<]
TUDelft

Delft University of Technology

Magnetized Cell-Scaffold Constructs for Bone Tissue Engineering
Advances in Fabrication and Magnetic Stimulation

Cinar SanSegundo, Elio; Mirzaali, Mohammad J.; Fratila-Apachitei, Lidy E.; Zadpoor, Amir A.

DOI
10.1002/advs.202510094

Publication date
2025

Document Version
Final published version

Published in
Advanced Science

Citation (APA)

Cinar SanSegundo, E., Mirzaali, M. J., Fratila-Apachitei, L. E., & Zadpoor, A. A. (2025). Magnetized Cell-
Scaffold Constructs for Bone Tissue Engineering: Advances in Fabrication and Magnetic Stimulation.
Advanced Science, 12(41), Article e10094. https://doi.org/10.1002/advs.202510094

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/advs.202510094
https://doi.org/10.1002/advs.202510094

REVIEW

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Magnetized Cell-Scaffold Constructs for Bone Tissue
Engineering: Advances in Fabrication and Magnetic

Stimulation

Elio Cinar SanSegundo, Mohammad J. Mirzaali,* Lidy E. Fratila-Apachitei,

and Amir A. Zadpoor

Magpnetic particles (MPs), due to their unique physical and chemical
properties, have emerged as promising tools in bone tissue engineering. Their
incorporation into scaffolds or uptake by bone cells, combined with exposure
to external magnetic fields, has been shown in various studies to enhance cell
adhesion, proliferation, and osteogenic differentiation. In this review, the
state-of-the-art is presented on the synthesis processes of magnetized cells
(MCs) and magnetized scaffolds (MSs), as well as the biological and
mechanical effects of scaffold-free MCs, cell-seeded MSs, and MC-seeded
MSs under externally applied magnetic fields on bone tissue engineering.
Furthermore, the specific applications of these systems is highlighted, such as
non-contact mechanical stimulation, and discuss their application to advance

cues (e.g., growth factors), and external
stimuli.*) External (physical) stimuli, such
as light, magnetic fields, ultrasound, electri-
cal impulses, and direct mechanical forces,
can prompt bone cell adhesion, prolifer-
ation, and differentiation within scaffolds
by modulating their microenvironment.>!
Advances in biomaterials have led to the
development of polymers, ceramics, and
composite scaffolds, which offer alterna-
tives to traditional grafts by enhancing
cell growth and osteogenic differentia-
tion through their chemical and physical

bone tissue engineering strategies.

1. Introduction

Bone tissue engineering focuses on repairing critical-sized bone
defects, i.e., those too large to heal independently. Such defects,
caused by trauma, non-union fractures, infection, tumors, or
bone atrophy, exceed the self-repair capacity of bone tissue.[! De-
fects greater than 2 cm or involving over 50% of the bone circum-
ference require intervention with filling materials.[?} Currently,
autografts and allografts are the most widely used strategies for
treating these defects. However, these approaches present sev-
eral limitations, including risks of disease transmission, donor
site morbidity, and limited bone availability.[*]

To address these challenges, bone tissue engineering ap-
proaches are used that integrate four key components for achiev-
ing optimal bone cell growth: (stem) cells, scaffolds, biological
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cues, in combination or not with external
stimulation.[!]

Among external physical stimuli, mag-
netic fields have gained increasing atten-
tion for their potential to promote implant
osseointegration and bone regeneration.l Magnetic particles
(MPs), particularly iron oxide nanoparticles, can be incorporated
into cells or scaffolds to enhance specific properties.l>’] Their in-
tegration into cells (magnetized cells, MCs) and scaffolds (mag-
netized scaffolds, MSs) has been widely studied, both individu-
ally and in combination, to assess their effects on cell adhesion,
proliferation, and osteogenic differentiation under static (SMFs)
or alternating magnetic fields (AMFs). When exposed to exter-
nally applied magnetic fields, MPs enable non-contact mechan-
ical compression of the scaffolds, mimicking the mechanical
stress needed to stimulate cell differentiation and bone growth.[®!
This capability is particularly advantageous for implanted scaf-
folds without the application of an external force. In addition to
mechanical stimulation of cells, MPs may improve the mechan-
ical properties of the scaffolds, making them promising tools for
bone regeneration.’! Furthermore, MPs have found applications
beyond bone tissue engineering, including drug delivery, hyper-
thermia therapy, and biosensors.!”]

This review aims to provide a comprehensive overview of the
role of MPs in bone tissue engineering. We first outlined the
magnetic properties of iron oxide nanoparticles and existing syn-
thesis techniques. Subsequently, we explored their integration
into cells and scaffolds, and their individual and combined effects
on bone growth, proliferation, and differentiation under mag-
netic fields. Finally, we discussed innovative strategies, such as
MP incorporation into bioinks, and identified research gaps and
limitations to guide future studies in the field.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Table 1. The search strategy used.
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Search Topic Database

Search Query Results

Natural occurrence and induction Medline (via PubMed)

of magnetic cells

Web of Science

("intrinsic magnetic*” OR "magnetic cell*” OR "cell magnetization”) AND 23
("magnetic nanoparticle*”) AND ("tissue engineering” OR "bioprocess

engineering” OR "regenerative medicine”)

AB = (("intrinsic magnetic*” OR "magnetic cell*” OR "cell magnetization”) AND 16

("magnetic nanoparticle*”) AND ("tissue engineering” OR "bioprocess

Magnetic Nanoparticles in
Scaffold-Based Bone Tissue

Medline (via PubMed)

Engineering

engineering” OR "regenerative medicine”))

("magnetic nanoparticle*”[Title/Abstract] OR "Iron oxide 89
nanoparticle*”[Title/Abstract] OR Magnetite[Title/Abstract] OR maghemite
[Title/Abstract]) AND (scaffold [Title/Abstract]) AND (bone[Title/Abstract] OR

osteoblast™* [Title/Abstract] OR osteocyte* [Title/Abstract] OR osteoclast*

Web of Science

[Title/Abstract])

AB = (("magnetic nanoparticle*” OR "Iron oxide nanoparticle*” OR Magnetite OR 114

maghemite) AND (scaffold) AND (bone OR osteoblast* OR osteocyte* OR

osteoclast¥*))

2. Experimental Section

This literature review was conducted following the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement.[1]

2.1. Literature Search Strategy

Two primary research questions guided the literature review:

1) What are the intrinsic or induced magnetic properties of cells,
and what techniques are used for their magnetization?

2) What are the effects of magnetization on scaffolds, cells, or
their combination?

A systematic search was performed on April 01, 2025, using
Medline (via PubMed) and Web of Science. Search queries, de-
tailed in Table 1, were developed using a combination of key-
words and Boolean operators (e.g., “AND,” “OR”) to identify stud-
ies relevant to the research questions. The search was restricted
to articles published in English.

2.2. Study Selection

Articles were screened based on predetermined eligibility crite-
ria. Studies were included if they met the following conditions:
i) involved the use of scaffolds for bone tissue engineering; ii)
described magnetization of either the scaffold, the cells, or both;
and iii) were original research articles written in English.

Exceptions were made for studies that did not utilize scaffolds
or MPs but provided insights into magnetic (nano)particle inter-
actions with cells or magnetic field interactions with cells. Studies
were excluded if they met any of the following criteria: i) were not
related to the topics of interest; ii) were exclusively in vivo stud-
ies; iif) were not written in English; or iv) did not have full-text
availability after reasonable efforts to obtain access.
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2.3. Data Extraction and Analysis

The search results were exported to Zotero reference manager
software (version 6.0.30), where duplicates were removed. Titles
and abstracts were screened to identify potentially relevant stud-
ies, followed by a full-text review to confirm eligibility based on
the inclusion criteria.

From each eligible study, key data were extracted and compiled
into a structured database. These data included scaffold prepara-
tion methods, materials or cell types used, MP synthesis meth-
ods, MP content, saturation magnetization, type and intensity of
magnetic stimulation, and principal findings. This process en-
sured a comprehensive and systematic analysis of the literature,
enabling a focused assessment of the effects of MPs on bone tis-
sue engineering applications.

3. Results

Following the PRISMA guidelines, a total of 242 potentially rele-
vant articles were identified from the database search. After elim-
inating 86 duplicates, 35 studies were excluded during the title
and abstract screening phase. Subsequently, 121 studies were
assessed in full, of which 14 were excluded for focusing on
nanoparticles unrelated to the magnetic technologies of interest.
To broaden the scope of the review, citation searching and explo-
ration of additional sources (e.g., Litmap) added 33 more articles,
resulting in a final selection of 140 studies.

In line with the search strategy, the selected studies were
grouped into two major categories: 1) Studies investigating the
natural occurrence or generation of magnetic cells to understand
magnetism concepts. 2) Studies examining MPs within scaffolds
for bone tissue engineering to assess the efficacy of scaffold-
based systems.

