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ARTICLE INFO ABSTRACT

Keywords: Novel strategies utilizing magnetic nanoparticles (MNPs) and magnetic fields are being developed to enhance
Magnetic nanoparticles bone tissue engineering efficacy. This article first reviewed cutting-edge research on the osteogenic enhance-
Scaffolds ments via magnetic fields and MNPs. Then the current developments in magnetic strategies to improve the cells,
Stem cells

scaffolds and growth factor deliveries were described. The magnetic-cell strategies included cell labeling, tar-
geting, patterning, and gene modifications. MNPs were incorporated to fabricate magnetic composite scaffolds,
as well as to construct delivery systems for growth factors, drugs and gene transfections. The novel methods
using magnetic nanoparticles and scaffolds with magnetic fields and stem cells increased the osteogenic dif-
ferentiation, angiogenesis and bone regeneration by 2-3 folds over those of the controls. The mechanisms of
magnetic nanoparticles and scaffolds with magnetic fields and stem cells to enhance bone regeneration were
identified as involving the activation of signaling pathways including MAPK, integrin, BMP and NF-kB. Potential
clinical applications of magnetic nanoparticles and scaffolds with magnetic fields and stem cells include dental,
craniofacial and orthopedic treatments with substantially increased bone repair and regeneration efficacy.

Magnetic forces
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1. Introduction cell labeling, targeting, patterning, and gene modification. Magnetic

scaffolds can be prepared with the aid of MNPs and magnetic fields;

Physical stimulations, including tensile and compressive stresses,
fluid shear stresses and heat, are known to be able to significantly en-
hance bone regeneration and fracture-healing [1,2]. Furthermore,
magnetic stimulations from static magnetic fields (SMFs) and electro-
magnetic fields (EMFs) can also substantially improve bone repair and
regeneration [3,4]. Indeed, magnetic nanoparticles (MNPs) have great
potential for bone tissue engineering applications. Used alone, or in
combination with a magnetic field, MNPs can help modify and improve
the three key factors in bone regeneration: (1) stem cells, (2) scaffolds,
and (3) growth factors. Magnetic fields can influence the ion channels
and biochemical pathways of the cells. Magnetic-cell strategies include

they can be actuated by a magnetic field to enhance the cells via
magneto-mechanical stimulations [5]. In addition, MNPs can serve as
delivery systems for growth factors, drugs and gene transfections [6,7].
MNPs can also be used as magnetic resonance imaging (MRI) contrast
agents to track the implanted cells, scaffold degradation, and bone re-
generation.

This article reviews the state-of-the-art of new magnetic strategies
for bone tissue engineering. First, the osteogenic effects of magnetic
fields and MNPs were reviewed. Second, cutting-edge researches were
described on magnetic strategies to improve the functions of cells and
scaffolds, and to deliver genes, drugs and growth factors. Third,
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magnetic labeling for in vivo visualization and bone regeneration was
also described.

2. Effects of magnetic field on bone tissue engineering

Magnetic fields include SMFs [8-11], pulsed electromagnetic fields
(PEMFs) [12-15], rotating magnetic fields (RMFs) [16] and alternating
electromagnetic fields [17]. They can help enhance the integration of
implants with host tissues, increase the mineral density of newly-
formed bone, and accelerate defect healing. Other applications of
magnetic fields in bone tissue engineering were also being developed,
including magnetically-assisted freezing and thawing of stem cells
[18-26], and magnetically-assisted scaffold and coating fabrications
[27]. In particular, the combined application of magnetic fields with
growth factors/drugs was able to achieve synergetic effects to sub-
stantially enhance bone regeneration [28-30].

The enhancing effects of magnetic fields were demonstrated on
fracture-healing, spinal fusion, osteoarthritis, and wound-healing
[1,3,4,11,31-34]. Magnetotherapy provided a non-invasive, safe, and
easy method to treat the site of injury, the source of pain and in-
flammation, and other diseases. SMFs and PEMFs were the two most-
studied types of magnetic fields. SMFs create a single magnetic field
[35]. They received clinical applications with several therapeutic ad-
vantages. For example, by simply using a permanent magnet for tissue
stimulation, a power device was not needed; this made SMF stimulation
feasible for long-term bone healing [32]. SMFs have been categorized
according to their intensity as ultra-weak (5 pT-1 mT), weak (1 mT),
moderate (1 mT-1T), strong (1-5T), and ultra-strong (> 5T). Mod-
erate intensity SMF was studied due to its easier realization in therapies
[10]. Indeed, SMFs accelerated the proliferation, migration, orientation
and differentiation of osteoblast-like cells [35-38], and induced the
osteogenic differentiation of bone marrow-derived mesenchymal stem
cells (BMSCs) [10,39].

The mechanism for these effects was likely because that the cell
membrane possessed diamagnetic properties, and exposure to SMFs
served to modify the membrane flux [40]. In addition, the extracellular
matrix proteins had diamagnetic properties, and their structures and
orientations could be affected by the SMF [41]. Indeed, animal studies
showed that SMFs with moderate intensity increased the bone mineral
density (BMD) and enhanced bone healing, including evidence in bone
surgical invasion [42], ischemic bones [43], adjuvant arthritis rats
[44], ovariectomized rats [45], and bone grafts [46,47].

At the cellular level, SMFs could modulate cell functions [48], in-
cluding the morphology, proliferation, cell cycle distribution, apoptosis,
differentiation, gene expression, etc. Osteogenic differentiation was
enhanced by the application of moderate SMFs for various types of
cells, including BMSCs, human osteosarcoma cell lines MG63 [38],
mouse calvarial osteoblast MC3T3-E1 [36], rat calvaria cells [35],
human adipose-derived MSCs (hADMSCs) [49], and dental pulp stem
cells (DPSCs) [50]. There were three likely mechanisms of SMF inter-
actions with the cells: Electrodynamic interactions (Hall Effect); mag-
netomechanical interactions; and radical pair effects [8]. First, elec-
trodynamic interactions are the first to be used to explain the bone
mechano-adaptation. The Hall effect is from the variation in the
streaming potential by SMF. The streaming potential is generated by
strain gradients and ionic current flows along these microchannels
when bone is subjected to a compression or mechanical deformation.
SMF, which electrodynamically acts on any electric current or the
moving and charged particles through electromagnetic induction, can
affect the induced streaming potentials. Second, magnetomechanical
effects are related to the uniformity of SMF and the inherent magnetic
properties of materials. Bone is a tissue with an extremely small dia-
magnetic susceptibility. In a uniform magnetic field whose magnetic
gradient is large enough, there is magnetic torque which makes the
material with an anisotropy in the magnetic susceptibility to rotate
until it reaches a stable orientation. Third, SMF can influence the rates
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of certain chemical reactions in biology due to the effect on the radical
pair or electronic spin states of the reaction intermediates. The rate,
yield or product distribution of the radical pair reactions can be altered
by using an SMF with a modest or weak intensity [8]. However, the
exact mechanisms of SMF on the cells and the bone-healing enhance-
ment still remain to be determined.

