, Long Chen a,b,1, Weihong Mo a, Leyan Xuan a, Jialin Wu a,
Jie Wang a,c,d, Maobin Xie b,*, Shufang Wang c,d,**, Guosheng Tang a,***

a Guangzhou Municipal and Guangdong Provincial Key Laboratory of Molecular Target & Clinical Pharmacology, The NMPA and State Key Laboratory of Respiratory
Disease, School of Pharmaceutical Sciences and the Fifth Affiliated Hospital, Guangzhou Medical University, Guangzhou, 511436, PR China
b The Fourth Affiliated Hospital of Guangzhou Medical University, School of Biomedical Engineering, Guangzhou Medical University, Guangzhou, 511436, PR China
c Key Laboratory of Bioactive Materials, Ministry of Education, College of Life Sciences, Nankai University, Weijin Road 94, Tianjin, 300071, PR China
d Nankai International Advanced Research Institute (Shenzhen Futian), Binglang Road 3#, Futian District, Shenzhen, 518045, PR China
A R T I C L E I N F O

Keywords:
Hydrogels
Superparamagnetic iron oxide nanoparticles
Magnetic materials
Robotics
Superparamagnetic
* Corresponding author.
** Corresponding author. Key Laboratory of Bioact
PR China.
*** Corresponding author.

E-mail addresses: maobinxie@gzhmu.edu.cn (M.
Peer review under the responsibility of KeAi Com
1 Huaibin Wang, Yingying Hou, and Long Chen c

https://doi.org/10.1016/j.bmt.2025.100084
Received 18 February 2025; Received in revised fo
Available online xxxx
2949-723X/© 2025 The Authors. Publishing service
(http://creativecommons.org/licenses/by/4.0/).
A B S T R A C T

Hydrogels are widely recognized for their biocompatibility and structural adaptability in regenerative medicine
and three-dimensional (3D) bioprinting, yet their inherent static nature fundamentally limits applications
demanding dynamic spatiotemporal control. The incorporation of superparamagnetic iron oxide nanoparticles
(SPIONs) addresses this issue. The incorporation of SPIONs enables real-time programmable manipulation
through magnetic field gradients. This amalgamation not only endows hydrogels with abilities such as magnetic
propulsion, positioning, magnetoguidance, movement, and levitation, typical of magnetic materials, but also
introduces novel functionalities like responsiveness to thermal effects and enhanced adsorption capabilities. This
review delves into the transformative potential unlocked by the integration of SPIONs into hydrogels, showcasing
their unique functional enhancements and targeted applications in robotics, precision medicine, and wastewater
treatment.
1. Introduction

Hydrogels, characterized by their high water content and intricate 3D
network structure, have become indispensable in biomedicine due to
their versatile properties and diverse applications [1]. Hydrogels have
revolutionized therapeutic approaches and regenerative medicine tech-
niques from drug delivery systems to tissue engineering scaffolds. Their
remarkable biocompatibility supports various applications, accommo-
dating various bioactive agents and cells, thus advancing biomedical
research and clinical practice [2,3].

Nevertheless, traditional hydrogels face challenges such as inade-
quate mechanical strength and insufficient control over spatial posi-
tioning and mobility. These shortcomings can impede their effectiveness
in delivering therapeutic agents precisely and achieving optimal clinical
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outcomes, particularly in load-bearing tissue regeneration and spatially
orchestrated drug release. For instance, the lack of control over the
hydrogel's location can result in suboptimal therapeutic outcomes or
inefficient drug delivery. To address these limitations, researchers have
turned to the integration of magnetic materials, which offer the advan-
tage of remote control and manipulation [4–6]. Conventional magnetic
additives, however, often lead to hydrogels retaining magnetism even
after the external magnetic field is removed, causing potential issues like
unwanted interactions with biological tissues or impaired hydrogel
functionality [7].

In response to these challenges, a refined approach has emerged:
incorporating SPIONs. These nanoparticles, distinguished by their ability
to respond to external magnetic fields without retaining magnetism once
the field is removed, offer a promising solution [8,9]. Fe3O4 are highly
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regarded for their superparamagnetism, biocompatibility, and minimal
cytotoxicity within specific concentration ranges [10–12]. The integra-
tion of SPIONs into hydrogels not only enhances their functionality but
also enables precise magnetic manipulation, allowing for controlled
movement and accurate positioning within biological systems. This
capability is essential for targeted drug delivery, facilitating the guided
delivery of SPION-loaded hydrogels to specific anatomical sites for
localized therapeutic interventions [13,14].

Beyond biomedical applications, the magnetic properties of SPION-
hydrogels have also been explored in robotics and environmental
remediation. Such superparamagnetic response paves the way for the
development of soft robotic actuators that can perform delicate and
flexible movements, ideal for manipulating biological tissues [15]. The
magnetic properties of these hydrogels also support the creation of
micromotors for controlled mechanical motion at the microscale and
magnetic grippers for micro-manipulation tasks [16,17]. Additionally,
the magnetoguidance and orientation capabilities provided by super-
paramagnetic hydrogels are pivotal in tissue engineering, as they facili-
tate the precise spatial organization of cells and matrix components
essential for the regeneration of functional tissue [18]. Moreover, SPIONs
can induce localized hyperthermia when exposed to alternating magnetic
fields, presenting novel opportunities for thermal therapies in cancer
treatment and localized infections [19]. The magnetic characteristics of
SPIONs enable efficient adsorption and separation processes, particularly
for organic pollutant removal and oil spill remediation in wastewater
treatment [20].

Beyond the previous applications, superparamagnetic hydrogels
present advanced opportunities. In theragnostic applications, they could
enhance magnetic resonance imaging (MRI) capabilities and enable
combined diagnostic and therapeutic functions [21]. In the development
Fig. 1. Versatile SPIONs integrated hydrogel
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of organoids, these hydrogels provide essential structural support and
biocompatibility, fostering cell growth and tissue maturation [22]. Their
pH-responsive swelling properties enable dynamic adjustment of their
physical state and drug release profiles, making them suitable for tar-
geted therapies in varying physiological conditions [23]. Additionally,
the incorporation of SPIONs into 3D assembly opens up new avenues for
creating biomimetic structures, thus advancing personalized medicine
and tissue engineering applications [24].

To provide a comprehensive understanding of the advancements
facilitated by SPIONs in hydrogels, this review will delve into the
enhanced physicochemical properties and performance improvements
resulting from their integration. Specifically, the discussion will cover a
range of advanced applications, including, but not limited to, the
enhanced mobility and precise positioning capabilities of SPION-loaded
hydrogels, their magnetoguidance and orientation for tissue engineer-
ing, and their ability to induce localized hyperthermia for thermal
therapies. Furthermore, we will explore the role of SPIONs in innovative
fields such as robotics, where they contribute to magnetic response
functionalities, as well as their potential in hydrogel micromotors and
magnetorheological behaviors.

The integration of SPIONs into hydrogel matrices fundamentally
resolves three persistent challenges in conventional biomaterial sys-
tems: the incapacity for spatiotemporal therapeutic control, inadequate
responsiveness to physiological dynamics, and functional compart-
mentalization across treatment modalities. This composite system syn-
ergizes the innate biocompatibility of hydrogels with the magnetic
reversibility of SPIONs, establishing an intelligent material platform
capable of real-time mechanical adaptation, chronologically pro-
grammed drug release kinetics, and sub-millimeter spatial targeting
capabilities that collectively transcend the limitations of static hydrogel
s with ideal physicochemical properties.
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architectures. Current breakthroughs reveal its translational dimen-
sionality encompassing magnetically steerable soft robotics, extracel-
lular matrix-mimetic topological alignment, and on-demand
magnetothermal ablation therapies, demonstrating cross-domain
applicability from precision medicine to biohybrid engineering
(Fig. 1). As systematically summarized in Table 1, recent advances in
SPIONs-hydrogel composites exhibit a versatile design space spanning
Table 1
Composition and functional applications of SPIONs-hydrogel composites.

Application Hydrogel Concentration of
Hydrogel

Cell delivery SAa 5 wt%
Artificial muscle PVAb Not mentioned
Antibacterial GelMAc 10 % w/v
Magnetic drive AAd and PEGDAe 0.5 wt%
Adsorption AAd and VSAf Not mentioned
Wound healing PCLg 5-20 wt%
Retrieval of kidney stone CSh Not mentioned
Enhanced performance PVAb Not mentioned
Cargo encapsulation and
delivery

GelMAc 2 wt%

Sewage treatment PVAb Not mentioned
Drug delivery PLGAi 40 mg/2 ml
Anticancer SAa Not mentioned

Drug delivery SAa 2 wt%
Enhanced performance DMAAmj Not mentioned
Mini-generator PNIPAmk Not mentioned
Magnetic microrobots PLGAi Not mentioned

Drug delivery CMCl 1.5 % w/v
Drug delivery PPym and PEGn Not mentioned
Theragnostic applications DHPo 7 and 8 Not mentioned
Drug delivery SAa and XGp Not mentioned
Patterning bone tissues HAPq and PDAr Not mentioned
3D cell culture GelMAc/PEGDMAs Not mentioned
Drug release PVAb Not mentioned
Micromotors SAa Not mentioned
Anticancer Gelt Not mentioned

Bone repair GelMAc Not mentioned
Bending motions PNIPAmk and PAAmu Not mentioned

Adsorption CGv Not mentioned
Adsorption CSh/PPAw/EDAx Not mentioned
Enhanced performance GAy/SAa Not mentioned
Anticancer DMSAz, PAAaa, PEGn, and

starch
Not mentioned

3D cell culture PAMAbb, LAcc, HASdd Not mentioned
Drug delivery PNIPAmk Not mentioned
Drug delivery PEGn Not mentioned
Organoids PEGn Not mentioned
PH responsive swelling AAd and VSAf Not mentioned
Anticancer PPZee 10 wt%