Within the scaffold-based studies, the experiments were fur-
ther classified into three sub-groups based on their experimental
approaches: 1) MSs seeded with cells. 2) MS seeded with cells ex-
posed to an externally applied magnetic field. 3) MS seeded with
MCs under an externally applied magnetic field. This classifica-
tion is summarized in Figure 1.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Studies with magnetized scaffolds
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Figure 1. Main approaches and combination of studies encountered relating to magnetized scaffolds in bone tissue engineering (the gray porous
structure represents the scaffold, and the black circles illustrate the MPs, not to scale).

3.1. Key Findings: Magnetic Cells and Scaffolds

Magnetized cells were primarily created by incorporating MPs
into cells via endocytosis.['!) The MPs were produced mostly
by the co-precipitation method, resulting in nanoparticles with
uniform magnetization properties.[!?! These magnetized cells
demonstrated enhanced osteogenic differentiation, with several
studies attributing this effect to the activation of the mitogen-
activated protein kinases (MAPK) signaling pathway.'*] The ap-
plication of external magnetic fields further amplified these ef-
fects, suggesting a synergistic role between magnetic stimulation
and intracellular MPs in promoting osteogenesis.[**!

Magnetized scaffolds were typically fabricated by incorporating
MPs during scaffold production, which improved their mechan-
ical properties and increased surface roughness.['! These en-
hancements were shown to facilitate better cell adhesion and pro-
liferation within the scaffold.[**! Notably, the addition of MPs to
scaffolds also enabled non-contact mechanical stimulation when
exposed to an external magnetic field, mimicking the mechanical
stresses required for optimal bone growth.

3.1.1. MS Seeded with MCs Under Magnetic Fields

The approach based on MCs seeded on MS and exposed to ex-
ternal magnetic fields yielded the strongest outcomes, combin-
ing the intracellular effects of MPs in MCs with external me-
chanical stimulation induced by the magnetic field. These sys-
tems showed the highest levels of osteogenic differentiation, as
evidenced by elevated expression of osteogenic markers and im-
proved mineralization.

Across all studies, MPs incorporation enhanced both scaffold
performance and cellular behavior, particularly under the influ-
ence of external magnetic fields. MP inclusion enhanced scaf-
fold roughness and mechanical strength, key factors in promot-
ing cell adhesion, spreading, and osteogenic differentiation. Ad-
ditionally, external magnetic fields provided a non-contact me-
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chanical stimulation mechanism, further amplifying these ef-
fects. Collectively, these results highlight the potential of MPs in
advancing bone tissue engineering strategies.

3.2. Magnetic Properties of Nanoparticles
3.2.1. Magnetism

Incorporating MPs into scaffolds produces MSs, while integrat-
ing MPs into cells results in MCs. These magnetized compo-
nents enable enhanced osteogenic differentiation and mechan-
ical stimulation in bone tissue engineering under external mag-
netic fields. To understand their behavior, it is necessary to review
the principles of magnetism at the nano- and micro-scale. MPs
are commonly composed of iron oxide nanoparticles, includ-
ing magnetite (Fe,0,, Fe?* (Fe’**),0, and maghemite (y-Fe,O;,
(Fe3*),0,),11%17] These materials are favored in tissue engineer-
ing due to their corrosion resistance, and safety under the condi-
tions used for specific in vitro and in vivo applications.[181%]

Materials’ magnetic behavior depends on the magnetic mo-
ments of electrons and their two spin states, and can be cat-
egorized into ferromagnetism, anti-ferromagnetism, paramag-
netism, and ferrimagnetism through unpaired electrons (un-
paired spins) or diamagnetism through paired electrons (paired
opposite spins)!?’(Figure 2). These categorizations explain how
their magnetization will behave under an exposed magnetic field.
The formation of magnetic dipoles describes the nature of mag-
netic forces experienced by the exposed material.[*]

In the absence of a magnetic field, diamagnetic materials are
known to have no net magnetization. Once a magnetic field is ap-
plied, they are magnetized in a direction opposite to the field, re-
sulting in a repulsive force.?!) In paramagnetism, the randomly
oriented dipoles align to a certain degree, creating a low magne-
tization in the same direction as the magnetic applied field.?!]
In antiferromagnetism, magnetic dipoles align in an antiparallel
manner, resulting in no net magnetization. Antiferromagnetic

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. lllustration of diverse magnetic properties. a) Schematic alignment of magnetic moments (spins) for ferromagnetic, antiferromagnetic, fer-
rimagnetic, and paramagnetic materials according to the Curie-temperature (T) and Neel temperature (Ty); b) widening and dissipation of Weiss
domains in a ferromagnetic material as an externally applied magnetic field increases from left to right; c) coercive field versus nanoparticle diame-
ter where D, is the particle diameter where transition from multidomain to single-domain and D, is the diameter changing from single-domain to
superparamagnetic domain occurs; and d) Schematic representation of sample magnetization versus the strength of an external magnetic field. Since
ferro- and ferrimagnetic materials typically exhibit similar curves, only ferromagnetism is depicted. Images modified with permission.[2%] Copyright 2020,
Frontiers.
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materials may transition to a paramagnetic state above a specific
temperature known as the Curie temperature (T,) and Néel tem-
perature (Ty).[2!} In ferromagnetism, atoms arrange themselves
in a lattice structure with atomic magnetic moments interacting
and aligning parallel. Additionally, ferromagnetic materials ex-
hibit magnetic domains, i.e., regions where atomic magnetic mo-
ments align uniformly in a single direction.?! Ferrimagnetism
is only found in compounds exhibiting a combination of parallel
and antiparallel alignments. Due to the difference in the align-
ment in both directions, a net magnetization can be found. How-
ever, this net magnetization is still lower than that found in ferro-
magnetism (Figure 2a).[?!] Iron shows ferromagnetism, whereas
magnetite and maghemite exhibit ferrimagnetism.[?°!

3.2.2. Size Dependency in Magnetism

Magnetism is highly size-dependent, particularly in nanoparti-
cles, where properties differ significantly from bulk materials.[??]
The behavior transitions between multi-domain, single-domain,
and superparamagnetic states as particle size decreases.

1) Multi-domain state: In bulk materials, magnetic domains
(Weiss domains) with differing spin orientations reduce the
material’s overall magnetization (Figure 2b).[2023]

2) Single-domain state: Below a critical particle size (D,,;,) (e.g.,
73 nm for magnetitel?*)), particles exhibit uniform spin align-
ment, leading to higher magnetization. In the single-domain
state, two antiparallel orientations of the magnetic moment
are favored. An energy barrier exists between these orienta-
tions, hindering a smooth transition of the magnetic moment
from one stable equilibrium position to the other.l*]

3) Superparamagnetic state: At diameters below a secondary crit-
ical size (Dy,) (e.g., 10 nm for magnetitel**] and 15-18 nm
for maghemitel?®]), the energy barrier becomes comparable
to thermal energy, facilitating the transition of magnetic mo-
ments between preferred orientations with an external field.
Superparamagnetic nanoparticles show no remanent magne-
tization after the removal of the field, minimizing risks of par-
ticle aggregation (Figure 2c).1%!

Superparamagnetic MPs are particularly advantageous in
biomedical applications, including bone tissue engineering, as
they prevent long-term residual magnetization while maintain-
ing high magnetic responsiveness under an external field.

Temperatures also influence magnetic behavior. As the tem-
perature rises above the T, or Ty, materials transition from fer-
romagnetic or ferrimagnetic states to a paramagnetic state, losing
their ordered spin alignment (Figure 2d). This property is critical
when designing MPs for applications where temperature control
is necessary, such as hyperthermia or tissue regeneration.

Magnetization curves provide additional insights into a mate-
rial’s magnetic properties. For example, diamagnetic and param-
agnetic materials show linear curves with low magnetization, fer-
romagnetic and ferrimagnetic materials exhibit hysteresis loops,
indicating coercivity and remanence due to Weiss domain move-
ment. Superparamagnetic particles display reversible S-shaped
curves, with no hysteresis or coercivity, reflecting their unique
combination of high magnetic susceptibility and rapid reversibil-
ity (Figure 2d).
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3.2.3. Synthesis Methods of Magnetic Nanoparticles

The size, shape, and surface characteristics of MPs are critical
to their performance in tissue engineering.'¥! Two general
approaches are used for MP synthesis: top-down and bottom-
up methods.?! Table 2 summarizes their advantages and
limitations.