PEMFs produce magnetic fields and electric currents. Abundant
evidence showed that PEMFs could accelerate fracture-healing and
promote osteogenesis [33,51,52] and increase BMD [34]; in an ovar-
iectomized (OVX) rat model, the application of PEMFs inhibited bone
loss [53]. In addition, extremely low frequency (ELF)-PEMFs increased
the osteogenic gene expressions in human alveolar bone-derived MSCs
[54]. For example, at 50Hz and in the range of 0.6-3.6 mT with ex-
posure of 90 min/day, the 0.6 mT group was the best in stimulating the
proliferation and osteogenic differentiation of rat calvarial osteoblasts
[55]. Furthermore, histomorphometrical studies showed that PEMFs
increased the new bone trabecular area, trabecular width, and trabe-
cular number by 78%, 17% and 51%, respectively [56]. In addition,
PEMFs reduced the trabecular separation by 44%, compared to the
ovariectomy control rats [56].

Despite of the beneficial effects of PEMFs, the precise mechanisms
are not yet fully understood. It was suggested that the osteogenesis-
enhancement effects of PEMFs might be related with the induction of
pulsed electric currents in bones to produce a sequence of biological
cascades [57]. It was shown that PEMF exposure increased the cytosolic
Ca®* and activation of calmodulin, which were important factors as-
sociated with the mechanism of osteogenesis [58]. It was further shown
that a 15Hz and 1 mT treatment promoted the osteogenesis via MSCs
[59]. In addition, the EMF-induced osteogenic markers were demon-
strated to be mediated by signaling pathways including the protein
kinase A (PKA) and the mitogen-activated protein kinase (MAPK) [59].

PEMFs could suppress the osteoclastic differentiation by modulating
the pathways in the RANK/RANKL/OPG signaling system [60]. Fur-
thermore, PEMF could modulate the osteoclastic differentiation via the
Ca*-calcineurin-NFATcl signaling pathway [13]. However, the sup-
pressive regulatory effects of PEMFs on osteoclastogenesis might be less
prominent and weaker than the enhancement effects on osteo-
blastogenesis. Indeed, PEMF exposure significantly increased the bone
formation in an in vivo study, as revealed by the much greater mineral
apposition rate, faster bone formation rate and larger osteoblast num-
bers (Fig. 1) [53]. PEMF exposure for 4 weeks promoted the skeletal
gene expressions in Wnt/Lrp5/p-catenin signaling, confirming that the
RANKL-RANK signaling served as a key pathway in the osteoclastic
development and activation [61]. However, more efforts are still
needed to elucidate the exact mechanisms of PEMFs on bone formation
and to apply these mechanisms to clinical applications.

Other types of magnetic fields that could promote bone regeneration
included nonpulsed sinusoidal electromagnetic fields [62], rotating
magnetic fields [16], and combined magnetic fields (CMF) [63]. The
latter also included dynamic sinusoidal magnetic fields and magneto-
static fields [63]. Moreover, efforts were made to compare the biolo-
gical effects of SMFs with PEMFs. The results indicated that a moderate
intensity of SMFs had more benefits than PEMFs for treating metabolic
disorders, while PEMFs had more benefits than SMFs in treating mus-
culoskeletal disorders and nerve functions [64]. PEMF can alter the cell
membrane permeability through the induction of an electric field,
thereby altering the cyclic guanosine monophosphate and cyclic ade-
nosine monophosphate activity, and thus promoting osteogenesis [65].
On the other hand, SMF can neither produce electric currents nor create
vectorial changes. Instead, it can directly promote differentiation of
osteoblasts and bone maturation via the aforementioned three possible
mechanisms. Even for the same type of magnetic field, different para-
meters in intensity and frequency result in different magnetic fields.
These different magnetic fields can induce different effects on the cells
including the increase or decrease of the intracellular iron content [66].
Therefore, the cells respond differently to different magnetic fields. The
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Fig. 1. Effects of 4-week PEMF exposure on trabecular bone microarchitecture in the distal femora and cortical bone thickness in the mid-diaphysis of the femora,
and the histology and histomorphometry in HU rats. (A) The selected volume of interest (VOI). (B) and (C) 3-D and 2-D MicroCT images of trabecular bone
microarchitecture. Statistical comparisons of (D) trabecular BMD, (E) trabecular number (Tb.N), (F) trabecular thickness (Tb.Th), (G) BV/TV, (H) bone surface per
bone volume (BS/BV), and (I) trabecular separation (Tb.Sp). Representative histological images for bone microarchitecture of the distal femora by Van Gieson
staining, (J) Control; (K) HU; (L) HU + PEMF. Scale bar = 1000 pm. (adapted from Ref. [53] with permission).

effects on bone repair and regeneration. The biological effects of dif-
ferent types and various intensities and frequencies of magnetic fields
for bone tissue engineering were summarized in Table 1.

cell proliferation depended on the stimulus intensity and duration of
magnetic fields, cell type, cell age, and the treatment's “biological
windows” [67]. A biological window refers to the range of the magnetic
field at which the response of the biological system is significant.
Magnetic field signals outside of the biological window would possess
limited or no effects, or even negative or toxic effects. These important
parameters require further study to determine and understand their
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3. Effects of MNPs on bone regeneration
3.1. Effects of SPIONs

MNPs, mainly superparamagnetic iron oxide nanoparticles
(SPIONs), are promising for targeted imaging/drug delivery, tissue
engineering, hyperthermia, gene therapy, and cell tracking applica-
tions. SPIONSs can be taken up, exocytosed and metabolized by the cells.
SPIONSs alone, even without a magnetic field, were able to enhance the
tissue repair efficacy [75], provide dynamic mechanical stimulations
for bone formation [76], promote osteogenic differentiation of BMSCs
[77]1, and enhance bone regeneration in vivo [78].