3D assembly PEDGMAff and GelMAc 40 % wt/wt
3D tissue culture GBIgg Not mentioned
Drug delivery PNIPAAmhh Not mentioned
Drug delivery Gelt Not mentioned
Robotics GelMAc 10 % w/v
Robotics SAa/MBAAii 1.08 wt%
Robotics PEGn Not mentioned
Robotics PEGDAe and PETAjj Not mentioned
Robotics GelMAc 100 mg/ml
Hydrogel micromotors SAa 2 wt%
Hydrogel micromotors SAa Not mentioned
Targeted drug delivery PLGAi Not mentioned
Anticancer Gelt Not mentioned

Abbreviations: a: Sodium Alginate; b: Polyvinyl Alcohol; c: Methacrylated Gelatin; d
caprolactone; h: Chitosan; i: Poly (Lactic-Co-Glycolic Acid); j: N,N-Dimethylacetoaceta
n: Polyethylene Glycol; o: Dehydrodipeptides; p: Xanthan Gum; q: Hydroxyapatite
acrylamide; v: Carrageenan; w: Polypropenoic Acid; x: Ethylenediamine; y: Gelatin–Al
Maleic Acid: cc: Lauric Acid: dd: Human Serum Albumin; ee: Poly(Organophosphaze
Isoproprylacrylamide; ii: 6,60-Diaminodiphenylmethane-3,30-dicarboxylic acid; jj: Pen
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hydrogel matrix, magnetic particle architectures, and application-
specific functionalities ranging from MRI contrast enhancement to
magneto-mechanical actuators. The forthcoming era will likely witness
these intelligent hydrogels evolving into proactive biomedical systems
capable of not only responding to but anticipating pathophysiological
changes through embedded sensing-actuation paradigms.
Magnetic
particle

Concentration of magnetic
particle

Function Ref

Fe3O4 80 mg/ml Magnetic response [98]
Fe3O4 1–10 wt% Magnetic response [181]
Fe3O4 200/500 μg/ml Antibacterial [152]
Fe3O4 2 wt% Magnetic response [16]
Fe3O4 1.2, 3.2, and 5.2 wt % Adsorption [23]
Fe3O4 5-15 wt% Magnetic response [157]
Fe3O4 Not mentioned Magnetic response [100]
Fe3O4 Not mentioned Magnetic response [169]
Fe3O4 5 wt% Magnetic response [144]

Fe3O4 Not mentioned Adsorption [156]
Fe3O4 2 mg/2 ml Magnetic Navigation [106]
Fe3O4 Not mentioned Magnetic

hyperthermia
[122]

Fe3O4 20 wt% Magnetic response [147]
Fe3O4 Not mentioned Magnetorheological [160]
Fe3O4 Not mentioned Magnetic response [99]
Fe3O4 Not mentioned Magnetic

hyperthermia
[101]

CoFe2O4 Not mentioned Magnetic response [182]
Fe3O4 Not mentioned Magnetic response [102]
Fe3O4 Not mentioned Contrast agents [183]
Fe3O4 13 wt% Magnetic response [103]
Fe3O4 Mentioned Magnetic response [111]
Fe3O4 5 % w/v Magnetic response [109]
Fe3O4 Not mentioned Magnetic response [104]
Fe3O4 Not mentioned Magnetic guidance [88]
Fe3O4 Not mentioned Magnetic

hyperthermia
[117]

Fe3O4 Not mentioned Magnetic response [167]
Fe3O4 15 mg/ml Magnetic

hyperthermia
[124]

γ-Fe2O3 Not mentioned Adsorption [184]
Fe3O4 0.1 to 1.0 wt% Adsorption [155]
Fe3O4 Not mentioned Magnetic response [159]
Fe3O4 Not mentioned Magnetic

hyperthermia
[126]

Fe3O4 Not mentioned Maglev [185]
Fe3O4 Not mentioned Magnetic response [105]
Fe3O4 Not mentioned Magnetic response [186]
Fe3O4 1000 μg/ml Magnetic response [110]
Fe3O4 0.6 g/50 ml Magnetic response [171]
Fe3O4 10 wt% Magnetic

hyperthermia
[120]

Fe3O4 Not mentioned Magnetic response [24]
Fe3O4/γ-Fe2O3 Not mentioned Maglev [180]
Fe3O4 Not mentioned Magnetic response [148]
Fe3O4 Not mentioned Magnetic response [97]
Fe3O4 2.9 % v/v Magnetic response [149]
Fe3O4 Not mentioned Magnetic response [187]
Fe3O4 Not mentioned Magnetic response [137]
Fe3O4 Not mentioned Magnetic response [139]
Fe3O4 6 mg/ml Magnetic response [143]
Fe3O4 10 mg/ml Magnetic response [88]
Fe3O4 Not mentioned Magnetic response [17]
Fe3O4 Not mentioned Magnetic response [106]
Fe3O4 Not mentioned Magnetic

hyperthermia
[117]

: Acrylic Acid; e: Polyethylene Glycol Diacrylate; f: Vinylsulfonic Acid; g: Poly-
mide; k: Poly(N-Isopropylacrylamide) l: Carboxymethylcellulose; m: Polypyrrole;
; r: Polydopamine; s: Poly(ethylene glycol) dimethacrylate; t: Gelatin; u: Poly-
umina; z: Dimercaptosuccinic Acid; aa: Polyacrylic Acid; bb: Polyacrylic Acid-Co-
ne); ff: Polyethylene Glycol Dimethacrylate; gg: Gold-Bacteriophage: hh: Poly-N-
taerythritol Triacrylate.
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2. Hydrogels

Hydrogels have emerged as a critical material in biomedical appli-
cations due to their ability to retain significant amounts of water [25].
These materials, traditionally driven by mechanisms such as osmotic
pressure, ionic interactions, and gas-induced responses, undergo volume
phase transitions that render them suitable for a wide range of uses
including soft actuators and drug delivery systems [26–28].
2.1. Properties and characteristics of hydrogels

Hydrogels are intriguing materials known for their exceptional ability
to absorb and retain large amounts of water, often exceeding 90 % by
weight [29]. This remarkable water content not only imparts to hydro-
gels a soft and flexible nature, but also makes them structurally similar to
biological tissues. Their ability to mimic the mechanical properties of
natural tissues, such as softness and elasticity, allows them to undergo
significant deformation without breaking [30]. This makes hydrogels
particularly valuable in fields requiring high flexibility and resilience,
such as biomedical applications [31,32].

Their high biocompatibility further enhances their utility in medical
and biotechnological fields. Hydrogels are often used in drug delivery
systems, wound dressings, and tissue engineering because they interact
safely with biological systems [33,34]. Their compatibility with living
tissues minimizes adverse reactions and promotes effective integration,
making them ideal for applications where direct contact with the body is
necessary.

In addition to their structural and biological properties, hydrogels
exhibit intriguing responsiveness to environmental stimuli [35]. Many
hydrogels are engineered to respond to changes in temperature [36], pH
[37], or electric fields [38]. This responsiveness is facilitated by the
incorporation of specific functional groups or crosslinking agents, which
enable the hydrogel to swell or contract in reaction to external conditions
[39]. Such adaptive behavior is crucial for the development of smart
materials and systems, including advanced drug delivery mechanisms
and responsive medical devices [31].

The versatility of hydrogels is further demonstrated by their tunable
mechanical properties [40]. Researchers can modify the strength and
elasticity of hydrogels through chemical techniques such as polymeri-
zation and crosslinking. By adjusting the degree of crosslinking and the
composition of the polymer network, hydrogels can be tailored to meet
specific performance requirements [41]. This ability to customize their
mechanical properties makes hydrogels suitable for demanding appli-
cations in soft robotics and artificial muscles [42–44].

Hydrogels, with their exceptional water absorption, flexibility, and
biocompatibility, bridge the gap between synthetic materials and bio-
logical systems. Their responsiveness to environmental changes and
customizable mechanical properties makes them highly versatile, suit-
able for advanced applications in drug delivery, medical devices, soft
robotics, and beyond.
2.2. Hydrogel formation

Hydrogels are retaining large amounts of water and can be formed
through a range of mechanisms including temperature changes, non-
covalent interactions, chelation, electrostatic interactions, and chemical
cross-linking [45,46]. Thermally responsive hydrogels, such as those
based on natural polysaccharides and proteins, exhibit gelation phe-
nomena influenced by temperature variations, showing either lower
critical solution temperature (LCST) or upper critical solution tempera-
ture (UCST) behavior [47]. Protein-based hydrogels often rely on non-
covalent self-assembly, utilizing weak interactions such as hydrogen
bonds, van der Waals force, and hydrophobic interactions to establish
structured scaffolds [48,49], for instance, collagen hydrogels form
4

through hierarchical self-assembly driven by the formation of tropocol-
lagen triple helices [50,51]. Chelation and electrostatic interactions
further contribute to gelation, exemplified by alginate gels which form
"egg-box" structures in the presence of divalent cations [52], and by
electrostatic interactions between oppositely charged polyelectrolytes,
such as poly(L-lysine) and polyacrylic acid, leading to complex formation
and gelation [53]. Chemical cross-linking, including advanced methods
like click chemistry, enhances the stability and control of the gelation
process, enabling precise and biocompatible hydrogel formation [54].
The integration of multiple gelation strategies has resulted in hydrogels
with superior mechanical properties, injectability, and dynamic
modifiability.
2.3. Application scenarios

Hydrogels have found a multitude of applications within the field of
biomedicine, primarily due to their unique properties such as high water
content, biocompatibility, and tunable mechanical characteristics [55].
In drug delivery systems, hydrogels are utilized for their capacity to
encapsulate therapeutic agents and release them in a controlled and
sustained manner [28]. This property not only enhances the efficacy of
the treatments but also allows for targeted drug delivery, reducing po-
tential side effects and improving patient outcomes [56].