1) Top-down methods: These involve breaking down bulk mate-
rials into nanoparticles using techniques such as ball milling,
laser ablation, or sputtering. While suitable for large-scale
production, top-down methods often produce MPs with sur-
face imperfections and limited control over size and shape.['*]

2) Bottom-up methods (Figure 3): These construct nanoparticles
atom-by-atom, offering precise control over particle proper-
ties. Common bottom-up techniques include:

3) Co-precipitation: The co-precipitation method involves nu-
cleation and growth in a basic aqueous solution. For ex-
ample, Sadeghzadeh et al., synthesized magnetite MPs (15—
30 nm) by mixing ferrous and ferric salts under nitrogen at
80 °C, followed by ammonia addition and magnetic separa-
tion. The resulting MPs had a saturation magnetization of
65 emu g~'.1"%l While this method is simple and scalable, it
is prone to agglomeration, which can be mitigated by using
stabilizers,[?7:28]

4) Thermal decomposition: This technique uses organometal-
lic precursors to produce highly crystalline and monodisperse
MPs. H.-M Yun et al. synthesized 10 nm magnetite MPs with
a saturation magnetization of 4.8 emu g! (10% MP-loaded
scaffolds) by thermally decomposing Fe(acac); in phenyl ether
with oleic acid and oleyl amine.[?”! This method allows pre-
cise control of particle size but requires high temperatures
and specialized equipment.[?®]

5) Hydrothermal method: This method uses high-temperature,
high-pressure reactions. For instance, Sun et al. synthesized
260 nm Fe;0, nanoparticles with a magnetic saturation inten-
sity of 56 emu g~! using a hydrothermal reaction at 200 °C for
12 h.B% Hydrothermal synthesis is straightforward but often
produces larger, aggregated particles.

6) Sol-gel method: The sol-gel method involves hydrolysis or al-
coholysis of metal alkoxides to form gels.*!) Plan Sangnier et
al. synthesized 8.8 nm magnetite MPs with a saturation mag-
netization of 51 emu g~! by dissolving iron (III) acetylaceto-
nate in benzyl alcohol and heating the mixture in a microwave
reactor.32! This technique is versatile but requires careful con-
trol of drying and processing conditions to achieve desired
properties.

Among these methods, co-precipitation and thermal decom-
position are the most prominent for tissue engineering applica-
tions due to their scalability and ability to produce MPs with de-
sirable magnetic properties for specific applications.

Additionally, recent studies have explored the use of external
magnetic fields during synthesis to influence nanoparticle crys-
tal growth, morphology, and magnetic properties.[**! While not
the focus of this review, these field-assisted synthesis approaches
may offer complementary strategies for optimizing MP perfor-
mance in tissue engineering applications.
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Table 2. Advantages and disadvantages of the most commonly found bottom-up MPs synthesis methods.
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[28]

Type of synthesis Benefits

Drawbacks

Co-precipitation

particle size and composition

Thermal decomposition

Convenient method, simple and rapid method, easy control of

Producing highly monodispersed particles with a narrow size

Extensive agglomeration, poor morphology, and particle
size distribution

High cost, long-time synthesis reaction, high temperature

distribution
Hydrothermal High crystallinity, one-step procedure, good dispersion in Slow process, requires high temperatures, large particle
solution size
Sol-gel Low processing cost, energy efficiency, high production rate, Limited efficiency, high cost, and contamination of MPs

and rapid productivity

3.3. Cell Magnetization in Bone Tissue Engineering
3.3.1. Stromal Cells and Osteogenic Differentiation

Mesenchymal stromal cells (MSCs) are multipotent adult stem
cells with the capacity to differentiate into various tissue lineages,
including osteoblasts (bone), chondrocytes (cartilage), myocytes
(muscle), and adipocytes (fat). MSCs can be isolated from multi-
ple sources, such as bone marrow, adipose tissue, skeletal mus-
cle, and synovial membranes.**) Among these, bone marrow-
derived MSCs are most frequently employed in bone tissue en-
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gineering due to their high proliferation rate, regenerative po-
tential, and accessibility.*>3¢] Apart from MSCs, embryonic stem
cellsl®”) and progenitor cells!®®! have also been utilized in studies
involving MPs.

MSCs differentiate into osteoblasts under specific conditions,
which are responsible for bone formation. Upon activation (i.e.,
often triggered by bone damage or compromised bone quality),
osteoblasts synthesize key osteogenic components, such as colla-
gen type 1 alpha 1 (COL1), alkaline phosphatase (ALP), and os-
teocalcin (OCN).I*] These processes are regulated by key tran-
scription factors, including runt-related transcription factor 2
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Figure 3. Overview of MP production methods, including co-precipitation, thermal decomposition, hydrothermal, and sol-gel methods.
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Figure 4. Stages of osteogenic differentiation from MSCs with the signaling molecules shown in pink and the transcription factors in blue. Image

modified with permission.[3*] Copyright 2021, Biological Chemistry.

(RUNX2), distal-less homeobox 5 (DLXS5), and osterix (OSX), as
well as signaling pathways like MAPK, Wnt, and BMP2/Smads
(Figure 4). Integrating MPs into cells offers a unique opportu-
nity to activate these pathways through intrinsic and external
magnetic fields, promoting osteogenesis and enhancing scaffold
functionality.

3.3.2. Uptake of Magnetic Nanoparticles by Cells

MPs can interact with cells via endocytosis (internalization) or
surface adhesion. For surface adhesion, MPs are often function-
alized with bioactive molecules (e.g., proteins) to bind to specific
membrane receptors (Figure 5).12°) However, endocytosis is the
most widely reported mechanism of MP uptake.

The physiochemical properties of MPs, such as size, shape,
surface charge, and coating, significantly influence cellular
uptake.[*°] For instance, Xi Zhou et al. demonstrated that cube-
shaped MPs exhibited higher magnetization saturation (93
emu g') than octahedron-shaped (89 emu g~!) or nanorod-
shaped particles (76 emu g~!), with magnetization decreasing as
the elongation of nanoparticles increased.!l Coating strategies
further enhance endocytosis; for example, Fayol et al. found that
citrate-coated MPs were fully internalized into MSCs and local-
ized in endosomes, while uncoated MPs formed aggregates on
the cell membrane.!*!]

3.3.3. Surface Coating Methods of Magnetic Nanoparticles

Due to their high surface energy and magnetic attraction, MPs
tend to aggregate, which can compromise their safety and func-
tionality in biomedical applications.[*?! Surface coating is there-
fore critical in achieving the required biocompatibility for the
intended application.[?”] A wide range of coating strategies has
been explored, including polymers (e.g., polyethylene glycol,[*]
chitosan!*!)), organic surfactants, inorganic compounds (e.g.,
silical®l), and bioactive molecules (e.g., growth factors).%4>:46]
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Surface coating either during or after particle synthesis plays a
pivotal role in determining the intracellular fate and functional
longevity of MPs within stem cells.'*32] As demonstrated by
Sangnier et al.,’?l even when MNPs share an identical magnetic
core, variations in surface chemistry, such as the type of chelating
groups, polymer presence, and binding site density, profoundly
influence their biological interactions. Notably, coatings rich in
chelating functions, like polyacrylic acid (PAA), were associated
with reduced degradation, while pre-aggregation prior to cellu-
lar uptake further limited breakdown. This stabilizing effect of
PAA coating was further validated in multilayered gelatin-based
systems fabricated by Samal et al.,[*’] where coated MNPs exhib-
ited enhanced colloidal stability and uniform dispersion. The hy-
drophilic functional groups of gelatin interacted favorably with
the coated particles, enabling consistent magnetic layering and
predictable thermal behavior under magnetic fields. Addition-
ally, Chen et al.*¥] demonstrated that superparamagnetic iron ox-
ide nanoparticles (IONPs) coated with polyglucose sorbitol car-
boxymethylether (PSC) formed compact, uniform films on poly-
mer scaffolds via layer-by-layer assembly. This coating not only
improved hydrophilicity and mechanical interface properties but
also enhanced protein adsorption and early-stage cell adhesion.
Importantly, the PSC coating facilitated “localized magnetic ef-
fects” that upregulated osteogenic markers such as ALP, RUNX2,
and OCN, even in the absence of an external magnetic field.
Together, these findings underscore that surface coating is not
merely a passive interface but a strategic determinant of nanopar-
ticle stability, cellular interaction, and bioactivity, which makes it
a critical design parameter in regenerative nanomedicine.

3.3.4. Magnetic Nanoparticle Toxicity
MP toxicity depends on factors such as composition, size, dosage,
and oxidation state. For example, magnetite is more cytotoxic

than maghemite due to its Fe(II)/Fe(IlI) ratio and oxidative
potential.[*] The optimal size range for biomedical MPs is 10~
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Figure 5. Effects of MP internalization by cells: (top) MP internalization by cells through (left) endocytosis; and (right) adsorption to the cell membrane
or the attachment of a protein covalently linked to the MP to a cell surface.