Furthermore, Huang et al. reported that Ferucarbotran, an ionic
type of SPIONs, was not toxic to hMSCs, and was able to increase the
cell growth [79]. The Ferucarbotran-promoted cell growth was because
of the capability to suppress the intracellular H>O, through an intrinsic
peroxidase-like activity. In addition, Ferucarbotran enhanced the cell
cycle progression, which could be modulated by the free irons (Fe)
leached from the lysosomal degradation. The accelerated cell cycle
progression involved the ability of Fe to alter the expression of the
protein regulators [79].

To better understand the molecular mechanisms on why and how
SPIONs promoted the osteogenic differentiation of MSCs, gene micro-
array assay and bioinformatics analyses were performed [77]. The re-
sults revealed that the gene expression was regulated, and the classic
MAPK signal pathway was activated by the SPIONs. Therefore, the
downstream genes of this pathway were modulated to enhance the
osteogenic differentiation (Fig. 2) [77]. At the molecular level, SPIONs
upregulated the long noncoding RNA INZEB2, which was critically
important for sustaining the osteogenesis by MSCs. The overexpression
of INZEB2 downregulated the ZEB2, a factor necessary to inhibit the
BMP/Smad-dependent osteogenic transcription [80]. Thus, these re-
sults provided insights into the mechanisms of SPIONSs at the molecular
level, which could facilitate the application of SPIONs to enhance the
regenerative medicine efficacy via stem cells.

In another study using a Sprague-Dawley rat model, SPION-con-
taining gelatin sponges were implanted in the incisor sockets, which
enhanced bone regeneration, with about 1.5-fold increases in BMD and
bone volume per tissue volume (BV/TV), compared with gelatin sponge
control without SPIONs [78]. As confirmed by immunohistochemistry
and transmission electron microscope (TEM) observations, the osteo-
blasts and vascular endothelial cells with SPIONs had greater osteo-
genic and angiogenic performances [78]. Therefore, the endocytic
SPIONs promoted the osteogenic and angiogenic functions of the cells,
leading to greater new bone formation [78].

3.2. Magnetic field-actuated SPIONs

SPIONSs can be aligned by using an external magnetic field, and they
can be randomized once the magnetic field is removed. However, in a
colloidal suspension of SPIONSs, the application of a magnetic field
could cause the SPIONs to agglomerate [81]. The changes in physico-
chemical properties of the colloidal nanoparticles strongly influenced
their biological properties. Hence, the agglomeration of SPIONs due to
magnetic fields could alter their well-recognized biological impact.
Indeed, reduction in cell uptake occurred because of the aggregation of
the particles due to significant changes in both the size (from less than
100 nm increased to 300 nm) and zeta potential of the SPIONs [82]. In
addition, external magnetic fields could influence the biological effects
of SPIONSs, because of changes in the size and surface charge governing
the protein corona profile and the therapeutic/toxic effects [82]. Fur-
thermore, the release of endocytic MNPs from the cells was suppressed
by magnetic field, resulting in almost twice as much intracellular MNPs
as those without a magnetic field [83]. The end result was that the more
uptake of MNPs inside the cells, the greater the osteogenic differ-
entiation of MSCs under the application of a magnetic field [83]. These
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findings were consistent with another study using (Fe?* /Fe**)-doped
hydroxyapatite (FeHA) nanoparticles in cultures with osteoblast-like
cells in the absence, or presence, of a SMF [84]. The FeHA exposure to
the magnetic field resulted in a significant increase in cell proliferation
and greater osteoblastic activity due to the excellent biological prop-
erties of hydroxyapatite (HA) and the limited iron content [84].
Therefore, the changes in the physiochemical properties and en-
docytosis of the cells, induced by the MNPs under a magnetic field,
could significantly enhance the cell behavior and bone regeneration
capabilities.

4. Magnetically-modified cells for cell delivery, targeting and
patterning

Stem cell-based therapies have great potential for tissue regenera-
tion. MNP intake into the cells enables these cells to be controlled and
manipulated by magnetic forces. Magnetic labeling is an attractive
approach because of its technical simplicity, minimal toxicity and great
labeling efficacy, especially for magnetic targeting. SPIONs could serve
as an optimal labelling and tracer device for MSCs [85]. This section
focuses on the applications of magnetically-labeled cells for bone tissue
engineering, including cell targeting and cell patterning.

MSCs did not have substantial phagocytic capacity, thus restricting
the intracellular uptake of SPIONs [86]. MNPs for cell labeling include
Fe304, YFe>03 and FeHA. To improve the biocompatibility and bioac-
tivity, FeHA was fabricated by doping HA with Fe?>* /Fe®** ions [87].
FeHA nanoparticles showed a number of important features as the
magnetic ability and hyperthermia property were similar to those of
magnetite or maghemite particles [87]. Suitable SPION sizes, surface
modifications, concentrations and exposure time should be chosen to
ensure minimal negative influence on cell function, maximum visibility
and the longest duration [88].

MSCs could be labeled by modifying SPIONs which had more than
90% of efficiency in cell uptake without the use of a transfection agent
[89,90]. For example, ferumoxytol was introduced into cells by pro-
ducing ferumoxytol-heparin-protamine (HPF) complexes [91]. The idea
was to create clusters of relatively larger nanoparticles (but still less
than about 200 nm), which could be taken up more efficiently by the
targeted cells. Combining protamine with ferumoxytol resulted in the
formation of large, polydispersed complexes that were not incorporated
into the cells. Although it would be counterintuitive to add heparin to
protamine/ferumoxytol to facilitate endosomal incorporation in the
cells, the addition of heparin gave rise to the formation of HPF nano-
complexes that were endocytosed by the cells [91]. Other strategies in
adjusting endocytosis of SPIONs included the passive targeting or active
targeting of cells [92]. Passive targeting employed SPIONs which were
functionalized by placing a surface coating. Testing SPIONs as contrast
agents for pathological applications, clinical trials currently underway
predominantly used passive SPIONs. There were two types of surface
coatings in passive targeting: (i) inorganic shells, including Au/Ag [93],
Gd, Zn [94], Ni [95], Ni silicate [95], quantum dot shell [96], graphene
[97], and silica; and (ii) organic shells, containing surfactants, den-
drimers, polymers and blends of polymers [98-104]. On the other hand,
active targeting used a moiety to guide the functionalized SPIONs
moving toward the targeted pathological position [105-107]. Several
targeting moieties were tested, most of which using oligomers, drugs,
proteins, peptides, and aptamers which were functional peptides or
oligonucleotides that could connect to various chemical and biological
molecules with good affinity and selectivity. SPIONs were coupled to
various targeting moieties and employed as a platform to target re-
ceptors [108], enzymes [109], integrins [110] and specific kinds of cells
[111].