A notable example of hydrogel application in drug delivery is using
nano- or microgels as drug carriers [57]. These tiny gel particles can
efficiently encapsulate or mix with therapeutic agents, forming a stable
and protective matrix for the drugs [58]. When administered, the nano-
or microgels can effectively navigate through blood vessels into the inner
circulation or enter the digestive system, depending on the route of
administration [59,60]. The key advantage of using nano- or microgels
for drug delivery is their ability to target specific sites within the body. By
modifying the surface properties or incorporating targeting ligands, these
particles can be designed to recognize and bind to specific cells or tissues,
thereby enhancing the local concentration of the drug and improving its
therapeutic effect [61].

For instance, in cancer treatment, hydrogel microspheres loaded with
chemotherapy drugs can be injected directly into the tumor site, allowing
for a higher drug concentration at the target location while minimizing
systemic toxicity [62]. Similarly, in the treatment of inflammatory dis-
eases, nano- or microgels carrying anti-inflammatory agents can be
designed to target inflamed tissues, providing localized therapy and
reducing side effects associated with systemic drug administration [63].

In tissue engineering, hydrogels serve as essential scaffolds that
support cell growth and facilitate tissue regeneration [64]. Their ability
to mimic the extracellular matrix makes them ideal for creating envi-
ronments that promote cellular activities and tissue formation [22]. This
characteristic is particularly valuable in the development of engineered
tissues and organs, where the structural and biochemical properties of
hydrogels play a crucial role in guiding cell behavior and tissue
development.

Hydrogels are also employed extensively in regenerative medicine to
create conducive environments for healing and repair [65]. Their
adaptability allows for the design of hydrogels that can respond to spe-
cific biological signals or environmental changes, thereby optimizing the
regenerative processes [66]. This includes applications such as wound
dressings, which benefit from the hydrogels' capacity to maintain a moist
environment and accelerate healing.

Moreover, advancements in 3D bio-printing technology have
expanded the use of hydrogels in creating complex structures and scaf-
folds for various biomedical applications [67,68]. This capability en-
hances the precision of hydrogel-based constructs and opens new
avenues for personalized medicine and tissue engineering [69,70]. For a
systematic overview of these applications, refer to Table 2, which cate-
gorizes hydrogel uses across biomedical domains, their key properties,



Table 2
Summary of hydrogel applications in biomedicine.

Application Domain Specific Use Key Properties Advantages/Outcomes References

Drug Delivery Localized chemotherapy Nano/microgel encapsulation, targeting High local drug concentration, reduced toxicity [57,62]
Drug Delivery Anti-inflammatory targeting Ligand-modified carriers Site-specific release, minimized side effects [61,63]
Tissue Engineering Cell scaffolds & regeneration ECM-mimicking, tunable mechanics Supports cell proliferation, tissue growth [22,64]
Regenerative Medicine Smart wound dressings Moisture retention, stimuli-responsive Accelerates healing, prevents infection [65,66]
3D Bioprinting Complex organ scaffolds Biocompatibility, high-resolution printing Personalized structures, precision medicine [67–70]
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and clinical benefits. In summary, the versatility of hydrogels across drug
delivery, tissue engineering, regenerative medicine, and 3D printing
underscores their significant role in advancing medical science and
technology.

3. SPIONs

3.1. Superparamagnetism

SPIONs represent a remarkable advancement in the field of nano-
technology due to their unique magnetic properties [71]. Due to their
intrinsic nanoscale dimensions, SPIONs exhibit superparamagnetism—a
behavior distinct from classical ferromagnetism—arising from thermally
driven fluctuations of magnetic moments within individual nano-
particles. Superparamagnetic materials can be magnetized in the pres-
ence of an external magnetic field, but unlike ferromagnetic materials,
they do not retain any net magnetization once the external field is
removed [72]. This property is pivotal for various biomedical applica-
tions, including imaging and targeted therapy.

The phenomenon of superparamagnetism arises from the magnetic
domains within the nanoparticles. At the nanoscale, the thermal energy
can overcome the magnetic anisotropy barrier, causing the magnetic
moments within each nanoparticle to randomly align. When an external
magnetic field is applied, the moments align with the field, leading to a
net magnetization [73]. However, once the field is removed, the thermal
energy causes the moments to return to a disordered state, resulting in
zero net magnetization. This reversible behavior makes SPIONs highly
versatile and safe for use in dynamic biological environments [74].

3.2. Synthesis of SPIONs

The synthesis of SPIONs involves a range of methods, each offering
control over particle size, shape, and surface characteristics.

Physical synthesis techniques include gas-phase deposition, electron
beam lithography, pulsed laser ablation, laser-induced pyrolysis, power
ball milling, and combustion. These methods enable the precise tailoring
of SPION properties, including their size and magnetic behavior [75].

Chemical synthesis methods, such as co-precipitation, thermal
decomposition, microemulsions, and hydrothermal synthesis, also play a
critical role. Co-precipitation involves the simultaneous precipitation of
iron salts, like ferrous chloride and ferric chloride, under alkaline con-
ditions, producing SPIONs with desirable properties [76]. Thermal
decomposition entails the thermal breakdown of iron precursors in the
presence of stabilizing agents, offering fine control over particle size and
shape [77]. Hydrothermal synthesis dissolves iron salts in a solvent and
exposes them to high temperature and pressure, resulting in well-defined
nanoparticles with uniform size and shape [78].
Table 3
Comparison of SPION synthesis methods: key parameters, advantages, and limitation

Method Type Advantages Disadvan

Co-precipitation Chemical Simple, low cost, scalable Polydisp
Thermal Decomposition Chemical Monodisperse, high crystallinity High cos
Hydrothermal Chemical Uniform shape, high purity Energy-i
Laser Ablation Physical No surfactants, clean surfaces Low yiel
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To systematically compare the advantages and limitations of these
methods, Table 3 summarizes key parameters such as scalability, cost,
and suitability for biomedical or industrial applications.
3.3. Applications of SPIONs in biomedicine

The unique properties of SPIONs make them highly valuable in
various biomedical applications [79]. One prominent use is in MRI,
where SPIONs serve as contrast agents to enhance imaging sensitivity.
Their ability to alter the local magnetic field improves the contrast be-
tween pathological and healthy tissues, allowing for more detailed and
accurate imaging [21]. The high magnetic response of SPIONs facilitates
the precise localization and identification of tissues, which is essential for
diagnosing and monitoring diseases [80].

Furthermore, magnetic hyperthermia (MHT) utilizes SPIONs to
generate localized heat when exposed to an alternating magnetic field
(AMF), primarily through N�eel rotation rather than Brownian alignment
[81]. This heat, generated as the nanoparticles align with the AMF, can
effectively destroy cancer cells at the target site. Additionally, SPIONs
can be conjugated with anticancer agents to enhance therapeutic efficacy
and induce apoptosis in tumor cells.

Another significant application of SPIONs is in drug delivery systems
[82]. These nanoparticles can be incorporated into drug delivery systems
to act as carriers for therapeutic agents. By embedding SPIONs in
hydrogels, researchers achieve targeted drug delivery and controlled
release. The application of an external magnetic field can guide these
SPION-loaded hydrogels to specific sites within the body, enhancing
treatment efficacy while minimizing side effects [83].

SPIONs are also employed in cell separation techniques, particularly
in cancer treatment and other cell-based therapies [84]. These nano-
particles enable the selective isolation and separation of specific cell
populations, which facilitates more effective treatments and research
applications. By harnessing the magnetic properties of SPIONs, re-
searchers can improve the precision and effectiveness of various thera-
peutic strategies.

A notable applications of SPIONs is in the field of advanced neuro-
modulation [85]. SPIONs have proven to be crucial in neuromodulatory
techniques due to their unique magnetic properties, which allow for
precise modulation of neuronal activity and cellular functions. This
cutting-edge approach involves conjugating SPIONs with specific cellular
receptors or ion channels, enabling the remote and non-invasive
manipulation of cellular processes via external magnetic fields. By
leveraging this technology, researchers can achieve highly targeted
activation or inhibition of neuronal circuits, thereby facilitating detailed
investigations into brain function and the development of novel thera-
peutic strategies for neurological disorders [86,87].
s.

tages Key Applications References

ersity, limited crystallinity Biomedical, wastewater treatment [76]
t, organic solvent dependency Drug delivery, diagnostics [77]
ntensive, slow process Energy, catalysis [78]
d, expensive equipment Niche biomedical applications [75]
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4. Superparamagnetic hydrogels

Building upon the N�eel relaxation-governed superparamagnetism of
isolated nanoparticles, the integration of SPIONs into hydrogel matrices
follows three principal strategies to achieve macroscopic functionality:
physical blending of pre-synthesized SPIONs during polymer crosslinking
[88]; covalent conjugation via surface ligands [89]; and biohybrid
internalization where cells preloaded with SPIONs (via endocytosis) are
encapsulated within hydrogels [90]. These approaches harness the
size-dependent magnetic switching while tailoring hydrogel-SPION in-
terfaces for targeted applications. The resultant hybrids exhibit three
synergistic operational modalities (1) tunable actuation through
N�eel/Brownian relaxation mechanisms, enabling precise mobility con-
trol; (2) field-directed anisotropy for programmable alignment of
embedded nanostructures; (3) dynamic thermal responsiveness via
alternating field-induced eddy currents. These characteristics collectively
empower advanced robotics applications while mitigating traditional
hydrogel limitations—notably through SPIONs-enhanced mechanical
reinforcement. Nevertheless, the iron oxide-polymer interface remains a
double-edged sword: while enabling spatiotemporal control, it in-
troduces oxidative degradation pathways requiring careful nanoparticle
surface functionalization [91,92]. The following subsections detail how
these inherent material properties translate into technological in-
novations across biomedical, environmental, and mechatronic domains.