100 nm, balancing prolonged circulation times with effective
clearance; particles smaller than 10 nm are eliminated via re-
nal filtration, while those larger than 200 nm are captured by the
spleen.[*]

Degradation of MPs releases iron ions, which can catalyze the
production of reactive oxygen species (ROS). Excess ROS can lead
to oxidative stress, DNA damage, and cell death.['*#4950] Higher
intracellular MP doses of 8 pg cell™! and aggregated particles are
associated with reduced degradation rates, increasing intracellu-
lar accumulation, and potentially exacerbating toxicity.!*]

3.3.5. Influence of Cell Magnetization and Magnetic Fields on Bone
Cells

Intrinsic Effects of Internalized MPs: MPs internalized by cells
can generate intrinsic local magnetic microenvironments due
to their spontaneous magnetic dipole alignments for brief mo-
ments, creating “transient micromagnetic fields”,>!] which have

Adv. Sci. 2025, 12, e10094 e10094 (8 of 24)

been shown to significantly enhance osteogenesis.*! Without
the need for external magnetic fields, the intrinsic momentary
magnetization of MPs activates intracellular signaling pathways,
most notably the MAPK pathway, which leads to increased ex-
pression of RUNX2 and BMP2.[3] BMP2 subsequently activates
Smads proteins, key signal transducers in the TGFp receptor
family, which amplify RUNX2 expression and upregulate other
osteogenic markers such as ALP, COL1, and OCN.[5233] More-
over, internalized MPs have been observed to reduce intracellular
hydrogen peroxide (H,0O,), a common ROS, thereby promoting
cell growth and reducing oxidative stress.[*/]

The intrinsic magnetic field of superparamagnetic MPs, which
do not exhibit residual magnetization, still facilitates osteoge-
nesis by influencing intracellular ion channels, membrane po-
tentials, and cytoskeletal dynamics.!'?] These effects enhance os-
teoblast differentiation while maintaining biocompatibility by
preventing long-term aggregation issues.

Combined Role of Internalized MPs and External Magnetic Fields:
The application of an external magnetic field, particularly SMFs,
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further amplifies the osteogenic potential of magnetized cells.
SMFs have been classified into weak (<1 mT), moderate (1 mT-
1 T), and high (1-20 T) intensities,®* with moderate intensi-
ties (e.g., 400 mT) being the most widely studied. SMFs interact
with internalized MPs to modulate mechanosensitive pathways,
integrin signaling, and ion transport, leading to increased ALP
activity, calcium deposition, and enhanced mineralization.>14]
(Figure 5).

The combination of intrinsic magnetic fields (from MPs) and
external SMFs has been shown to activate integrin-mediated sig-
naling pathways, such as the phosphorylation of focal adhesion
kinase (FAK) and paxillin. These pathways are critical for cell ad-
hesion, migration, and mechanotransduction, all of which are
essential for scaffold-cell integration.l**! Furthermore, SMFs pro-
mote the deposition of extracellular matrix proteins, including
COL1, and accelerate the fusion of bone cells with scaffolds,
thereby improving bone regeneration. However, Huang et al.,
outlined that SMF-induced differentiation is highly dependent
on initial cell density, with lower densities responding more fa-
vorably to magnetic stimulation.®®!

Independent Effects of Magnetic Fields Without Magnetic Particles:
Several studies have demonstrated that SMFs or AMFs alone can
influence bone cell behavior, even in the absence of MPs. Early
studies showed that osteoblastic MC3T3-E1 cells exposed to a
high 8 T SMF for 60 h became rod-shaped and aligned parallel
to the magnetic field direction, showing that SMFs can control
cellular orientation.l”) Although proliferation wasn’t affected as
much through the application of SMFs to cells, ALP activity and
matrix mineralization increased, indicating enhanced differenti-
ation and osteogenic behavior.l>7:>8]

Y. Xia et al., investigated human dental pulp stem cells cul-
tured in MP-containing media (5 pg mL™!) and exposed to SMFs.
Their study demonstrated that osteogenic differentiation mark-
ers (ALP, RUNX2, COL1, and OCN) were significantly upregu-
lated when MPs and SMFs were combined, compared to controls
without MPs or SMFs.[>®] Notably, the study found no adverse
effects on cell proliferation, affirming that magnetic conditions
support both growth and differentiation.

Zablotskii et al. provided a theoretical framework for SMF ef-
fects, demonstrating that a moderate-strength magnetic field (=1
T) coupled with a large magnetic gradient (up to 1 GT m™) can al-
ter the membrane potential of cells, influencing cellular behavior
and fate.[% Such changes are believed to enhance the responsive-
ness of mechanosensitive receptors and promote osteogenesis.

AMFs, though less commonly studied in bone tissue engineer-
ing, may offer complementary advantages. AMFs can produce dy-
namic magnetic forces on internalized MPs, potentially enhanc-
ing intracellular signaling and promoting more uniform cell pro-
liferation and differentiation.[®!] Future studies should compare
SMFs and AMFs in the context of MP-based scaffolds to deter-
mine their relative efficacy.

Clinically, these findings highlight the potential of combining
magnetized scaffolds and externally applied SMFs to enhance
implant integration and bone healing. For example, custom-
designed scaffolds seeded with MSCs pre-labeled with MPs could
be paired with wearable SMF devices to provide localized, non-
invasive mechanical stimulation in patients with critical-sized
bone defects.
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3.4. Scaffold Magnetization in Bone Tissue Engineering

Scaffolds are fundamental in bone tissue engineering, serving as
3D frameworks that support cell attachment, proliferation, and
differentiation in an environment that mimics the natural extra-
cellular matrix. Integrating MPs into scaffolds to create MSs has
gained significant attention due to their ability to stimulate osteo-
genesis through intrinsic magnetic fields, enhanced mechanical
properties, and compatibility with external magnetic fields under
specific conditions.

This section explores the biomaterials and production meth-
ods used to fabricate MSs, the effects of MP incorporation on
scaffold properties, and how scaffold magnetization influences
cellular behavior with and without external magnetic field expo-
sure.

3.4.1. Biomaterials Used in Magnetized Scaffolds

The choice of biomaterials is critical to scaffold functionality in
bone tissue engineering. Scaffolds must meet specific criteria, in-
cluding cytocompatibility, biodegradability, suitable mechanical
properties, and optimal porosity to support cellular activity. These
properties are essential to create an environment conducive to
bone regeneration.**%?l A summary of the benefits and draw-
backs of these biomaterials is provided in Table 3.

Ceramic Biomaterials: Ceramics, such as hydroxyapatite
(HA), tricalcium phosphate (TCP), and bioglass, are widely used
in bone tissue engineering due to their tunable bioactivity. Some
of these biomaterials closely resemble the mineral composition
of bone and can directly stimulate bone formation.** For exam-
ple, HA is biodegradable, chemically biocompatible, and there-
fore exhibits high osteoconductivity. It dissolves in vivo, releasing
calcium and phosphate ions that promote osteoblast activity.l*]
Bioglass, composed of SiO,, P,Os, and CaO, forms a calcium
phosphate layer upon contact with biological fluids, enhancing
osteogenesis. However, its mechanical properties differ from nat-
ural bone, limiting its use in load-bearing applications.[>¢]

While ceramics are ideal for compressive load-bearing appli-
cations, their brittleness and low tensile strength are significant
drawbacks.[®!] These limitations can be mitigated by combining
ceramics with polymers to form composite scaffolds.

Polymeric Biomaterials: Polymers, both synthetic and natural,
are widely used due to their tunable properties. Examples of syn-
thetic polymers include polycaprolactone (PCL), polylactic acid
(PLA), and polyglycolic acid (PGA). These materials offer precise
control over degradation rates, porosity, and mechanical proper-
ties, making them suitable for large-scale production. However,
synthetic polymers lack bioactivity, and their acidic degradation
products can cause localized inflammation.'>% Examples of
natural polymers are chitosan,[®’! gelatin,!*’] and silk fibroin, %]
which are commonly used due to their excellent chemical bio-
compatibility and cell adhesion properties. However, challenges
such as variability in sourcing and difficulty in tuning mechani-
cal properties limit their scalability.[°*¢7:%8] PCL is a popular poly-
mer for bone tissue engineering due to its long degradation time
and ability to maintain structural integrity in biological environ-
ments. When combined with ceramics or MPs, PCL scaffolds
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Table 3. Overview of the benefits and drawbacks of the biomaterials used for bone tissue engineering (table modified with permission.[>*] Copyright

2014, Springer Nature).

Biomaterials Benefits

Drawbacks

Ceramics (e.g., Bioglass, HA, TCP,
and related calcium phosphate)

Natural polymers

Synthetic polymers

processability; good ductility

Supporting cell activity; good osteoconductivity;

Low toxicity; bioactivity; biodegradability

Biodegradability; bioresorbable; good

Brittle; slow biodegradation in the crystalline phase

vascularization; adaptable degradation rate

Low mechanical, thermal, and chemical stability;
possibility of immunogenic response
Inflammation caused by acid degradation products;
Limited mechanical properties; Slow biodegradability

exhibit enhanced mechanical properties and support osteogenic
differentiation.[*?]