A novel method was reported on surface functionalization of MNPs
with biocompetent dendrons that significantly improved the magneti-
zation of hBMSCs [99]. The interaction between BMSCs with MNPs
having a thin coating of poly(acrylic acid) (PAA) was achieved through
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functionalization of the PAA using hyperbranched poly(epsilon-lysine)
dendrons. The rationale for this method was that the high-density
presentation of this hydrophilic amino acid could enhance the inter-
action between the cell surface glycocalyx and MNPs, thus promoting
the cells to internalize more MNPs [99]. In this way, the functionalized
MNPs significantly enhanced the efficiency of MNP adhesion to the cell
membrane and their subsequent internalization. This in turn resulted in
the rapid (15min) and efficient (80%) magnetization of the primary
hBMSCs in the suspension, and avoiding the need for the additional step
of adhesion culture [99].

Accurate cell guidance and cell retention in the targeted wound site
are a major challenge for cell therapy. To this end, magnetic cell-tar-
geting methods represent a promising approach. SPION-labeled cells
could be driven by a magnetic field to localize at the target site where
they would perform their functions to maximize the therapeutic/diag-
nostic effects [112]. In animal studies, the transplantation of BMSCs

indeed showed meritorious effects after spinal cord injuries [113]. In-
travenous injection was the least invasive, compared to direct injection
and lumbar puncture. Its efficiency could be remarkably increased
using magnetically-labeled cells with the assistance of magnetic fields.
In a magnetic targeting study of BMSCs in a rat spinal cord injury
model, magnetically-labeled BMSCs were injected into the sub-
arachnoid space [113]. In the magnetic group, substantial BMSC ag-
gregations were discovered on the surface of the injured spinal cord; in
comparison, few BMSCs were discovered in the nonmagnetic control
group [113]. In addition, autogenic transplantation of magnetically-
labeled MSCs were used to repair severe chronic osteochondral defects,
with a 10-min exposure to a magnetic device, achieving a significantly
better repair of chronic defects, successfully producing new chondro-
genic tissues [114]. These results are consistent with another study
showing an accumulation of MSCs at the wound site, resulting from the
use of a magnetic field to increase the speed of cell transport [112].
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Therefore, using magnetic forces promoted the homing and guided the
magnetized stem cells to make rapid directional movements, thus en-
hancing the efficacy of stem cell-targeted therapies.

Besides manipulating the magnetic cells, magnetic nanotechnology
could be used to manipulate osteogenic mechanosensitive receptors,
thus inducing osteoprogenitor cell differentiation into the osteogenic
lineage. Kanczler et al. investigated the magnetic field activation of
MNPs tagged on the mechanosensitive receptors of hBMSC membranes.
The stimulation of MNP-labeled hBMSCs indeed enhanced the expres-
sion of osteogenic genes, producing 2-fold increases in RUNX2 and OPN
in vitro, along with greater production of proteoglycans and collagen in
vivo [115].

Another important application of magnetic cells was that the mag-
netic cells could be patterned by magnetic forces to fabricate scaffold-
free cell-sheets, which was a promising strategy for stem cell trans-
plantation and therapy. The cell-to-cell junctions and secretion of ex-
tracellular matrix (ECM) proteins maintained the cell-sheets [116,117],
which were thus similar to natural tissues. Compared with non-mag-
netic cell-patterning approaches such as cell-laden hydrogels, three-
dimensional (3D) printing, inkjet printing and laser-assisted bioprinting
[118], the magnetic method was more versatile and had greater mul-
tifunctionality [119]. For example, MNPs and magnetic fields could be
used to position the cells in a pattern suitable for tissue engineering.
These magnetically-labeled cells were accumulated in a desired pattern
through a magnetic field below a cell culture surface [120]. In this way,
it was feasible to control the cell packing density by tuning the mag-
netic field gradient and intensity [120]. This ability to control the cell
density and cell distribution is expected to be highly beneficial to
promote the regeneration of various tissues.

Furthermore, growth-factor-localized cell sheets were fabricated via
magnetic patterning [121]. In this system, specific cells and growth
factors in each layer of the cell sheets were accurately controlled by
magnetic-force-mediated deposition (Fig. 3). Based on the histological
properties of tissues in vivo, the 3D distribution of cells and proteins
were maintained in the artificial micro-tissues, in addition to sustaining
the form that could be fitted into specific defects. To control both cells
and proteins, new Fe30, MNPs were developed that were coated with
nanoscale graphene oxide (nGO@Fe304) [121]. With the help of these
MNPs, bone morphogenetic protein 2 (BMP2) was incorporated into the
cell sheets to induce bone formation, achieving much greater phos-
phorylation of Smadl/5/8 signaling. Moreover, the construction of an
integrated osteochondral complex was also achieved using a combina-
tion of DPSCs/TGF(3 and DPSCs/BMP2 [121]. This method success-
fully induced the DPSC differentiation into both mCherry+ chon-
drocytes and GFP + osteoblasts, and their distribution was consistent
with the distribution of the specific growth factors that were respec-
tively inducing these cells [121]. Therefore, this novel magnetic ap-
proach has great potential to benefit osteochondral defect regeneration
with different types of layered tissues.

5. Magnetic scaffolds fabrication and their effects in bone tissue
engineering

5.1. Fabrication of magnetic scaffolds and their performance without using
a magnetic field

The simplest way to obtain magnetomechanically-functional scaf-
folds was to dip-coat the scaffolds into aqueous ferrofluids containing
SPIONSs coated with various biopolymers [122-125]. After dip-coating,
the nanoparticles were integrated into the porous structure of the
scaffolds. This method was used to turn HA and collagen scaffolds into
magnetic scaffolds [122]. These magnetic scaffolds could support the
adhesion and proliferation of hBMSCs, and had no negative influence
on osteoblastic differentiation [122]. These results were consistent with
another study on MNP-HA magnetic scaffolds with various MNP con-
tents (from 0.2% to 2%) by immersing the HA scaffold into MNP
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colloidal solutions [123].