4.1. Mobility

Traditional methods for enabling mobility in hydrogels typically
involve physical and chemical approaches, such as catalytic reactions
generating gases or mechanical forces [17,93]. By harnessing the mag-
netic responsiveness of superparamagnetic hydrogels, a new realm of
possibilities emerges, allowing these hydrogels to respond to magnetic
fields dynamically. The motion control of these hydrogels is governed by
three key parameters: (1) magnetic field strength and gradient, which
determine propulsion force and directionality; (2) SPIONs concentration
and spatial distribution within the hydrogel matrix, influencing magnetic
susceptibility; and (3) hydrogel viscoelasticity, which modulates defor-
mation response to magnetic torques [94]. With their unique magnetism,
superparamagnetic hydrogels can move within magnetic fields. This
characteristic opens up various innovative applications, transforming
superparamagnetic hydrogels into ballet dancers gracefully moving in
the magnetic field.

The use of superparamagnetic hydrogels has led to the development
of several technologies. One prominent application is the creation of
biodegradable alginate hydrogel micromotors. These micromotors,
fabricated using microfluidics and shaped like teardrops, incorporate Pt-
coated Fe3O4 nanoparticles that provide both catalytic propulsion and
magnetic guidance. The microfluidics-generated double emulsion tem-
plates and mild Ca2þ ion cross-linking method enable precise control
over catalyst localization, resulting in high propulsion efficiency and
distinctive motion patterns (Fig. 2A). This approach allows for high-
throughput production of uniform microscale particles, showcasing the
potential for complex biomedical tasks and advanced micromotor
development [88].

Further advancements in micromotor technology include the devel-
opment of multifunctional spherical micromotors made from sodium
alginate and magnetic materials. These micromotors are designed for
autonomous propulsion through either magnetic guidance or enzymatic
catalysis. A key innovation is the gas shearing method, which enables
rapid production of multichambered microspheres without the use of
organic solvents, photo initiators, chemical crosslinkers, or cytotoxic
agents [95]. Integrating biocompatible sodium alginate with magnetic
nanoparticles (Fe3O4) and enzymatic catalysts like catalase allows for
controlled motion through magnetic fields and catalytic decomposition
of hydrogen peroxide (H2O2). This dual propulsion mechanism provides
diverse movement patterns such as rotation, linear motion, rolling,
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curving, and circular trajectories (Fig. 2B), offering versatile applications
in controlled environments and targeted biomedical tasks [17].

In addition to micromotors, superparamagnetic hydrogels are being
explored for their potential in drug delivery systems [96]. A notable
example is the development of dual-responsive neutrobots, which
combine paclitaxel-loaded magnetic nanogels camouflaged with Escher-
ichia coli membranes and phagocytosed by neutrophils. These biohybrid
systems exhibit exceptional capabilities for magnetically actuated pro-
pulsion within intravascular environments (Fig. 2C). This approach fa-
cilitates effective blood-brain barrier penetration and targeted therapy
for malignant glioma, enhancing precision drug delivery and therapeutic
efficacy [97].

Moreover, a soft microrobot assembled with magnetic microsphere
scaffold (MMS) beads and mesenchymal stem cells (MSC) has demon-
strated responsive behavior to magnetic fields for precise drug delivery.
This microrobot, guided by magnetic actuation, showcases remarkable
speed and agility. Upon reaching the target site, the MMS beads release
their MSC cargo efficiently in response to a phosphate-buffered saline
solution, mimicking the extracellular environment (Fig. 2D) [98].

Another significant development is the creation of a novel drug de-
livery system utilizing superparamagnetic nanoparticles in hydrogels.
The chitosan-based in situ forming depot delivery system, specifically the
Fe3O4-THP-CS/GP system, leverages the magnetic responsiveness of
superparamagnetic nanoparticles to enhance the localization and effec-
tiveness of chemotherapy for cancer cells (Fig. 2E). This system allows for
precise magnetic targeting and sustained release properties, demon-
strating significant potential for improving treatment outcomes [89].

Miniaturized rotors utilizing the Marangoni effect have attracted
considerable attention for propulsion and power generation. An inno-
vative approach involving asymmetric porosity in Marangoni rotors
composed of poly(N-isopropylacrylamide) (PNIPAm) and hexa-
fluoroisopropanol has been proposed. This design integrates enhanced
Marangoni propulsion and drag reduction, resulting in a significant in-
crease in rotation output and fuel economy. The incorporation of iron-
powder dopants further enables individual-specific locomotion under
magnetic fields, showcasing multifunctional capabilities such as kinetic
energy transmission, mini-generator operation, and environmental
remediation (Fig. 2F) [99].

Beyond the intrinsic mobility, these superparamagnetic hydrogels can
facilitate advanced movement in specific contexts, enabling the trans-
portation of not only the hydrogels themselves but also their therapeutic
cargo. This capability allows for targeted drug delivery, where the
hydrogels can transport drugs to specific locations within the body,
thereby enhancing their therapeutic efficacy and promoting desired
biological functions. Such advancements underscore the potential of
magnetic hydrogels in improving clinical outcomes through controlled,
targeted, and efficient delivery mechanisms.

MagSToNE (Magnetic System for Total Nephrolith Extraction) rep-
resents a pioneering approach for optimizing kidney stone fragment
removal. By employing a magnetic hydrogel that combines SPIONs with
chitosan, this method improves the retrieval process of kidney stones.
The SPIONs adhere to the exposed calcium ions on the stone surfaces,
making the fragments magnetizable. A magnetic guidewire with alter-
nating polarities is then utilized to efficiently attract and extract these
fragments, overcoming the limitations of traditional retrieval techniques
such as wire baskets (Fig. 3A). Additionally, the biocompatibility and
antimicrobial properties of the hydrogel further enhance the effective-
ness of this technique in achieving higher stone-free rates and better
patient outcomes [100].

In another study, iron oxide superparamagnetic nanoparticles were
encapsulated in a biocompatible polymer, PLGA, to create magnetic
microrobots (MMRs) for targeted drug delivery. When injected into the
hepatic artery, the MMRs could be directed to specific liver lobes using
MRI gradients, demonstrating the ability of SPIONs to enable precise
drug delivery within the liver (Fig. 3B) [101].

Superparamagnetic hydrogels have demonstrated remarkable



Fig. 2. Superparamagnetic hydrogels can be actuated in response to an external magnetic field. (A) Magnetic guidance of the hydrogel micromotor under the path of
“R-shaped and U-shaped path”. Scale bars, 500 μm. This figure was adapted from Advanced Science 2023,10(34), 2304995 [88]. (В) Hydrogel of the dual propulsion
mechanism provides diverse movement patterns such as (i) pirouette motion(ii) linear motion, (iii) tumbling motion, (iv) curvilinear motion. Scale bars, 400 μm. This
figure was adapted from Heliyon 2023,9(4), e14682. [17]. (C) Controllable magnetic propulsion of hydrogel in a predefined trajectory. Scale bars, 20 μm. This figure
was adapted from Science Robotics 2021,6(52), eaaz9519 [97]. (D) Controlled locomotion of superparamagnetic hydrogel. (i) movement. Scale bars, 1 mm. (ii)
precision mobility to specific locations. Scale bars, 200 μm. This figure was adapted from Small 2023,19(32), e2300430 [98].(E) Appearance and characteristics of
Fe3O4-THP-CS/GP. (i)Liquid gel changes into a solid and stably sticks to the wall of the container. CS/GP gel is milky white, orange with THP, and black with
Fe3O4-MNP. (ii) When the external magnetic field was applied, the Fe3O4-THP-CS/GP gel at the bottom of the container was quickly adsorbed to the sidewall. This
figure was adapted from Frontiers in Bioengineering and Biotechnology 2022,10958072 [89]. (F) The magnetic rotor can be switched between rotation and stop by
removing or applying the magnetic field of a (i) cuboid magnet and (ii) cylindrical magnet. (iii)Three magnetic hydrogel rotors with the same concentration of Fe3O4

nanoparticles can revolve along the same orbit, (iv)while those with different concentrations can revolve along different orbits under the magnetic field of a cylindrical
magnet, with the revolution direction of the rotors adjustable by turning them over. Scale bars, 5 mm. This figure was adapted from Advanced Healthcare Materials
2023,12(28), e2300964 [99].
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contributions to precise drug release and drug delivery systems. For
instance, the development of multifunctional Fe3O4@PPy core-shell
nanoparticles integrate near-infrared light-absorbing poly-pyrrole (PPy)
with a magnetic Fe3O4 core, enabling imaging-guided and remotely
controlled cancer therapy (Fig. 3C) [102]. Additionally, hydrogels made
from alginate and xanthan gum that are crosslinked with calcium ions
and modified with SPIONs, which can efficiently load and release levo-
dopa, a key treatment for Parkinson's disease, in response to magnetic
fields (Fig. 3D) [103]. Further advancements include magnetic hydrogels
composed of polyvinyl alcohol (PVA) integrated with Fe3O4 particles are
engineered to control drug release rates via an external magnetic field,
allowing for tailored drug delivery profiles (Fig. 3E) [104].

In the realm of targeted drug delivery systems, superparamagnetic
magnetite nanoparticles have been integrated into PNIPAm hydrogel
cores. By incorporating amine-functionalized copolymer shells and tar-
geting ligands such as folic acid, these multifunctional hydrogels enable
site-specific drug uptake by cancer cells through magnetic attraction and
7

receptor-mediated endocytosis. This design enhances the efficacy of drug
delivery while minimizing side effects (Fig. 3F) [105].

Another significant development is the dual-targeted drug delivery
system using PLGA hydrogels and magnetic nanoparticles. This system
effectively targets and inhibits calcification in aortic valves by delivering
XCT790 specifically to osteogenically differentiated valvular interstitial
cells (Fig. 3G), showcasing its potential for clinical application in treating
calcific aortic valve disease [106].