Composite Biomaterials: Composite biomaterials merge poly-
mers with ceramics, combining the best of both worlds. They ex-
hibit favorable attributes for bone tissue engineering, including
enhanced mechanical toughness, improved chemical biocompat-
ibility, reduced susceptibility to creep-induced failure, effective
load-bearing capabilities, and bioactivity.l”] Some of the most no-
table composite biomaterials in the literature combine ceramics
with polymers.[*1246] Other literature reviews can be consulted
for additional examples of magnetic composite biomaterials used
in bone tissue engineering.’!

The incorporation of MPs into biomaterials has emerged as a
promising strategy as a composite biomaterial to enhance both
the mechanical performance and biological functionality of scaf-
folds used in bone tissue engineering. By tuning particle con-
centration and scaffold composition, researchers have demon-
strated improvements in mechanical strength, surface proper-
ties, and cellular responses, although excessive MP loading can
introduce structural limitations. Generally, MSs can be created by
either physical adsorption by immersing the produced scaffolds
in a solution containing the MPs(®! or by introducing the MPs
to the feedstock during the scaffold manufacturing process,>!
with the latter being the most commonly used approach in the
literature.

The addition of MPs has consistently been shown to improve
the mechanical integrity of scaffolds. For instance, Sahmani et
al. investigated scaffolds composed of HA coated with gelatin-
ibuprofen and integrated with increasing concentrations of mag-
netite MPs.['] They reported that raising the MP content from
0 to 15 wt.% resulted in substantial mechanical enhancements:
compressive strength increased by 50%, fracture toughness dou-
bled, elastic modulus increased by 65% and hardness improved
by 55%. However, this reinforcement was accompanied by a
20% reduction in porosity, which may influence nutrient diffu-
sion and cell infiltration. Similar mechanical benefits were ob-
served by Kim et al., who incorporated magnetite MPs into PCL
scaffolds.l®! Their results confirm the general trend that MP in-
tegration contributes to increased stiffness and load-bearing ca-
pacity, key requirements for orthopedic scaffold applications.

While moderate MP inclusion improves scaffold properties,
exceeding optimal concentrations can negatively impact mechan-
ical performance. Gloria et al. demonstrated that PCL scaffolds
loaded with iron-doped hydroxyapatite (FeHA) particles beyond
20 wt.% showed a decline in mechanical strength.”) This re-
duction was attributed to the formation of “weak points” within
the scaffold matrix, caused by stress discontinuities and poor

Adv. Sci. 2025, 12, e10094 €10094 (10 of 24)

stress transfer at the particle-polymer interface. Interestingly, de-
spite the mechanical drawback, higher FeHA content enhanced
scaffold hydrophilicity, a surface property that correlated with
improved cell attachment. Furthermore, scaffolds containing 20
wt.% FeHA (PCL/FeHA 80:20) showed a 20% increase in os-
teoblast proliferation and ALP expression compared to PCL-only
scaffolds after 14 days in osteogenic media. This finding suggests
that MP-induced changes in surface chemistry and wettability
may offset some of the mechanical disadvantages by promoting
osteogenic activity.

Beyond direct effects on osteoblast behavior, MPs may also
modulate intercellular signaling within the bone microenviron-
ment. Yue Zhu et al. employed a transwell co-culture system to
examine the interaction between osteoblasts and osteoclasts in
the presence of MP-integrated HA scaffolds.l”%) Their results in-
dicated that MPs influenced osteoblast proliferation indirectly,
Dby altering the composition of osteoclast-derived exosomes. This
suggests a broader regulatory role for MPs in bone remodeling,
extending beyond scaffold-cell interactions to affect paracrine
communication between cell types.

3.4.2. Production Methods of Magnetized Scaffolds

The production of MSs plays a crucial role in advancing bone tis-
sue engineering by enabling localized magnetic stimulation and
enhancing scaffold performance. A key design consideration is
achieving a high magnetic response, typically indicated by a large
magnetization value of the incorporated MPs. This allows scaf-
folds to be manipulated by low-intensity external magnetic fields,
reducing the required MP concentration and thereby minimizing
associated toxicity risks.”]

Several fabrication techniques have been employed to inte-
grate MPs into scaffold matrices, each offering distinct advan-
tages in controlling scaffold architecture, porosity, mechanical
strength, and magnetic behavior. The most widely applied meth-
ods include freeze-drying, electrospinning, 3D (bio)printing, and
chemical synthesis (Figure 6). This section highlights represen-
tative studies utilizing each approach, as summarized in Figure
7 and Table 4.

Freeze-dryingis a conventional method used to fabricate porous
ceramic or composite scaffolds. It involves rapid freezing of the
material, followed by sublimation of the solvent, which results in
scaffolds with a highly porous, columnar structure.’! When MPs
are included, applying an external magnetic field during freezing
can orient MP chains along the field lines, improving magnetic
anisotropy within the scaffold.l”!!
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Figure 6. Overview of MS production methods, including freeze-drying, electrospinning, 3D printing, and chemical synthesis.

In a study by Govindan et al., chitosan-gelatin/phosphate
glass scaffolds were prepared with increasing concentrations
of magnetite (0-1.5 wt.%).”2l The scaffolds exhibited in-
terconnected pores (20-150 pm), and MPs inclusion led to
several notable effects: surface roughness increased with MPs
concentration, potentially improving cell adhesion, porosity
decreased from ~85% to =~65%, likely due to MP-induced
densification, swelling capacity was halved, attributed to elec-

trostatic interactions between MPs and polymer carboxylate
groups, degradation rate was also reduced, possibly due to
diminished hydrophilicity, and compressive modulus increased
fourfold at 1.5 wt.% MPs, indicating significant mechanical
reinforcement.

These findings demonstrate the ability of freeze-drying to pro-
duce mechanically stable MSs with tunable physical properties
through MPs integration.

Table 4. Summary of MS fabrication techniques for bone tissue engineering.[%3]

Method Benefits

Drawbacks

Freeze-drying
and interconnectivity; control of pore size

Electrospinning

ratio, surface area, permeability, porosity; and surface modification

3D printing Control over geometry and porosity; reproducibility; and tunable
mechanical properties
Chemical Relatively simple process; cost-effective; suitable for various polymers
synthesis

Does not require leaching steps; no high temperatures; high porosity

Simple process; easy to scale up for mass production; high aspect

Small pore size; high energy use; use of cytotoxic solvents;
time-consuming
Limited mechanical properties; organic solvents can be toxic; requires
high voltage; poor pore size and shape control; inability to create
complex 3D structures
Slow process: post-processing may be required; prone to clogging;
resolution depends on the type of method and machine used
Pore size and distribution are less controllable in the salt leaching
method. Low mechanical properties. Possibility of residual solvent
and space-holder/salt particles.
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Electrospinning is a widely used technique that produces
nanofibrous scaffolds by applying high voltage to a polymer so-
lution, generating fibers that are collected on a charged surface.
These nanofibers closely mimic the ECM, making them highly
favorable for bone tissue engineering.[®7*]

Khalili et al. developed electrospun PCL scaffolds incor-
porating 0.1% (w/v) dendrimer-modified magnetic particles
(mean size: ~18 nm).*”) Using optimized parameters, 20 kV
voltage, 0.3 mL h™! flow rate, and 20 cm collector distance, they
achieved a significant reduction in fiber diameter in MSs (495 +
144 nm) compared to non-magnetized controls (866 + 310 nm),
likely due to increased solution conductivity. This also led to
improved fiber uniformity and enhanced structural homogene-
ity. Similarly, Chen et al. incorporated Fe,O; MPs coated with
PSC into poly(lactic-co-glycolic acid) PLGA and PCL scaffolds,
fabricated under 16 kV and 0.8 mL h™' flow rate.*¥} Their
scaffolds exhibited fiber diameters ranging from 0.7 to 1.4 um
and demonstrated a higher Young’s modulus (1.25 GPa for mag-
netized scaffolds vs 0.75 GPa for controls), confirming improved
stiffness. However, the softer PSC coatings slightly reduced me-
chanical strength compared to thinner-coated nanoparticles like
citrate-gold.