Another approach incorporated the MNPs into the scaffold with
dispersion throughout the scaffold [123-140]. The fabrication methods
included: co-electrospinning [126-131], rapid prototyping technique
[132,133], in situ nucleating [134], foam replication technique [135],
chemical reaction between a solid and a liquid [136,137], freeze-drying
[138,139], evaporation-induced self-assembly (EISA) [140-142], and
solvent-casting techniques [143]. Electrospinning had advantages in-
cluding a high surface area/volume ratio, potential for the release of
drugs and antimicrobials, controllable fiber diameters, high porosity
and permeability. Meng et al. fabricated paramagnetic nanofibrous y-
Fe,03/nHA/polylactic acid (PLA) composite films [126]. This new
material increased the proliferation of osteoblastic cells by about 2 folds
due to the SPION incorporation [126].

In a recent study, SPIONs were incorporated into an injectable
calcium phosphate cement (CPC) scaffold by mixing the CPC powder
with a SPION solution [136]. The addition of SPIONs caused sub-
stantially better hDPSC attachment and spreading, and a 3-fold increase
in osteogenic differentiation, compared to that without SPIONs. The
bone matrix mineral synthesis by the cells was also increased by 2-3
folds, compared to that without SPIONs (Fig. 4). The reason for this
enhancement was attributed to the improved microstructure of the
scaffold containing SPIONSs, and the release and internalization of the
incorporated SPIONs by the cells [136].

Furthermore, magnetic scaffolds were also prepared via 3D printing
of Fe3;0, nanoparticle-containing bioactive glass/polycaprolactone
(Fe304/MBG/PCL) scaffolds [133]. 3D fully-biodegradable magnetic
scaffolds were made using PCL matrix and FeHA nanoparticles [132].
The cell growth on the magnetized scaffolds was 2.2-fold greater than
that in non-magnetized control [132]. In a rabbit model, the PCL/FeHA
scaffolds were completely filled with new bone at 4 weeks, while the
non-magnetized control had much less new bone formation [132].
Because the PCL/FeHA scaffolds were designed to yield a cellular mi-
croenvironment feasible for bone regeneration and to produce a mag-
netic field using an external magnetic power. Therefore, the loading
and the growth of seed cells was greatly enhanced.

MNPs were also immobilized on the scaffold surface by electrostatic
layer-by-layer (LbL) assembly, which formed multilayer films based on
the alternative adsorption of oppositely charged polyelectrolytes, in-
organic nanoparticles, macromolecules, and even supramolecular sys-
tems on the charged substrates [144]. Tang et al. reported LbL assembly
of silica nanoparticles on fiber surfaces of 3D fibrous scaffolds, which
enhanced osteoblast cell attachment, proliferation, and ALP activities
due to the increased surface roughness and wettability [145]. More
recently, a novel magnetic poly(lactic-co-glycolic acid) (PLGA)/PCL
scaffold was developed via a combination of electrospinning and LbL
assembly of SPIONs [146]. Magnetic nanogranular interface on the
PLGA/PCL scaffold was constructed instead of simply mixing the MNPs
with the polymer. With this novel interface, the osteogenic differ-
entiation of ADSCs was greatly enhanced by over 2 folds. By compar-
ison with gold nanoparticles, the enhanced effect of the magnetic
PLGA/PCL scaffold was considered to result from the magnetic effect,
rather than the presence of nanoparticles and the increased surface
roughness (Fig. 5) [146].

Magnetic fields were used to assist in the scaffold fabrication pro-
cess [147-151]. The directional movement of MNPs was controlled by
magnetic fields, thus enabling precisely-controlled fabrication of mag-
netic fibrous scaffolds [147], multilayer grids formation by alignment
of SPIONs/poly(vinyl alcohol) (PVA) nanofibers, and fibrous bundle
formation using SPIONs and PLGA nanofibers [148]. Li et al. combined
the membrane assembly with magnetic forces to preserve the me-
chanical integrity and interconnectivity of 3D scaffolds [139]. An or-
dered and layered structure was achieved using a magnetic technique
through the addition of MNPs into PCL/gelatin nanofibers. Scaffolds
from the magnetically-guided fabrication strategy had the potential to
mimic the structures and functions of human tissues [149]. In addition,
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Fig. 3. Manipulation of nGO@Fe30, MNP-labeled DPSCs via magnetic force. (A) The strategy for fabricating magnetically controlled cell sheets. (B) The magnet
pattern controlled the shape of cell sheets. (C) Cell accumulation was observed at the marginal region of the cell sheet. (D) The marginal region of the cell sheet was
observed after 24 h of culture. (E) A monkey-face-like cell-sheet pattern was fabricated via three hollow-cylinder magnets. The local region surrounded by the yellow
rectangular frame is magnified and presented in (F). (G) Cells were arranged in regular continuous curves. (H) A merged image of cell distribution and the
characteristic curves. (I) Schematic illustration of the fabrication strategy to form bilayer cell sheets. (J) The accumulation of GFP* cells on the RFP " cell sheet was
observed under a fluorescence microscope. (K) The bilayer cell sheets were observed after 24 h of culture. (L) Schematic illustration of the two-step strategy to
fabricate inlaid cell sheets. (M) The clear boundary line between GFP* cells and RFP* cells was observed. (N) The color of the cell sheets. (O) Representative HE
staining image of nGO@ Fe3;0, MNP-labeled DPSC cell sheets. (P) Prussian-blue-stained paraffin sections of cell sheets. (Q) By adding cells repeatedly every 4 h, cell
sheets with different thicknesses were obtained (n = 6) (% %, represents p < 0.01). (adapted from Ref. [121] with permission). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

because these scaffolds could be easily and repeatedly assembled and
un-assembled, they could facilitate the study of cell-cell interactions in
a controllable 3D environment [152]. Currently-available magnetic
scaffolds and their properties without using magnetic fields were
summarized in Table 2.

5.2. Magnetic scaffolds with the application of magnetic fields

Further enhancement in osteogenic differentiation and bone re-
generation was achieved by combining magnetic scaffolds with mag-
netic fields [70,152-157]. Meng et al. prepared a nanofibrous scaffold
using SPIONs, nHA and PLA [126,156]. The scaffold was implanted in
the lumbar transverse defects in rabbits. Magnets were placed in the
rabbit cages to maintain a SMF after the surgery. The MNP scaffold
induced greater new bone and remodeling in the rabbit defects. These
results validated the in vivo osteogenesis enhancement by the super-
paramagnetic nano-fibrous scaffold with the synergistic application of
an SMF (Fig. 6A-E) [156].