In summary, superparamagnetic hydrogels have emerged as versatile
platforms for targeted drug delivery and enhanced clinical outcomes.
Their unique properties allow for precise control over drug release rates
and targeted delivery to specific locations within the body, thereby
improving therapeutic efficacy across a range of medical applications.
4.2. Magnetoguidance

In the previous section, we discussed how hydrogels can gain
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Fig. 3. Superparamagnetism and hydrogel motion in a magnetic field. (A)Schematic of magnetic hydrogel for the retrieval of kidney stone fragments. (i) SPIONs and
hydrogels coat kidney stones. (ii) A magnetic wire is introduced to capture the magnetically labeled stone fragments. (iii) The ureteroscope and wire, along with the
captured fragments, are removed from the body. This figure was adapted from Nature Communications 2023,14(1), 3711 [100]. (B) Schematic of microrobot navigation
in vivo. This figure was adapted from Science Robotics 2024,9(87), eadh8702 [101]. (C) Schematic of iron oxide @polypyrrole nanoparticles as a multifunctional drug
carrier for remotely controlled cancer therapy with synergistic antitumor effect. This figure was adapted from ACS Nano 2013,7(8), 6782 [102].(D) Release profiles of
Alg and Alg/XG in the presence and absence of a magnetic field. This figure was adapted from Colloids and Surfaces B: Biointerfaces 2018,167415 [103].(E) Schematic
of drug release can be tunable while the magnetic field was switched from “off” to “on” mode. This figure was adapted from Langmuir 2006,22(14), 5974 [104]. (F)
Intracellular localization of hydrogels in HeLa cells recorded using CLSM. Without magnet (Left) or with magnet (Right). Scale bars, 20 μm. This figure was adapted
from Scientific Reports 2017,7(1), 41090 [105]. (G) Fluorescent and bright field images of SK@PFeCy5 cellular uptake within or near the magnetic field. Scale bars,
200 μm. This figure was adapted from Nature Communications 2024,15(1), 557[106].

Fig. 4. Alignment of superparamagnetic hydrogels in magnetic field. (A) External magnetic field aligns magnetic domains within lattice to strengthen net particle
magnetic field. This figure was adapted from Advanced Functional Materials 2023,33(40), 2203715 [107]. (B) Spatial organization patterns and mutual influence of
magnetic rods in a 3D MNP-loaded collagen scaffold. (i) Illustration of magnetic rods' locations (ii) Simulation of magnetic flux density in COMSOL software. (iii)
MNP-loaded collagen gel solidified under the influence of the magnet array. (iv) Light microscope images of the areas marked in iii. Scale bars, 100 μm. This figure was
adapted from Advanced Functional Materials 2022,32(50), 2204925 [90]. (C) Evolution of the directionality of cell chains over time. Scale bars, 200 μm. This figure was
adapted from Advanced Functional Materials 2022,32(50), 2204850 [108]. (D) 3D reconstructions of confocal slices of fibroblasts in the strained μMACs. Scale bars, 30
μm. This figure was adapted from NPG Asia Materials 2016,8(1), e238 [109]. (E) Representative images and schematic representation of day 1 and day 11 hNTmO
contours. Growth ratio of hNTmOs for various actuation conditions. Scale bars, 50 μm. This figure was adapted from Nature Communications 2023,14(1), 5281
[110].(F) Schematic diagram of the patterning bone tissue by applying a circle ring/round magnet. This figure was adapted from BMEMat 2024,2(1), e12059 [111].
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magnetic responsiveness by integrating with superparamagnetic nano-
particles, thereby enabling their spatial movement. Building on this
capability, the following section explores how the incorporation of
SPIONs into hydrogels not only facilitates mobility but also enhances the
ability to guide, align, and direct cellular behaviors. This innovative
strategy leverages the magnetic properties of SPIONs to precisely
manipulate cellular behaviors within 3D biomaterials. This enables
external control over the spatial arrangement of these cells, facilitating
their controlled organization and alignment. This capability is particu-
larly evident in several studies focusing on the use of magnetic particles
in tissue engineering applications.

A notable development involves the incorporation of magnetic par-
ticles, including SPIONs and ferromagnetic microparticles (FMPs), into
polycaprolactone (PCL) microfibers. This incorporation was achieved via
fiber and solution electrospinning techniques, revealing that varying
magnetic particle concentrations affect fiber diameter and deposition
patterns. The resultant FMP-doped fibers exhibit controllable
morphology and magnetic properties, enabling precise magnetic pole
manipulation and suggesting potential applications in tissue engineering
(Fig. 4A) [107]. This development underscores the utility of magnetic
materials in facilitating alignment within these biocompatible scaffolds.

In another study, the integration of SPIONs with hydrogels enabled
dynamic control over neural network organization within 3D bio-
materials. The use of R-γ-Fe2O3-human serum albumin (HSA) SPIONs
facilitated the internalization of magnetic properties within neurons,
allowing the cells to respond to external magnetic fields. Consequently,
these neurons were precisely guided and organized within multi-layered
collagen scaffolds through the application of external magnetic fields,
leading to patterned cellular arrangements (Fig. 4B) [90]. This method not
only facilitated the creation of customized, layered 3D tissue architectures
but also enhanced our understanding of cellular and tissue behaviors.

The innovative application of magnetic nanoparticles for the remote
manipulation of cells in tissue engineering represents a significant
advancement in the field. By making cells magnetic and applying remote
forces, researchers have effectively created size-controlled magnetic
spheroids and achieved precise spatial organization within 3D scaffolds.
This multiscale magnetic approach not only enables high-throughput
production of spheroids but also allows for the development of com-
plex tissue structures with controlled alignment. Importantly, when the
magnetic field is removed, the cells return to their original unaligned
state without compromising their growth and viability, underscoring the
reversible nature of this technique (Fig. 4C) [108].

Similar studies have utilized Fe3O4 nanoparticles and GelMA hydro-
gels to precisely control and simulate mechanical stress variations in a
biological context through the application of external magnetic fields. By
modulating the intensity of magnetic fields, stress variations are
controlled, allowing these hydrogels to transmit mechanical strain to
embedded cells, thereby effectively promoting their growth, spreading,
proliferation, and differentiation. Notably, within the strain range of
40–60 %, NIH-3T3 fibroblasts and C2C12 myofibers exhibited signifi-
cantly enhanced responses, indicating the considerable potential of
superparamagnetic hydrogels to mimic physiological and pathological
stress environments (Fig. 4D) [109]. This unique capability provides
valuable insights into the interactions between cells and their mechanical
environments.

Additionally, the development of “magnetoids” which are organoids
with embedded magnetic nanoparticles, has enabled targeted mechani-
cal stimulation within human neural tube organoids. By utilizing global
magnetic fields to generate both internal and localized mechanical
forces, this technology enhances tissue growth, morphogenesis, and
patterning within organoid structures (Fig. 4E) [110]. Magnetoid tech-
nology offers valuable insights into mechanotransduction in develop-
mental and disease models, emphasizing the role of local mechanical
cues in tissue organization and function.

Lastly, a novel approach combining hydrogels and magnetic nano-
particles has been developed for patterning bone tissue. High-aspect ratio
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Fe3O4-HAp-PDA nanobelts were used to assemble MSCs into 3D hybrid
spheroids, facilitating cell aggregation and improving cell-nanobelt in-
teractions through magnetic field manipulation (Fig. 4F). This method
effectively promoted osteogenic differentiation of both bone marrow and
adipose-derived MSCs, presenting a versatile solution for bone tissue
patterning and addressing challenges related to cell survival, differenti-
ation efficiency, and integration of implanted cells [111].

4.3. Magnetothermal

In addition to mobility and directed alignment, magnetothermal
properties are gaining attention. This distinctive ability leverages mag-
netic fields to induce thermal effects, offering significant potential in
various applications. It allows precise control over heat generation and
distribution within the hydrogel matrix, thereby enabling targeted
therapy [112,113], remote control [114], and enhanced material func-
tionalities [115]. Due to their high sensitivity, contrast, and non-ionizing
radiation properties, SPIONs are particularly useful in cancer therapy
through magnetic hyperthermia [116].

One notable example is the magnetic injectable biomaterial magnetic
colloidal hydrogel (MCH), which exhibits excellent biocompatibility and
hemocompatibility with negligible cytotoxicity observed in vitro. In vivo
studies confirm its safety, as it causes no tissue damage or biochemical
abnormalities. Notably, MCH demonstrates significant magnetocaloric
effects under AMFs, effectively targeting HepG2 cells and indicating its
potential in magnetic hyperthermia for treating hepatocellular carci-
noma (HCC) (Fig. 5A) [117]. The integration of hard-magnetic soft ma-
terials could further enhance the mechanical adaptability of such
hydrogels in dynamic biological environments [118]. This material's
capability to penetrate deeper into tissues addresses limitations of con-
ventional near-infrared (NIR) methods, positioning it as a promising tool
for advanced hyperthermia therapies. In a similar vein, the CG-IM
superparamagnetic hydrogel, which combines iron oxide nanoparticles
and mica nanosheets, exhibits magnetic hyperthermia effects (Fig. 5B). It
also shows promise in treating unresectable HCC with ultrasound-guided
interventions [119].

Another advancement involves SPION-loaded nano-capsule hydro-
gels (SPION-NHs), which enhance MHT by prolonging retention and
enabling multiple treatment sessions at moderate temperatures (Fig. 5C).
Monitored by MRI, this method reduces tissue damage compared to
single thermal ablation. In U-87 MG tumor studies, multiple MHT cycles
led to significant tumor reduction and minimal recurrence, out-
performing microwave thermal ablation, which, while effective, carries
risks like bleeding and infection [120]. Recent studies highlight that
amine-functionalized SPIONs can optimize thixotropic behavior in
hydrogels, synergizing with the present design to achieve sustained drug
release under magnetic actuation [121].