In Yu et al,, electrospinning played a central role in fabricating
nanofibrous scaffolds composed of PLGA integrated with iron-
doped hydroxyapatite (Fe-HA) nanoparticles.”* This method
enabled the creation of a porous network structure, ideal for
bone tissue engineering, as confirmed by scanning electron mi-
croscopy. The Fe-HA nanoparticles, characterized as needle-like
crystals, were uniformly distributed within the PLGA matrix, pre-
serving their superparamagnetic properties. This magnetic be-
havior was crucial for enhancing osteogenic differentiation when
the scaffolds were exposed to a static magnetic field. Rat bone
mesenchymal stem cells exhibited strong adhesion and prolifer-
ation on the electrospun scaffolds, and under magnetic stimula-
tion, they penetrated and grew within the fibrous matrix. The syn-
ergistic effect of the magnetic field and scaffold composition led
to increased alkaline phosphatase activity and upregulation of os-
teogenic markers. As further support, Yu et al. demonstrated that
combining electrospun PCL/gelatin nanofibers with 3D-printed
PCL meshes yielded composite scaffolds with enhanced porosity
(79.32 + 8.32%) and significantly improved compressive modu-
lus (30.50 + 0.82 MPa) compared to electrospun-only scaffolds
(18.55 = 0.56 MPa), confirming the mechanical and biological
benefits of hybrid fabrication approaches.l””! This positions elec-
trospinning not only as a fabrication method but as a strategic
platform for engineering next-generation scaffolds in regenera-
tive medicine.

3D (bio)printing offers unmatched precision in scaffold ar-
chitecture, allowing the fabrication of highly reproducible, cus-
tomizable structures with defined porosity and geometry. Based
on the material system, methods include: binder jetting / se-
lective laser sintering (SLS) (powder-based), direct ink writing
(DIW) / robocasting / vat photopolymerization (resin-based), and
fused deposition modeling (FDM) (thermoplastic-based).'+7°]

Tavares et al. used extrusion-based 3D printing to fabricate
HA-chitosan-PVA scaffolds with MPs concentrations of 1.92—
5.54 wt.%.I”7] Their findings included: filament diameter stabil-
ity, attributed to MP-chitosan interactions improving shape re-
tention, increased elastic modulus (from 27 + 8 to 92 + 4 kPa),

Adv. Sci. 2025, 12, e10094 €10094 (13 of 24)

www.advancedscience.com

demonstrating effective reinforcement, reduced swelling ratio
(~20% decrease), likely due to electrostatic interference with wa-
ter absorption, and no significant erosion, confirming good struc-
tural stability. Other studies have explored various 3D printing
routes: Kao et al. employed FDM using PCL, calcium silicate, and
magnetite MPs.”8] Ngadiman et al. used PLA/maghemite mixed
with a bioresin via digital light processing (DLP).[%?] Yang et al.
created dual-phase scaffolds combining PCL frameworks and
MP-loaded hydrogels (OSA/CMCS).l” These results support the
versatility of 3D printing for fabricating MSs with controlled
porosity, mechanical reinforcement, and magneto-responsive be-
havior.

Chemical synthesis offers a versatile platform for engineering
MSs through techniques such as cross-linking, salt leaching,
or the space-holder method, allowing the creation of hydrogels
or solid scaffolds with integrated MPs.[7:152%36:4647] For instance,
Kim et al. used salt leaching to fabricate porous PCL-based MSs
with 0-10 wt.% MPs.[%] Their scaffolds achieved: high poros-
ity (65-75%), and enhanced elastic modulus, increasing from
~1 to 2.5 MPa with MP inclusion. Filippi et al. fabricated PEG-
based magnetized hydrogels by co-assembling PEG-coated MPs
(15 nm), hydrogel matrices, and human adipose-derived cells.[“¢]
Cross-linking was achieved enzymatically via Factor XIIIa, result-
ing in improved mechanical performance, with elastic modulus
increasing from 1.72 kPa (cells only) to 3.69 kPa (cells + MPs),
and slower stress relaxation, suggesting increased structural sta-
bility. Building on these approaches, Samal et al. introduced
a multilayered magnetic gelatin membrane scaffold fabricated
through chemical cross-linking and nanoparticle integration.[*’]
By assembling gelatin membranes with varying MP concentra-
tions, they achieved tunable magnetic gradients capable of spa-
tially directing magnetized stem cells under external magnetic
fields. Moreover, the scaffolds exhibited localized thermal respon-
siveness, reaching up to 43.7 °C under oscillating magnetic fields,
enabling magnetic hyperthermia and thermal gradient forma-
tion within 3D constructs. This strategy exemplifies how chemi-
cal synthesis not only supports structural customization but also
enables multifunctional magneto-mechanical behavior such as
thermal activation and cell guidance critical for advanced tissue
engineering applications.

Each of the above-mentioned fabrication techniques presents
distinct advantages for the integration of MPs into scaffolds:
freeze-drying allows the alighment of MPs and creates porous
structures ideal for mineralized tissues; electrospinning pro-
duces nanofibrous architectures resembling ECM, supporting
cell adhesion and proliferation; 3D printing enables architec-
tural control and structural customization, and chemical synthe-
sis provides routes for incorporating MPs into soft or porous ma-
trices. Selection of the appropriate method depends on the in-
tended application and the associated biocompatibility require-
ments, such as an optimum mechanical strength and the desired
level of magnetic responsiveness.

3.4.3. Influence of Scaffold Magnetization on Bone Cells
In bone tissue engineering, an ideal scaffold should not only pro-

vide structural support and promote cell migration but also stim-
ulate cellular proliferation and differentiation. MSs, incorporat-
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ing MPs, have demonstrated potential in promoting these bio-
logical responses, even in the absence of an external magnetic
field.

The presence of MPs in the scaffolds appears to initiate molec-
ular and cellular interactions that may influence cell behavior. For
example, Tavares et al. reported that MPs incorporated into scaf-
folds facilitated the binding of vitronectin, a glycoprotein essen-
tial for bone cell adhesion.l””] This likely promoted the engage-
ment of integrin receptors on cell membranes, leading to down-
stream activation of signaling pathways responsible for prolifer-
ation and osteogenesis.

Supporting this, Yun et al. showed that MSs alone were able
to activate integrin-associated signaling molecules, such as phos-
phorylated focal adhesion kinase (p-FAK), p-paxillin, and RhoA,
all of which are crucial in mechanotransduction and cytoskeletal
organization.!?] These effects were significantly enhanced when
MSs were exposed to external magnetic fields (see Section 3.4.4).

Several studies also reported increased cell proliferation and
differentiation when using MSs. Nevertheless, while enhanced
osteogenic activity was often observed with MSs, Tavares et al.
noted that increasing MPs concentration did not consistently cor-
relate with alkaline phosphatase (ALP) expression, suggesting an
optimal MPs dosage for a maximum ALP activity.l””]

3.4.4. Influence of Scaffold Magnetization Combined with Magnetic
Field Exposure

When MSs are combined with external magnetic fields, particu-
larly SMFs or AMFs, a synergistic effect often emerges, leading
to amplified cellular responses. These combined systems have
been shown to stimulate cell adhesion, migration, osteogenic
differentiation, and even angiogenesis.[?384678] A constant field
of uniform strength was commonly used to investigate base-
line changes in cell behavior,”® whereas a time-varying magnetic
field was used to provide cyclic mechanical stimulation, mimick-
ing physiological loading conditions.[*%]

In a pivotal study, Yun et al. exposed M Ss and non-magnetized
scaffolds to a 15 mT SMF and evaluated osteogenic markers in
cultured osteoblasts.[?! They observed that the expression levels
of RUNX2 and Osterix (early osteogenic transcription factors) in-
creased significantly in MSs under SMF, and ALP activity and cal-
cium deposition were markedly enhanced, particularly by day 10,
in magnetized scaffolds compared to controls. Similarly, Khalili
et al. demonstrated that applying a pulsed electromagnetic field
(PEMF) of 30 mT at 75 Hz for 8 h day~! enhanced osteogenic
differentiation in adipose-derived stem cells. This was evidenced
by elevated expression of osteocalcin, collagen type I, RUNX2,
and increased ALP activity and mineralization.*?! Yun et al.
also investigated the underlying signaling pathways involved in
these magnetically induced effects.[?! They found that MSs com-
bined with SMFs activated integrin signaling (p-FAK, p-paxillin,
RhoA), BMP2/Smads axis, MAPK, and NF-x B pathways, key reg-
ulators of osteogenesis. In a related study, Zhu et al. reported
that MSs promoted osteoblast proliferation through activation
of the MAPK/ERK pathway. They proposed that MP-loaded scaf-
folds adsorbed specific extracellular proteins that then engaged
receptor-mediated intracellular cascades.[®®! Notably, across sev-
eral studies, increasing MPs concentration generally resulted in
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greater osteogenic stimulation, suggesting the creation of a lo-
cal microenvironment enriched in nanoscale magnetic domains.
These localized fields likely serve as mechanical or electrochem-
ical stimuli, promoting cellular mechanotransduction.[®®]

In addition to promoting osteogenesis, magnetic scaffolds and
SMF exposure have also been implicated in vascular tissue de-
velopment, a critical component of bone regeneration. For in-
stance, Yun et al. demonstrated that stromal vascular fraction
(SVF) cells cultured on MSs under a 15 mT SMF exhibited in-
creased expression of vascular endothelial growth factor (VEGF)
and angiogenin-1, as well as capillary-like tube formation.!?! Fil-
ippietal. confirmed these effects using PEG-based hydrogels em-
bedded with MPs and human adipose cells. Magnetic stimulation
significantly upregulated angiogenic markers such as VEGF-A,
CD31, T-cadherin, VCAM-1, and a-SMA.[*®] These findings point
to the dual role of MSs under magnetic field stimulation in pro-
moting both osteogenesis and vasculogenesis, making them par-
ticularly promising for treating large or critical-sized bone defects
that require simultaneous bone and vessel formation.