More recently, Yun et al. investigated the combined effects of SMF
with a PCL-MNP nanocomposite scaffold on osteoblastic functions and
bone formation (Fig. 6F). The synergy between magnetic scaffold and
magnetic force was manifested in the initiation of integrin signaling

pathways, including focal adhesion kinase, paxillin, RhoA, MAPK, and
nuclear factor-kappaB (NF-kB), and in promoting bone morphogenetic
protein-2 and phosphorylation of Smad1/5/8 [157]. The combination
of SMF and magnetic scaffold also enhanced the angiogenesis via en-
dothelial cells, resulting in greater expressions of vascular endothelial
growth factor and angiogenin-1 genes, and promoting the synthesis of
capillaries (Fig. 6G). When the magnetic scaffolds were implanted in
mouse calvarium defects, the application of SMF significantly enhanced
the new bone formation at 6 weeks. Compared to the 0% MNP scaffolds,
the bone volume in the 10% MNP scaffold without SMF was increased
by 1.9 times [157]. With the application of a SMF and the 10% MNP
scaffold, the bone volume was increased by 2.7 times [157]. The reason
for this increase in new bone was attributed to the synergy of the in-
tegrin, BMP, MAPK and NF-kB signaling pathways in the osteoblasts by
culturing with SMF and the magnetic scaffolds [157]. Therefore, the
combined application of an external magnetic field and magnetic
scaffold might synergize the magnetism effects on the cells and thus
might be a useful platform for bone tissue engineering.

Another benefit of magnetic fields was that higher cell-seeding ef-
ficiency could be achieved using magnetic forces to attract the SPION-
labeled cells and prevent them from flowing away. In this way, more
cells could be seeded into the pores of the scaffolds. This novel cell-
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days, with all data relative to hDPSCs on CPC control. Expression levels of ALP (D), COLI (E), RUNX2 (F), and OCN (G) (n = 3). In each plot, bars with different letters
are significantly different (p < 0.05). (adapted from Ref. [136] with permission).

seeding method resulted in a cell seeding efficiency of three folds higher
than that of conventional passive seeding [158]. Indeed, the combined
use of magnetic cells and magnetic forces not only increased the
number of scaffold-adherent cells, but also enhanced the cell infiltration
and distribution, compared with control [159]. Moreover, the magnetic
cell seeding method enhanced the osteogenic differentiation of the stem
cells [160]. At 14 days, the levels of ALP and osteocalcin (OCN) for the
magnetic cell seeding group were significantly higher than those of
static-seeding, which may be due to the cellular activity or the in-
creased total number of cells in the scaffolds [160]. Currently-available
studies involving magnetic scaffolds with the use of magnetic fields for
osteogenesis were summarized in Table 3.

6. Magnetic strategies for growth factor and drug delivery

The mechanism of bone repair is complex and involves several
important growth factors and small molecules, such as BMP-2, platelet-
derived growth factor (PDGF) and parathyroid hormone (PTH). These
molecules can act directly to positively influence the bone mass, or
indirectly, by acting on negative regulators (i.e., inhibitors) of the bone
mass [165]. Therefore, delivering growth factors is an important ap-
proach in bone tissue engineering, in addition to the use of stem cells
and scaffolds.

MNPs served as delivery vehicles for bioactive agents such as drugs,
chemotherapeutics, antibodies, peptide therapeutics, oligonucleotides,
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and growth factors via magnetic fields [166-170]. Growth factors could
be stabilized by conjugation to nano-constructs [171]. The growth
factors immobilized to iron oxide/human serum albumin nanoparticles
promoted a higher growth and differentiation of the cells, compared to
their counterparts [166]. When applied in the deeper parts of the body,
the efficiency of capturing MNPs was ensured by the use of a remnant
magnetic implant especially when the external magnetic field was
turned off [172], which was a major advantage of magnetic delivery
systems.

MNPs could be used to target mechanically-responsive receptors,
such as the TREK1 ion channel, PDGF receptors and integrins
[173,174], and Wnt receptor [175]. They enabled the ligand-MNP
complex to be manipulated using magnetic fields, allowing the control
of ion channel stimulation. The osteogenesis of hMSCs could be sig-
nificantly enhanced by mechanical stimulation via magnetic tagging.
The application of magnetic activation was capable of initiating nuclear
translocation of 3-catenin to a similar level as Wnt3a, which enhanced
the skeletal progenitor cell proliferation, differentiation and accelerated
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bone repair in Axin2 knockout mice [176]. By initially targeting the cell
membrane receptor PDGFRa, a higher mineral content was present in
the cells after 3 weeks of magneto-mechanical stimulation and osteo-
genic medium culture [174].

Magnetic iron oxides and gold nanoparticles were embedded in
nanoshuttle which was used as a drug carrier for human cells [168].
The drug release inside the cells could be controlled by applying heat
and a magnetic field. Moreover, the use of the magnetic field to pull the
nanoshuttle is promising for tissue-specific clinical applications in bone,
heart, lung and brain, for targeted drug delivery and on-demand drug
release. Furthermore, the magnetic targeting method enhanced the
viral and non-viral gene delivery [7]. This strategy was applied to a
range of viral vectors (including adenoviruses, adeno-associated viruses
and lentiviruses) [177], cationic polymers (polyethyleneimine, or PEI)
[178], as well as cationic lipids [179]. Compared with common trans-
fection approaches, a key advantage of the magnetic targeting method
was the lower dosage of the vector, which could be applied both in vitro
and in vivo. Moreover, due to the high target site specificity, side effects
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% =2 for viral or non-viral gene delivery were also lowered.

2 £ = E For magnetic transfection, various polymers, lipids, and dendrimers
gé qu < were developed to prepare MNPs with accurate sizes, shapes, compo-
£ g g E sitions, magnetization, relaxivity and surface charge [180-182]. ?ev—
ﬁf é % eral PEIl-coated MNPs for efficient transfec.tlon are c0n.1me.rc1ally
£ % % 5. available, for example, Polymag™ and CombiMag™ (OZ Biosciences,
§§ = Eo Marseille, France). By using chemisorption through van der.Waals
g g EL g forces, high molecular weight PEI was bonded with MNPs. In this way,
g % E g a transfection efficacy similar to commercial transfec.tion figents (Li-
% E E E\ pofectamine™ 2000 and Polymag) was achieved, with higher DNA
L; g < & binding capacity, less PEIL, and reduction of toxicity [183]. The MNP-
% :3) § S bound polyplexes were likely responsible for the greater gene transfer
52 <& efficacy and the minimal cytotoxicity. -