Research has led to the development of a novel nano-bio-composite
combining sodium alginate, silk fibroin, halloysite nanotubes, and
SPIONs. This hydrogel shows high blood compatibility and low toxicity
while effectively targeting breast cancer cells. With a magnetic saturation
of 15.96 emu/g and a specific absorption rate (SAR) of 22.3 W/g under
AMFs, it performs efficiently in magnetic fluid hyperthermia, high-
lighting the potential of SPIONs to enhance hydrogel cancer treatments
(Fig. 5D) [122]. The optical phenomena explored in molecule-based
magnetic materials may offer future avenues to integrate
photothermal-magnetic multimodal responses in such systems [123].

In another innovative approach, combining SPIONs with a thermally
responsive comb-type hydrogel matrix has led to the development of
light-responsive hydrogels. These hydrogels convert absorbed visible
light into thermal energy, resulting in rapid volume changes (Fig. 5E).
The free, mobile grafted chains within the comb-type hydrogel facilitate
swift responses, enhancing light-induced volume shrinkage and recovery
rates. This combination has enabled the creation of a bilayer-type photo-
actuator capable of rapid bending motions [124].

Looking forward, magnetic polymeric conduits exemplify translational



Fig. 5. Magnetothermal of Superparamagnetic Hydrogels (A) Infrared thermal images under alternating magnetic field (AMF) . This figure was adapted from Advanced
Materials 2024,36(26), e2309770 [117]. (B) Infrared thermal images of mice under AMF. This figure was adapted from Small 2024,20(3), 2300733 [119]. (C) The
elevated tumor temperature versus time graphs induced by multiple MHT after a single injection of PEGylated SPION aqueous solution. This figure was adapted from
Biomaterials 2016, 13–23 [120]. (D) The thermogravimetric analysis (i) and DTG curve (ii) of SA/SF/HNTs/Fe3O4 bio-composite. This figure was adapted from
Scientific Reports 2022,12(1), 15431 [122]. (E) Bending motion of the bilayer-type actuator comprising poly(acrylamide) (PAAm) and g-PNIPAm(209)/MNP under
visible light irradiation. This figure was adapted from Scientific Reports 2015,5(1), 15124 [124]. (F) SAR values of multicore nano-mag-D MNP with differently
functionalized PEG300 in water suspension and immobilized in 1 % agar and 10 % PVA. Additionally, hydrodynamic diameters (Øhydr.) for each MNP type are
shown. This figure was adapted from Nanoscale Research Letters 2014,9(1), 602 [126].
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potential, suggesting that current hydrogel platforms could evolve into
implantable devices for localized hyperthermia delivery [125]. Research
on immobilization methods has highlighted variations in the SAR of
magnetic nanoparticles. Different coating materials and synthesis pro-
cesses result in distinct hysteresis parameters and SAR values (Fig. 5F). For
instance, PVA immobilization significantly reduces SAR values, while
agarose affects SAR differently, emphasizing the importance of immobi-
lization effects in optimizing tumor therapy [126].
4.4. Robotics

Recent advancements in hydrogel-based soft robotics have expanded
the design and functional capabilities of micro-robotic systems, particu-
larly through the integration of stimuli-responsive materials like SPIONs
[127–129]. Superparamagnetic hydrogels not only enhance basic func-
tionalities such as movement, magnetoguidance, and magnetic hyper-
thermia but also enable multimodal responsiveness, a critical feature for
adaptive robotics [130,131]. For instance, dual-responsive supramolec-
ular hydrogels that react to both magnetic fields and light have emerged
as a breakthrough. These materials exhibit tunable stiffness under mag-
netic fields and reversible rigidity adjustments via UV/visible light,
making them ideal for soft robotic actuators and tissue-mimetic scaffolds
[132]. This dual-responsive behavior aligns with broader trends in soft
robotics, where multi-stimuli hydrogels are increasingly explored to
mimic biological adaptability.

Additionally, these SPION-loaded hydrogels have been effectively
utilized in drug delivery systems [133–137]. Microrobots incorporating
these hydrogels achieve targeted drug release with low cytotoxicity, as
demonstrated in studies where 3T3 fibroblast-compatible devices
degraded fully in alkaline environments [138]. Furthermore, micro-
robots engineered with anticancer drugs like 5-fluorouracil, when
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exposed to alternating magnetic fields, release the drug and induce
localized hyperthermia [139], significantly reducing cancer cell viability.
These advancements parallel developments in biohybrid robotics, where
living cells or enzymes are integrated into hydrogels for autonomous
sensing and actuation [140], though SPION-based systems offer superior
remote controllability and scalability.

For future biomedical applications like diagnostics and targeted de-
livery, the use of mobile micro- and nanorobots is recommended, with an
emphasis on ensuring their biocompatibility and biodegradability for
successful clinical translation [99]. By creating small robots with
non-cytotoxic, biodegradable soft components, device assimilation can
be enhanced, tissue interactions optimized, and immune responses
minimized [141].

A study demonstrated the fabrication of biodegradable soft helical
swimmers using non-toxic gelatin methacryloyl (GelMA) through dual-
photon polymerization (Fig. 6A). These GelMA swimmers, decorated
with magnetic nanoparticles, exhibit adaptive behavior that surpasses
that of rigid microrobots [142]. Another notable innovation in this field
is the development of a 20 μm-long, 6 μm-wide hydrogel-based micro--
swimmer with a double-helical design, capable of carrying therapeutic
cargo and swimming under rotational magnetic fields (Fig. 6B). This
micro-swimmer degrades in 118 h into nontoxic byproducts, swells to
enhance cargo release, and can deliver anti-ErbB2 antibody-tagged
magnetic nanoparticles for breast cancer imaging [143].

Innovations in micro-swimmer technology have produced control-
lable magnetic hybrid micro-swimmers with hollow helical structures,
designed through a simple microfluidic template synthesis and bio-
silicification method. Incorporating Fe3O4 nanoparticles into a biocom-
patible alginate/protamine/silica shell enhances their mechanical
strength and allows for customized structural modifications. For
instance, magnetic hybrid micro-swimmers (pitch¼ 720 μm, CMNPs¼ 5



Fig. 6. Superparamagnetic hydrogel robots. (A) Schematic of 3D Printed Enzymatically Biodegradable Soft Helical Micro-swimmers (i) 2 PP is used to print GelMA
helical microstructures; and (ii) the printed structures are decorated with magnetic nanoparticles by incubation in water suspensions of Fe3O4 nanoparticles. This
figure was adapted from Advanced Functional Materials 2018,28(45), 1804107 [142]. (B) Magnetic steering control of the micro-swimmer. Scale bars, 20 μm. This
figure was adapted from ACS Nano 2019,13(3), 3353 [143]. (C) Magnetic hybrid micro-swimmers (pitch ¼ 720 μm, CMNPs ¼ 5 wt%) powered by the rotating magnet
with f ¼ 800 rpm, are used to transport the poly-ETPTA microspheres in an aqueous solution with viscosity of 1.03 mPa s. This figure was adapted from Industrial &
Engineering Chemistry Research 2018,57(29), 9430 [144]. (D) The yaw angle Ψ was instantly changed 45�, while the swimmers were driven at 2 Hz with a field strength
of 20 mT in a solution with a viscosity of 3 mPa s. (i) Time-lapse images of a micro-swimmer with a tubular body and helical tail during the reorientation of its
swimming direction. (ii) Changing the tail to a planar geometry and ϕ to 30� led to a complete loss of motility. This figure was adapted from Science Advances 2019,
5(1), eaau1532 [145]. (E) Schematic illustrations that stack or tube assembly of these helical micromotors under magnetic force and their potential in tissue repair and
blood vessel scaffold. This figure was adapted from ACS Applied Materials & Interfaces 2020,12(14), 16097 [146]. (F) the movement of GFHM inside an S-shaped
microfluidic channel with the guidance of rotating magnetic field. Scale bars, 1000 μm. This figure was adapted from ACS Nano 2020,14(12), 16600 [147]. (G)
Particle motion and bio-inspiration (i) Schematic showing the crawling motion of a common maggot. (ii) Active particles can be made following similar mechanisms
when fabricated with a temperature-sensitive NiPAAm hydrogel loaded with magnetic nano-particles. This figure was adapted from Scientific Reports 2017,7(1), 16178
[148]. (H) Snapshots of cargo delivery via rolling locomotion under rotating magnetic fields of 25 mT. Scale bars, 3 mm. This figure was adapted from Advanced
Functional Materials 2020,30(50), 2004975 [149]. (I) Photos of 3D printed magnetic starfish hydrogels with 1 wt% SPIONs demonstrating response to a magnet. (i)
The arms swing towards the magnet and attach to it. (ii) Hydrogel starfish can follow the movement of the magnet. This figure was adapted from Chemical Engineering
Journal 2021,407127187 [16].
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wt%) powered by rotating magnets at 800 rpm successfully transport
poly-ETPTA microspheres in an aqueous solution with a viscosity of 1.03
mPa s (Fig. 6C) [144].

Comparatively, origami-inspired hydrogel robots (Fig. 6D) leverage
temperature-responsive self-folding for 3D shape-morphing, a strategy
gaining traction for minimally invasive surgery. This approach highlights
the ingenuity of combining compliant structures and magnetic en-
hancements to achieve functional autonomy in small-scale devices,
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drawing parallels to the adaptive mechanics observed in bacteria.
Investigating the interplay of hydrodynamic forces and local rheology on
low Reynolds number swimming advances our understanding of elasto-
hydrodynamic coupling in locomotion and its potential applications in
untethered micro-robotics [145]. Additionally, helical micromotors
developed via microfluidic spinning technology facilitate cell seeding
and cultivation with customizable morphologies and biocompatibility,
while magnetic nanoparticles enable responsive motion under fields,
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showcasing potential in tissue repair and blood vessel scaffolding
(Fig. 6E) [146].