3.5. Combined Strategies and Applications Using MPs

A promising direction in bone tissue engineering involves com-
bining magnetized scaffolds and cells to generate remote, non-
contact mechanical stimulation using externally applied mag-
netic fields. Unlike magnetic hyperthermia, which relies on heat
generation, these strategies employ magnetic forces to create me-
chanical deformation within scaffolds, an approach more suited
to supporting bone regeneration without causing local tempera-
ture increases.[®-#2] Bone tissue is highly responsive to mechan-
ical cues, and mechanical loading plays a vital role in regulating
osteoblast activity and bone remodeling.® Specifically, mechan-
ical stimulation has been shown to suppress sclerostin expres-
sion, a protein secreted by osteocytes that inhibits osteogenesis.
Its downregulation activates Wnt signaling, promoting osteoblast
differentiation and enhancing bone formation.[®*]

3.5.1. Integration Strategies

Two main approaches have emerged in using MPs in bone tis-
sue engineering: scaffold magnetization only, where MPs are in-
corporated into scaffold matrices and non-magnetized cells are
seeded, and dual magnetization, where both the scaffold and the
cells are magnetized using MPs. The impact of these strategies
has been systematically reviewed in Tables 5 and 6, which catego-
rize studies based on scaffold fabrication method, materials, MPs
content, magnetic characterization, stimulation type, and biolog-
ical outcomes. Table 7 summarizes studies employing the com-
bined approach, where both cells and scaffolds are magnetized.

3.5.2. Magnetized Bioinks and Scaffold Mechanics

One innovative avenue has been the development of magne-
tized bioinks for 3D bioprinting. Spangenberg et al. formulated
a magnetic bioink containing 3% alginate, 9% methylcellulose,
and 25% w/w magnetite MPs (diameter range: 15-100 pm).[%"]
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Their findings indicated that at MP concentrations above 15%,
extrusion pressure increased, compromising printability. Shape
fidelity improved with MPs content, i.e., strands maintained
consistent geometry, approaching an ideal fidelity ratio (~1.0),
compared to a ratio of #1.5 in non-magnetic bioinks. In a fil-
ament collapse test, magnetic bioinks were more prone to col-
lapsing over longer spans due to the increased weight, exerting
greater pressure on underlying layers. Young’s modulus and sat-
uration magnetization increased linearly with MP content, con-
firming tunable mechanical and magnetic performance. Impor-
tantly, cell viability was unaffected, as demonstrated via LDH
assay comparing MS extracts to controls, including pure mag-
netite powder.®%l To investigate magnetically induced scaffold
deformation, Spangenberg et al. exposed printed scaffolds to a
low-frequency (0.05 Hz) magnetic field with a field gradient of
10 kAm™! x 1 mm~!, maximum strength of 160 kA m~!, and
flux density of 200 mT. Deformation varies with scaffold geome-
try and orientation, highlighting the importance of structural de-
sign in magnetically responsive systems. Building on this work,
Czichy et al. developed a magnetic bioreactor tailored to stimu-
late such scaffolds under optimal cell culture conditions.®! They
later proposed a bending model based on Kelvin force and beam
theory to predict deformation dynamics in magnetized alginate-
based structures. 4]

Ref.
[79]
[94]

Key Findings
osteogenic markers in the scaffold.
Magnetized scaffolds increased cell proliferation and
osteogenic differentiation but inhibited osteoclastic
differentiation. The tensile and compressive strength of the
magnetized scaffold increased along the perpendicular
direction to the fibers.

The hydrogel carried drugs; adding simvastatin boosted

Saturation Magnetization

3.5.3. Guided Cell Patterning using MPs

Beyond bulk scaffold stimulation, external magnetic fields can
also be used to spatially guide and pattern cells. Goranov et al.
magnetically labeled MSCs and human umbilical vein endothe-
lial cells (HUVECs) with MPs, then deposited them on opposite
sides of MS fibers using inhomogeneous magnetic gradients
(Figure 7a).[85) The scaffolds were fabricated via extrusion-based
3D printing using Fe-doped HA and PCL. This technique en-
abled controlled spatial organization of multiple cell types within
a single construct, potentially enhancing tissue integration and
vascularization.

in scaffold

Mp Content
3,6, 12,24, 48 yg mL™!

MP Synthesis Method
Co-precipitation
Co-precipitation

3.5.4. Smart Magnetic Hydrogels and Soft Robotics Applications

Emerging studies are also exploring magneto-responsive hy-
drogels that mimic soft robotic behavior, i.e., capable of shape
transformation, actuation, and dynamic deformation, with po-
tential applications in mechanically stimulating cells within bone
scaffolds. Siminska—Stanny et al. engineered composite hydro-
gels with magnetic and non-magnetic regions. These constructs
demonstrated macroscopically anisotropic behavior, capable of
bending, rotating, and even jumping in response to magnetic
fields.!®¢] The actuation performance was tunable by altering the
distribution and interaction of the magnetic zones within the hy-
drogel (Figure 7b,c). Xie et al. developed sacrificial magnetic ink-
based hydrogels that undergo a 2D-to-3D transformation when
exposed to a magnetic field. This innovative printing strategy en-
abled the generation of complex geometries from flat scaffolds,
offering new possibilities for programmable, responsive architec-
tures in bone tissue engineering (Figure 7d).[*"]

These soft material systems, while still in the early stages of
development for possible applications in regenerative medicine,

Hydrogel-integrated
3D printed scaffold
field

Scaffold Fabrication Method
Freeze-drying under a magnetic

carboxymethyl chitosan hydrogel,
PCL, bone marrow mesenchymal

cellulose fibers, MC3T3-E1

oxidized sodium alginate /
preosteoblasts

stromal cells

Table 5. (Continued)
Aminated iron oxide MPs (11 nm),
Magnetite MPs, HA, chitosan,

Materials
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represent a frontier in non-invasive mechanical stimulation, po-
tentially mimicking physiological forces such as tension, com-
pression, or bending, all critical in guiding osteogenic differenti-
ation. The integration of MPs into both scaffolds and cells, com-
bined with the application of external magnetic fields, offers a
non-contact, dynamically tunable platform for stimulating bone
regeneration. Whether through mechanical actuation, spatial cell
patterning, or smart hydrogel deformation, these systems create
microenvironments that mimic native mechanical stimuli, en-
hance osteogenesis, and potentially accelerate healing in complex
bone defects. Continued interdisciplinary research (i.e., combin-
ing biomaterials science, cell biology, and biomechanics) is es-
sential to further optimize these magnetic systems and translate
them toward clinical applications in orthopedics and beyond.

4, Discussion

The use of magnetized systems (i.e., MCs, MSs, or a combina-
tion of both) represents a promising and increasingly studied ap-
proach in bone tissue engineering. MPs, typically based on iron
oxides, have been employed to influence cell behavior and scaf-
fold performance through remote, non-contact mechanical stim-
ulation, modulation of surface properties, and activation of intra-
cellular signaling pathways.

4.1. Strategies for Cell and Scaffold Magnetization

Cell magnetization is primarily achieved via MPs uptake by en-
docytosis, though surface adsorption has also been used. Simi-
larly, scaffold magnetization is typically conducted by either in-
corporating MPs directly into scaffold base materials or coating
prefabricated scaffolds via immersion in MPs suspensions. Of
these, bulk incorporation remains the most prevalent due to its
improved stability and uniformity.

Most MPs used in the reviewed studies were either com-
mercially available or synthesized via co-precipitation, a widely
adopted method due to its scalability and simplicity. However,
MPs agglomeration remains a recurring challenge, especially
in extrusion-based 3D printing, necessitating the use of surface
coatings. Despite numerous coating strategies (e.g., PEG, citrate,
phosphonates), there is no standardized approach optimized for
bone cell applications.

4.2. Fabrication Techniques and Printing Considerations

MSs are commonly fabricated using polymers, ceramics, or com-
posites, with scaffold manufacturing methods including freeze-
drying, electrospinning, 3D printing, and chemical synthesis.
Among these, extrusion-based 3D printing is particularly promis-
ing due to its control over scaffold geometry and material distri-
bution, including multi-material capabilities. However, the 3D-
printing of magnetic hydrogels is still in its early stages. Key chal-
lenges include: 1) lack of standardization in bioprinting parame-
ters, 2) limited rheological data on magnetized bioinks, 3) unclear
effects of MPs agglomeration, particularly during the pre-print,
print, and post-print phases.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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While most studies have focused on alginate- or cellulose-
based hydrogels, more research is needed to explore alternative
bioinks, investigate their mechanical and flow properties, and as-
sess how MPs influence print fidelity and cell viability, particu-
larly in the presence of an external magnetic field.