§§ E‘ g Besides PEI, 3-Aminopropyl triethoxysilane (APTES)-modified

j 2 E c & SPIONs also demonstrated substantial promise for gene delivery for
E g g g i E % DNA and siRNA molecules, when the APTES—modiﬁed SPIONS werg
_i:r‘:’ 3 gi E ;| < ?i" used together with cationic polymers su(;h 'as L1pofe.ctam1ne and
g g g ng % § A E TurboFect [180]. This increased the gene-binding capacity, pI.'otectfefz:i

= the genes from degradation, and improved the gene tr.ansfectlon effi-
E i) ciency for DNA and siRNA in both adherent and suspension cells [180].
§< When combined with a MSC-targeting peptidfe,.rnagnetlc nanocluste?rs
g Z % could deliver a gene to MSCs‘ at a higher efficiency t}.1an com(ril1e.rc(1:1.al
L agnericalyguded gone delivery, which srould be erucial forfuture i
£g g E 2 magnetically-guided gene delivery, w
é % : % i vivo applications [182]. o . o ]
£ 3 233 Magnetic liposomes are lipid-based nanoparticles containing mag
T 2 g g L: netic substances. They are useful for delivery of drugs and genes due'to
g g E‘ ; % their dual hydrophilic-hydrophobic domains and magnetic propertl.es
E ; p § 2 [179]. The lipid bilayer of liposomes loaded witl; MNPls couldfl;f1 d1ls
z2 Ju g rupted by short magnetic pulses to achieve the fast release of the li-
E g % é E polzomes'ypayload wgithout a significant increase in local temperatures
& % i 33“@2 [184]. Novel thermosensitive cationic magnetic llpos?mes (TSMC;s)
8 i §° g = consisted of 1,2—Dipalm.itoyl—sn—glycer0—3—phosphoch0hne 1(D]l;[c’:Cé,h 1%_
= ) [N-(N/, N’-dim-ethylfmnoethane;-carl?gmz)[})ngcB})lo;Ielztifo1 e(Ster-01 :t ;
3 - Dimethyldioct-adecylammonium bromide
§ % E 8 § :: molar Zatio of 80:2:5:10. TSMCLs were developed with 0.5 mg/mL
2 § § g §~ § magnetic fluid Fe;04. TSMCLs showed feasible temperature sensitivity
3 T %o E % = and magnetic responsiveness, and demonstrated great efficacy for co-
El g E 2 % a E § delivering drugs and genes using the application of an alternating
éo g E % é é é & magnetic field [185]. MNPs could be thf: stimulator to induce small
ml|& ==73 25 E molecule release from the liposomal delivery. Nakayama et al. used
83 SPIONSs to trigger the opening of mechanosensitive channels of large
E °E<3 & conductance (MscL) nanovalves [186]. Due to their large open.pores,

i g £ é the MscL channels presented a promising nanovalve delivery vehicle for

P : § B liposomal drugs [186].

CLS E E § i" ’ To increasi the cell targeting capacity, the MNP-liposome cF)m-
Sle g E B g gﬁ plexes were associated with transferrin [187]. Pan fzt al. synthesized
g 28 = g §°-§ E cationic lipid-coated MNPs and prepared transferrmg—coatfed MNP/

oo EE § (PEI/Plasmid DNA) complexes [187]. The transfection using these

= g § magnetic vectors required much less incubation time in the pre.sence 9f
£2% an external magnetic field, and achieved gene transfer at a'hlgh effi-
- % E §° ciency [187]. Therefore, magnetic delivery and gene transfection would
% S g E be an important future research focus, with the purpose to reduce the

g E £ % g § side effects of a specific drug for treating bone diseases, and to enhance

s o3 £gs the treatment by endogenous growth factors. o .
Bl 2% § = g The magnetic liposomes had multiple functions, including imaging
é f’ <§ g § 2% and therapy, with magnetic field, ultrasound, and MRI. Liu et al. de-

B g g signed multifunctional magnetic nanoliposomes [188]. SPIONs with a

§ go -’; -‘g diameter of about 7 nm were encapsulated 1n' the aqueous’ core of the

§ g % z 200 nm diameter liposomes, with hydrophobic ar}te.thf)le dltholethllone

5] _‘é é J é E (ADT) doped in tho's pl;lOSIJ'hollpld shell. The. specific lr}tra-t(lim;oraMaRcI-

é E 2 % = 3 cumulation and distribution were dynamlcallly monitore }:i S
§| =| & §80 Meanwhile, with ADT molecule release (organic hydrogen sulfide H,

5 % % g gmﬁ donors) in the tumor matrix, great amounts of mlcro.sme(.i bubbles of

Z E ® § § :,\ H,S were produced continuously by using an enzymatic trigger. At the

E == § E‘ £ same time, real-time ultrasound imaging was employed to evaluate the
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Fig. 6. The synergism of magnetic nanocomposite scaffolds combined with static magnetic field. (A) Characterization of the super-paramagnetic nanofibrous
scaffolds. (B) Scheme image of the scaffold pellet being implanted in the defect of transverse process of L5 of rabbits. (C) SEM image of the scaffold showing randomly
tangled nanofibers. (D) TEM image of fibers in the scaffold. (E) CT images of the bone defects for Group S and Group S + M post 10, 50 and 90 days implantation. The
arrows pointed to the defects. (F) Schematic illustration showing the combined magnetic cues from internal magnetic nanoparticles and the external magnetic field
that can influence the cell responses. (G) Schematic diagram, illustrating the integrin, BMP, MAPK and NF-kB signaling pathways in osteoblasts synergized by the
culture with SMF and magnetic scaffolds, which ultimately stimulating osteoblastic differentiation and bone regeneration. (adapted from Refs. [156,157] with
permission).

production process of the HyS microbubbles. Furthermore, when di- into the deep areas inside the tumors substantially promoted the anti-
rected by ultrasound imaging, the H,S microbubbles acted like an intra- tumor effect (Fig. 7) [188]. Thus, magnetic gene delivery systems could
tumoral bomber. It could explode to ablate the local tumor tissue when be multifunctional, performing functions that include the diagnosis,
applying a higher acoustic intensity for bubble cavitation. The rupture treatment and visualization of the disease simultaneously. Therefore,
of the microbubbles and the diffusion of high densities of H,S molecules magnetic gene delivery is very promising for stem cell-based tissue
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tumor accurate therapy. (adapted from Ref. [188] with permission).
engineering applications.