Recent research has advanced soft robotics and biomedical applica-
tions with graphene oxide-based helical micromotors (GOFHMs)
embedded with superparamagnetic iron oxide (Fe3O4) nanoparticles.
These micromotors, customizable in pitch, length, and diameter through
microfluidic techniques, show promise in water remediation and drug
delivery, particularly with doxorubicin (Fig. 6F) [147]. These designs
draw inspiration from natural microswimmers, but recent work has
further optimized their propulsion efficiency by mimicking helical
flagellar structures or ciliary beating.

Another significant advancement is the development of magnetically
responsive hydrogel crawlers, which represent a leap forward in soft
robotics, particularly for maneuvering within confined spaces. These
crawlers, inspired by the peristaltic motion seen in organisms like mag-
gots and earthworms, utilize remote magnetic fields to achieve reversible
contraction and elongation (Fig. 6G). This capability allows controlled
movement within micro-patterned environments, showing great promise
for targeted drug delivery and the creation of active actuators that can
Fig. 7. Advanced functionalities of superparamagnetic hydrogels. (A) UPyGF-hydrog
like growth factor 1 (IGF1) and vascular endothelial growth factor (VEGF). (ii) Proof
labeled. Scale bars, 5 mm. This figure was adapted from Scientific Reports 2019,9(1),
PD3L4F2 MR_NCH without (left) and with (right) an applied MF. When an MF is a
applied MF, which also changes the arrangement of laponite nanoparticles and PDMA
adapted from Nature Communications 2013,4(1), 1712 [160]. (C) Alginate-alumina
bars, 1 cm. This figure was adapted from Scientific Reports 2019,9(1), 15024 [159]. (D
and magnetic hyaluronic acid (MagHA). This figure was adapted from Advanced Mat
through advanced orientational and spatial magnetic control. (i) shows the distrib
particularly around weak points in the material. (ii) illustrates the reversible formati
depends on the platelet orientation. Scale bars, 5 mm. This figure was adapted from
varying concentrations of SPIONs in 2D culture (control) and 3D bioprinted GelMA sc
controls and 3D printed constructs was performed after 24 h of incubation with bact
control without SPIONs (ii). Scale bars, 15 mm. This figure was adapted from Advan
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navigate through porous biological tissues and materials [148].
Furthermore, the study presents a robust strategy for fabricating

biocompatible and fully biodegradable soft millirobots embedded with
SPIONs within a collagen-based hydrogel derived from porcine extra-
cellular matrix. This method facilitates precise 3D magnetic anisotropy
programming via external magnetic fields, enabling complex shape de-
formations and functional behaviors such as cargo grabbing and trans-
portation in biologically relevant environments (Fig. 6H). The
biocompatibility and degradation profile of these magnetically respon-
sive hydrogels enhance their safety and performance in minimally
invasive medical applications [149].

Advancements in 3D printing technology have led to the development
of a photosensitive resin infused with uniformly dispersed SPIONs,
effectively reducing aggregation during the printing of magnetically
responsive hydrogels optimized for stereolithography. The resulting
starfish-shaped hydrogels exhibit strong superparamagnetic properties,
responding to external magnetic fields and reverting upon field removal
(Fig. 6I). This innovation overcomes extrusion printing limitations, pre-
senting opportunities for the creation of soft, flexible hydrogels with
el characterization and in vivo setup.(i) UPyGF-hydrogel slowly released insulin-
-of-concept ex vivo T2* MRI to verify intramyocardial UPyGF-hydrogel injections
19366 [150]. (B) Schematic illustration of the expected network structure of the
pplied, the Fe3O4 nanoparticles in the MR_NCH align along the direction to an
Am chains attaching to the surface of the laponite nanoparticles. This figure was
monolayer hydrogel composites with various reinforcement architecture. Scale
) Scanning electron microscopy (SEM) images of SPIONs, hyaluronic acid (HA),
erials 2023,35(19), 2209565 [167]. (E) Unusual 3D reinforcement architectures
ution of UHMR particles in PVA composites under a magnetic field gradient,
on of topographical ripples on the polymer surface due to local swelling, which
Science 2012,335(6065), 199 [169]. (F) Evaluating the antibacterial effect of

affolds, seeded with luminescent S. aureus bacteria. Luminescence imaging of 2D
eria (i) and the signal intensity was quantified and normalized based on the 2D
ced Drug Delivery Reviews 2011,63(1), 24 [80].
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complex structural designs [16]. These developments promise advance-
ments in soft robotic actuators and aquatic grippers, showcasing the
potential for sophisticated and functional soft robotic systems.

4.5. Additional advantages

Beyond the remarkable capabilities of superparamagnetic hydrogels
in mobility, magnetoguidance, magnetic thermal response, and robotics,
there has been significant exploration into their advanced features. These
include applications in sustained drug release, MRI localization [150],
capacitive properties [151], antibacterial activity [152], adsorption
[153,154], water purification [155,156], 3D assembly [24], wound
healing [157], suspended cell culture [158], enhanced mechanical per-
formance [159,160], as well as regenerative medicine and electronic
devices. The integration of SPIONs into hydrogels has led to substantial
advancements across these diverse fields [161,162]. By leveraging the
unique properties of SPIONs, researchers have achieved new function-
alities and improved performance in various applications, highlighting
the transformative potential of these materials in both existing and
emerging technologies.

In the realm of medical imaging, superparamagnetic hydrogels have
found extensive utility, particularly in MRI, due to their unique proper-
ties that enable precise localization and imaging enhancement [163,
164]. A study demonstrated that UPyGF hydrogels, embedded with ul-
trasmall superparamagnetic iron oxide (USPIO) nanoparticles, can sus-
tain the release of IGF1 and VEGF for up to 7 days, which is crucial for
effective cardiac repair. The hydrogels' ability to maintain a prolonged
release of these growth factors supports ongoing cardiac tissue regener-
ation. Moreover, MRI imaging confirmed the precise localization of these
hydrogels within the myocardium, facilitating targeted delivery (Fig. 7A)
[150].

In addition to their precise localization capabilities demonstrated in
MRI applications, superparamagnetic hydrogels benefit from significant
performance enhancements due to the incorporation of iron oxide
nanoparticles. For example, magneto-responsive nanocomposite hydro-
gels (MR_NCHs) developed with Fe3O4 nanoparticles embedded in N,N-
dimethylacrylamide (DMAAm) and laponite exhibit remarkable im-
provements in magnetorheological behavior, mechanical strength, and
biocompatibility (Fig. 7B) [160]. These advanced MR_NCHs are
well-suited for use as soft actuators in pharmaceutical and biomedical
applications. Moreover, the addition of SPIONs enables the creation of
self-shaping composites with programmable shape changes. By
leveraging ultra-high magnetic responsiveness (UHMR) of anisotropic
micro-particles, precise control over particle orientation allows for the
design of complex, shape-changing microstructures (Fig. 7C) [159]. This
integration of iron oxide nanoparticles thus not only enhances the me-
chanical and magnetic properties of hydrogels but also expands their
versatility and functionality in advanced material design.

Superparamagnetic hydrogels are also being explored for bone repair
applications [165,166]. A novel method for repairing hierarchical
osteochondral defects involves using a hydrogel with continuous gradi-
ents in nano-hydroxyapatite content, mechanical properties, and
magnetism (Fig. 7D). This hydrogel incorporates superparamagnetic HA
nanorods that respond to a brief magnetic field, allowing for the creation
of precise biophysical and biochemical gradients. By optimizing the
gradient configuration based on magnetic resonance imaging data from
healthy rabbit knees, this approach effectively reconstructs osteochon-
dral tissue and promotes cell infiltration. When applied to rabbit osteo-
chondral defects with a local magnetic field, this multileveled gradient
composite hydrogel shows promising outcomes in tissue regeneration,
accurately mimicking the natural cartilage-to-subchondral bone transi-
tion [167].

Superparamagnetic hydrogels have demonstrated significant ad-
vancements in the development of supercapacitors, which are crucial for
enhancing the reliability and lifespan of electronic device power supplies
[168]. A recent study developed a multi-responsive, healable
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supercapacitor using Fe3O4@Au/polyacrylamide (MFP) hydrogel elec-
trodes with silver nanowire films, which offers high mechanical strength
and rapid healing via photothermal and magneto-thermal processes, and
achieves triply-responsive healing with integrated electroactive poly-
pyrrole nanoparticles [151]. This enhancement is further complemented
by the role of iron oxide nanoparticles, which improve both the me-
chanical and magnetic properties of the hydrogels. Notably,
micrometer-sized reinforcing particles, coated with low concentrations
of superparamagnetic nanoparticles (0.01–1 vol percent), can be pre-
cisely manipulated using ultralow magnetic fields (1–10 mT) (Fig. 7 E)
[169]. This integration not only broadens the functional applications of
these hydrogels but also enables the fine-tuning of their structural and
performance characteristics in advanced supercapacitor technologies.

In the field of biomedical engineering, recent advancements have
focused on developing multifunctional materials that combine antibac-
terial properties with magnetic resonance imaging visibility [152]. One
such innovation involves the integration of SPIONs into various hydrogel
scaffolds, including collagen-based cardiac patches and GelMA-based
bioinks. These SPION-containing materials have been shown to inhibit
bacterial growth, such as that of Salmonella and Staphylococcus aureus,
within a specific SPION concentration range of 100–500 μg/mL (Fig. 7F).
Below this range, antibacterial effects and MRI contrast are diminished,
while concentrations above 500 μg/mL can lead to aggregation and po-
tential cytotoxicity issues [80]. The incorporation of SPIONs into bio-
materials not only enhances their antimicrobial capabilities but also
enables non-invasive MRI monitoring, opening up new avenues for
personalized and precision medicine [170]. This dual functionality rep-
resents a significant step forward in the development of antibacterial and
MRI-visible materials for biomedical applications.

Recent advancements in magnetic hydrogels, leveraging their unique
superparamagnetic properties, have significantly enhanced their appli-
cability in environmental remediation. These hydrogels, particularly
those incorporating SPIONs, demonstrate exceptional capabilities in
purifying wastewater through their enhanced adsorption capacities [153,
154].