4.3. Mechanical and Surface Property Enhancements

The inclusion of MPs into scaffolds consistently improves me-
chanical performance, including compressive strength, fracture
toughness, elastic modulus, and hardness. These improvements
make MSs particularly suitable for hard tissue applications, such
as bone, which typically range in Young’s Modulus values of MPa-
GPa. In addition, increased surface roughness has been directly
correlated with enhanced cell adhesion, providing more binding
sites for focal adhesion complexes.[>!®] However, excessive MPs
concentrations (usually higher than polymer:MP weight ratios of
80:20) can introduce mechanical vulnerabilities due to stress con-
centrations at particle-matrix interfaces.’) Moreover, MPs tend
to reduce scaffold porosity, which may impede nutrient diffusion
and cell infiltration.

There is currently no standardized framework for magnetized
scaffold design, MPs concentration, (bio)ink preparation (in case
of 3D (bio)printing), or characterization protocols. Establishing
such norms would greatly aid reproducibility and translational
potential.

4.4. Biological Effects and Magnetic Stimulation

Beyond mechanical reinforcement, MPs play a biological role
by modulating cell proliferation and osteogenic differentiation.
Mechanistically, internalized MPs can suppress intracellular
H,0,, supporting cell survival,[*l MPs can activate the MAPK
signaling pathway, promoting osteogenesis,*l and external mag-
netic fields (i.e., static or alternating) can enhance these ef-
fects, particularly by interacting with non-superparamagnetic
MPs (which retain an intrinsic magnetic field).>*7®]

Magnetic stimulation modalities differ significantly in their
underlying biophysical mechanisms. SMFs primarily exert me-
chanical effects, inducing torque or magnetic forces on internal-
ized or scaffold-embedded particles. These mechanical cues ac-
tivate integrin-based signaling pathways (e.g., focal adhesion ki-
nase, paxillin, RhoA), and in combination with magnetic scaf-
folds, have been shown to upregulate osteogenic transcription
factors and bone morphogenetic proteins, as demonstrated by
Yun et al., who observed these effects under a 15 mT SMF in
combination with magnetic scaffolds.* In contrast, PEMFs op-
erate via electromagnetic induction, producing localized electric
currents within tissues.®) These microcurrents can alter the
resting membrane potential of cells, potentially opening voltage-
gated ion channels, particularly Ca?* channels. This influx of cal-
cium ions is a key trigger in second messenger systems such as
calmodulin-dependent cascades, which are essential for regulat-
ing cell proliferation, migration, and differentiation.!®"] These ef-
fects have been observed in multiple studies. For example, Khalili
et al. demonstrated increased osteogenic differentiation markers
of adipose-derived MSCs exposed to PEMF (30 mT, 75 Hz),[**]
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while Huang et al. observed upregulated type I collagen expres-
sion and ALP activity under similar conditions.[*) Recogniz-
ing the distinct modes of action of SMFs and PEMFs is critical
for optimizing magnetic stimulation strategies in regenerative
medicine and bone tissue engineering.

[t is important to note that while multiple studies employ mag-
netic stimulation to enhance osteogenic activity, there is no estab-
lished consensus regarding the optimal frequency, intensity, or
field gradient, creating a knowledge gap regarding the parameter
space of magnetic stimulation. Various studies have utilized dif-
ferent magnetic field conditions, often selected empirically, and
very few have systematically compared outcomes across variable
field parameters. Furthermore, while magnetic stimulation is a
promising strategy in bone tissue engineering, current research
is predominantly conducted in in vitro settings, with a limited
number of in vivo studies available. Therefore, magnetic field
penetration depth, which is a critical factor for in vivo translation,
has received limited attention. Low-frequency fields are generally
more capable of penetrating deeper tissues,[®”) but their biolog-
ical impact remains underexplored. Future research should ad-
dress these gaps by standardizing stimulation protocols and in-
vestigating how magnetic field characteristics affect tissue pene-
tration and therapeutic potential in disease-relevant in vivo mod-
els. Furthermore, with respect to cell and scaffold interactions via
magnetic field applications, it was observed that when both cells
and scaffolds are magnetized (MC+MS), cell-scaffold affinity is
improved due to magnetically mediated attraction, further pro-
moting adhesion and integration.®!]

4.5. Considerations of Toxicity and Cell Type Diversity

The long-term cytotoxicity of MPs, particularly iron oxide
nanoparticles, remains a concern. Key factors influencing toxicity
include: iron oxidation state, which can facilitate reactive oxygen
species (ROS) production,*! particle aggregation, and dosage
levels.?]

Most studies to date have focused on osteoblasts or mesenchy-
mal stem cells, with limited investigation into other cell types.
Expanding research to include endothelial cells or immune cells
would offer a more complete understanding of the multicellular
interactions occurring in magnetically stimulated environments.

4.6. Perspective

MPs have also shown promise in scaffold deformation, cell pat-
terning, and the creation of dynamic, responsive constructs. For
example, magnetic actuation has been used to stimulate me-
chanical deformation in scaffolds,®] and inhomogeneous mag-
netic gradients enable precise cell positioning within complex
architectures.!®>] However, the full potential of these techniques,
especially in replicating native bone microarchitectures, remains
underexplored. Future research should aim to: broaden the range
of magnetic field parameters applied during cell culture, deter-
mine if MP-induced osteogenesis is purely magnetic or also re-
lated to particle size and surface effects (e.g., comparing super-
paramagnetic vs ferromagnetic behavior), develop hybrid fab-
rication methods (e.g., combining extrusion-based 3D printing

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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with electrospinning) to balance structural precision and fibrous
texture,l>%? investigate multi-tissue interface engineering, such
as bone-cartilage or bone-vascular constructs, using regionally
magnetized scaffolds, perform in vitro and in vivo studies to un-
derstand MP behavior in physiological environments and to as-
sess scaffold integration and biodegradation over time.

In summary, Figures 4 and 5 illustrate the key signaling path-
ways involved in mechanotransduction, highlighting the primary
proteins that are upregulated or downregulated in response. Ad-
ditionally, additional research is needed to: i) explore the im-
pact of field intensity, frequency, and duration, ii) distinguish be-
tween intrinsic MPs effects and externally applied field effects,
and iii) investigate how magnetic gradients and magnetic field
penetration depths generated near cells contribute to enhanced
signaling.!®]

Magnetized systems, whether applied to scaffolds, cells, or
both, provide a highly adaptable platform for enhancing bone re-
generation through mechanical and biological cues. While con-
siderable progress has been made, the field now requires stan-
dardization, mechanistic studies, and multicellular in vitro and
in vivo models to transition from proof-of-concept to clinical ap-
plication. The integration of biomaterials science, biomechanics,
and tissue biology will be key to fully realizing the potential of
magnetic particle-based strategies in tissue engineering and re-
generative medicine.

5. Conclusion

Recent advances in bone tissue engineering have increasingly
highlighted the potential of MPs to enhance scaffold function-
ality and stimulate cellular responses. This review discusses cur-
rent knowledge on the synthesis of MPs, the fabrication of MSs,
and the MCs, along with the combined MC + MS approach. The
biological effects of MPs were also discussed in the context of
externally applied magnetic fields, which further amplify the in-
herent stimulatory effects of magnetized systems.

The choice of biomaterials and scaffold fabrication techniques
plays a critical role in determining the mechanical and biolog-
ical performance of MSs. Across studies, the incorporation of
MPs has been shown to improve scaffold mechanical strength
(e.g., compressive modulus, toughness), increase surface rough-
ness, enhance cell adhesion, and support osteogenic differentia-
tion in various osteoprogenitors and stem cells. When exposed to
static or alternating magnetic fields, these effects are further en-
hanced through mechanisms involving magnetic field gradients,
mechanotransduction, and activation of intracellular signaling
pathways such as MAPK and BMP/Smads. These findings col-
lectively support the creation of a favorable biophysical microen-
vironment that promotes bone regeneration through non-contact
magnetic stimulation. Importantly, the combination of MCs and
MSs allows for synergistic interactions, wherein magnetized cells
exhibit enhanced adhesion to magnetized scaffolds, improving
integration and tissue organization.

Considering the above-mentioned points, this strategy (i.e., us-
ing MPs and external magnetic fields) represents a promising,
adaptable, and non-invasive platform for stimulating bone re-
pair and regeneration. Continued optimization of MP formula-
tions, scaffold fabrication methods, and magnetic field parame-
ters will be essential for advancing these systems toward preclin-
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ical and clinical applications in tissue engineering and regenera-
tive medicine.
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