For instance, Prussian blue-embedded magnetic hydrogel beads (PB-
MHBs), which incorporate in-situ-formed iron oxide nanoparticles as
cross-linkers, effectively encapsulate Prussian blue and allow for efficient
magnetic separation of radioactive cesium (137Cs) from water (Fig. 8A).
The integration of superparamagnetism with robust adsorption charac-
teristics has made these hydrogels highly effective in addressing water
pollution and removing hazardous substances [156]. Moreover, a nano-
composite hydrogel (Cs/PPA/EDA/Fe3O4-NPs) was synthesized via
gamma irradiation, enhancing its superabsorbent and superparamagnetic
properties (Fig. 8B). This material demonstrated exceptional capability in
adsorbing hazardous dyes from contaminated solutions, showcasing its
potential application in environmental remediation [155]. By combining
strong adsorption abilities with efficient contaminant removal, these
materials are poised to play a pivotal role in enhancing water quality and
mitigating the impact of pollutants in aquatic environments.

pH-sensitive hydrogels often have a wide range of applications. A
recent study focuses on the synthesis and characterization of pH-sensitive
superparamagnetic hydrogel nanocomposites, specifically AA-VSA-P/
SPIONs, optimized with varying concentrations of SPIONs at 1.2 %,
3.2 %, and 5.2 % by weight. These hydrogels efficiently adsorb cationic
dyes such as methylene blue (MB) from aqueous solutions, particularly
under alkaline conditions (pH ¼ 9). They exhibit excellent magnetic
responsiveness, facilitating easy separation of dye-loaded hydrogels
using a 180 mT bar magnet [23]. This pH-sensitive system shows sig-
nificant potential for sustainable wastewater treatment due to its high
adsorption capacity, recyclability, and eco-friendly nature. Furthermore,
Similar studies underscores the dual functionality of these pH-sensitive
magnetic hydrogels in biomedical applications, where their super-
paramagnetism is leveraged for diagnostic purposes (Fig. 8C) [171]. The
effective water treatment and advanced diagnostic capabilities of these
materials highlight their broad applicability and substantial utility.



Fig. 8. Advanced functionalities of superparamagnetic hydrogels. (A) Adsorption isotherm data obtained from the various PB-MHBs (red: PB-MHBs-1, green: PB-
MHBs-2, blue: PB-MHBs-3, pink: MHBs) . This figure was adapted from Carbohydrate Polymers 2022,283119149 [156]. (B) Swelling percentage as a function of
time for Cs/PPA/EDA copolymer hydrogel and Cs/PPA/EDA/Fe3O4 -NPs nanocomposite hydrogel. This figure was adapted from Scientific Reports 2018,8(1), 11476
[155]. (C) Photograph of dye adsorption and subsequent magnetic separation phenomena before and after dye adsorption by AA-VSA-P/SPIONs-I at pH 9 and the
dye-adsorbed hydrogel magnetically separated by a bar magnet (180 mT) . This figure was adapted from ACS Omega 2020,5(34), 21768 [171]. (D) Schematics
describing magnetic assembly of 3D structures: (i) dome, (ii) sphere, (iii) tube, (iv) hexagon. Scale bars, 5, 1, 2, 2 mm, respectively. This figure was adapted from
Advanced Materials 2011,23(37), 4254 [24]. (E) Schematic diagram of the testing process of MMM. This figure was adapted from Small 2024,20(28), 2400644 [157].
(F) 3D cell culture with magnetic-based levitation. (i) Hydrogel is dispersed over cells and the mixture is incubated. The dark blotches are fragments of hydrogel. (ii)
Washing steps remove non-interacting hydrogel fragments. Fractions of phage, gold and MIO nanoparticles enter cells or remain membrane-bound. (iii) Application of
an external magnet causes cells to rise to the air–medium interface. (iv) After 12 h of levitation, characteristic multicellular structures form (a single structure is shown
in the schematic). Scale bars, 30 mm. This figure was adapted from Nature Nanotechnology 2010,5(4), 291 [180].
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In the field of 3D assembly, the integration of superparamagnetic
Nanoparticles and hydrogels is also indispensable [172–174]. A newly
developed biomaterial, termed M-gel, integrates magnetic nanoparticles
into microscopic hydrogels, thereby preserving their inherent biocom-
patibility while introducing novel functionalities for both cell culture and
magnetic manipulation. This advancement allows for the precise con-
struction of 3D multilayer structures through the application of external
magnetic fields. The inclusion of SPIONs enables M-gels to replicate
complex in vivo anatomical geometries, including domes, spheres, tubes,
and hexagons (Fig. 8D). These features highlight M-gels' potential for
advanced biomedical applications, particularly in tissue engineering and
related fields [24].

In the realm of wound repair and healing, hydrogels make significant
contributions that cannot be overlooked [34,175]. Recent study high-
lights the development of a magneto-responsive massage membrane
(MMM) that integrates an elastic GelMA hydrogel, reinforced fibers with
a negative Poisson's ratio, and Fe3O4 nanoparticles. The MMM enables
precise mechanical stimulation through magnetic activation,
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demonstrating significant improvements in wound contraction and
re-epithelialization in both in vitro and in vivo models (Fig. 8E), show-
casing its potential for advanced wound healing applications [157].

Suspension is a distinctive feature of magnetic materials, and super-
paramagnetic materials, in particular, can impart this property to
hydrogels, enabling exceptional performance in various applications
[176,177]. These materials are frequently explored for suspension-based
cell culture techniques due to their excellent anti-gravitational proper-
ties, which allow for precise control over cell positioning and movement
in suspension [178]. This control is vital for biomedical applications such
as drug delivery systems and tissue engineering [179]. Additionally, the
magnetic responsiveness of superparamagnetic Nanoparticles facilitates
non-invasive manipulation under external magnetic fields, providing a
versatile method for achieving uniform cell distribution and enhancing
cellular interactions within the suspension environment [158]. A study
introduces a novel, cost-effective 3D tissue culture technique using
magnetic levitation with a hydrogel containing gold, magnetic iron oxide
nanoparticles, and filamentous bacteriophage, which enables precise cell
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control and multicellular clustering, offering a simpler and more adapt-
able alternative to traditional methods (Fig. 8F) [180].

5. Future prospects and strategic directions

The integration of SPIONs into hydrogels has established a trans-
formative platform that merges the remote controllability of magnetic
materials with the biocompatibility and structural versatility of hydro-
gels. These systems enable precise spatiotemporal manipulation of ma-
terial properties, including programmable drug release, dynamic
mechanical adaptation, and targeted thermal therapy—capabilities that
are reshaping approaches to precision medicine and environmental
remediation. However, the translation of these laboratory innovations
into real-world applications requires overcoming fundamental limita-
tions rooted in material design constraints and interdisciplinary knowl-
edge gaps.

A primary concern lies in the inherent compromises observed in
existing SPION-hydrogel designs. High concentrations of magnetic
nanoparticles often enhance actuation efficiency and thermal respon-
siveness but exacerbate biological risks, such as accelerated immune
recognition and cellular stress. Conversely, strategies prioritizing
biocompatibility through reduced SPION loading frequently sacrifice
mechanical stability and controlled drug release kinetics. These contra-
dictions highlight the necessity of rethinking material architectures to
decouple performance parameters traditionally viewed as mutually
exclusive. Furthermore, while magnetic actuation enables precise
spatiotemporal control, the physical constraints of field penetration
depth and targeting accuracy limit applicability in deep-tissue therapies,
necessitating the development of multimodal stimulation platforms that
synergize magnetic guidance with complementary energy modalities.

The field stands at a crossroads, where three transformative pathways
could redefine its trajectory. First, the convergence of stimuli-responsive
materials and biomolecular computing may yield intelligent systems
capable of context-dependent decision-making, such as
microenvironment-sensitive drug release or self-adapting mechanical
properties. Second, advances in scalable manufacturing technologies
could bridge the gap between bench-scale innovation and industrial
production, addressing critical issues like batch-to-batch consistency and
long-term stability. Third, the integration of sustainability principles into
material design—through renewable precursors, energy-efficient syn-
thesis, and closed-loop recyclability—could unlock environmentally
responsible applications beyond biomedical domains.

Despite this potential, significant barriers persist. The lack of stan-
dardized protocols for assessing long-term biocompatibility and envi-
ronmental impact poses regulatory challenges, particularly regarding
nanoparticle biodistribution and ecosystem interactions. Moreover, the
field suffers from fragmented interdisciplinary collaboration, where
material innovations often progress in isolation from clinical needs and
engineering realities. This disconnects manifests in promising laboratory
achievements that fail to meet practical requirements for clinical trans-
lation or large-scale implementation.

Interdisciplinary collaboration emerges as a critical driver for prog-
ress. Clinically oriented research must prioritize the co-design of SPION-
hydrogel systems with surgical applications, such as magnetically
deployable barriers for tumor margin sealing or minimally invasive
cardiac patch delivery. Environmental applications, meanwhile, demand
scalable manufacturing techniques that align with circular economy
principles—for instance, UV-degradable hydrogels enabling magnetic
recovery and reuse of SPIONs in water purification systems. Emerging
green synthesis methods, including solvent-free magnetic crosslinking,
exemplify how sustainable production can coexist with high-
performance material engineering.

The path forward requires reimagining innovation cycles to integrate
application-specific validation at every development stage. By coupling
advances in magnetic material science with rigorous biological and
environmental testing, researchers can transform SPION-hydrogels from
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experimental platforms into robust solutions for global healthcare and
sustainability challenges. Success will depend not only on technological
breakthroughs but also on cultivating ecosystems where material scien-
tists, clinicians, and engineers collaboratively address real-world con-
straints. Through this holistic integration of design, validation, and
implementation, SPION-hydrogel systems may ultimately fulfill their
potential as adaptive therapeutic tools and environmental stewardship
technologies.
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