7. Magnetic labeling for in vivo visualization

Stem cell-based in vivo tracking is mostly applied to cardiovascular,
brain and kidney systems. More recently, it was also used for bone
regeneration [85]. Generally, the prerequisite was that the osteogenic
differentiation of MSCs was not negatively affected by SPION-labeling
[80,189,190]. SPIONSs in conjunction with MRI have been widely used
to image and track MSCs in vivo in a non-invasive manner [191-193]. A
study reported that the SPION-labeled BMSCs were tracked to evaluate
the migration and prognosis in an animal cartilage defect model [193].
Obvious changes in signal in the defect region after surgery on SET2-
weighted MR image were found and persisted till 24 weeks after im-
plantation of SPION-labeled BMSCs mixed with type II collagen hy-
drogel transplanted to cartilage defect in a minipig model. This would
show the distribution and diffusion of the labeled cells, thereby eluci-
dating the regenerative mechanisms and providing opportunities to
improve the current repair strategies [193].

To enhancing the labelling and homing efficiency to the target site,
MNPs of special structure and component were designed and prepared.
Huang et al. fabricated an iron-based nanocluster by combining zinc-
doped iron oxide (Zng4Fe;04) with hyaluronic acid-cholanic acid
amphiphilic polymer [194]. Zinc-doped iron oxide MNPs had greater

effect for T2 MR imaging contrast when compared to the Fe;O4 and
Feridex without zinc [195,196]. Hyaluronic acid coating could promote
the interactions with CD44, which is a specific cell surface receptor of
MSCs [197]. The hyaluronic acid coating resulted in highly effective
cellular uptake of the hyaluronic acid-Zng 4Fe; 04 nanocluster. The
iron content in the Zng4Fe; 0,4 increased the chemokine receptor
CXCR4 expression in MSCs, which could enhance the homing of MSCs
to the target site [194].

In addition to labeling the stem cells, directly labeling the scaffold
materials could be more beneficial, more informative, and easier to
translate to clinical applications [198]. Ganesh et al. reported the in-
corporation of multifunctional nano HA (MF-nHA) particles, within an
electrospun PCL nanofibrous scaffold [153]. The PCL/MF-nHA scaffolds
were mechanically stronger than the PCL/nHA scaffolds. They pro-
moted the proliferation and improved the early osteogenic differ-
entiation of hMSCs. Most importantly, the PCL/MF-nHA scaffolds are
MR-visible [153]. The amount of SPIONSs incorporated into the scaffolds
was correlated to the MR signal intensity, and the scaffold degradation
could be visualized using MRI [198].

Investigating the process of bone reconstruction on the implanted
scaffold in the defect remains a changeling. Methods such as combining
MRI with fluorescence imaging, probe-based confocal laser en-
domicroscopy (pCLE), NIR optical imaging, or micro CT could be used
to perform the evaluation non-invasively [199,200]. These methods
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analyses of MRI in vivo according to grayscale changes. Significant differences between the three groups were detected at 0 day, and 2 and 4 weeks after surgery
(mean * sd;n =9, *p < 0.05, **p < 0.01). (adapted from Ref. [78] with permission).

enabled the analyses including implant positioning, inflammation di-
vulgement, implant resorption, new trabeculae, bone texture, and other
quantitative measurements [201]. For example, gelatin sponges loaded
with SPIONs (SPION-GS) were implanted in the incisor sockets of
Sprague-Dawley rats [78]. A significant decrease in the signal intensity
of T2-weighted MRI in the SPION-GS group was found than the control.
The scaffold degradation and interactions with host tissues would cause
changes in the image intensity, which could be monitored over time
visually (Fig. 8). Micro CT showed that the SPION-GS group had more
new bone and a better-preserved alveolar ridge than blank control
group at 4 weeks. Because of the rapid degradation of GS, the number
of SPIONs was lowered quickly with time, while the number of en-
docytic SPIONSs in the cells was increased over time. The MRI success-
fully detected the these residual SPIONs along with the newly-formed
bone at 4 weeks. These results indicated that the SPIONs indeed en-
hanced the osteogenesis [78]. This method has the potential to meet the
need for non-invasive monitoring the repair process in vivo and en-
hancing the bone regeneration efficacy simultaneously.

8. Conclusions and future perspectives

Increasing amounts of experimental data indicate the great potential
of magnetic strategies for bone tissue engineering. The current cutting-
edge research involving magnetically-assisted bone tissue engineering
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approaches was summarized into the following four aspects.

First, there were many studies on the application of PEMF alone in
bone engineering, likely due to the more variable settings, compared to
SMF. There were also many studies on the combination of SMF with
scaffolds. Moderate intensities of SMFs could induce the most sig-
nificant and beneficial biological effects, compared to other types of
SMFs.

Second, for free MNPs, the responses were greater when the MNPs
were internalized into the cells rather than attached to the cells' ex-
ternal surfaces. When incorporated into the scaffolds, different dis-
tribution of MNPs inside the scaffold would lead to incongruous gra-
dients of magnetic moment and thus producing distinct effects on cell
activity. Homogeneous distribution resulted in faster bone regeneration
but relatively immature new bone. On the other hand, an in-
homogeneous distribution resulted in a higher level of bone maturity
but with less new bone formation.

Third, molecular mechanisms of the effect of magnetic induction at
the body temperature involved the activation of signaling such as the
Wnt/B-catenin and integrin signaling pathways (including focal adhe-
sion kinase, paxillin, RhoA, MAPK, and NF-xB), as well as in the up-
regulation of BMP-2 and phosphorylation of Smad1/5/8. In addition,
the angiogenic responses of endothelial cells were promoted, including
the expression of vascular endothelial growth factor (VEGF) and an-
giogenin-1 genes, as well as the formation of capillary tubes and blood
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vessels.

Fourth, with iron-based magnetic scaffolds, there were debates on
whether it was the physical effects or the chemical effects that evoked
the biological effects. However, the biological effects should be due to
both chemical (e.g., Fe") and physical effects (e.g., magnetic forces).
Carefully-designed experiments using non-magnetic iron oxide are
needed to determine each effect separately and to reveal the underlying
mechanisms.

Moreover, future work should be focus on the following three as-
pects. First, more studies are needed on the combined applications of
magnetically-enhanced cells and magnetic scaffolds, together with in
vivo non-invasive tracking of the implanted stem cells, scaffold de-
gradation and bone regeneration. Second, studies are needed to de-
termine the biological effects of power frequency (50 Hz and 60 Hz)
EMF alone and in combination with MNPs and magnetic scaffolds.
Third, the bio-safety issues of the applications of magnetic strategies in
bone tissue engineering warrant further investigation. To date, in vivo
histological studies reveal no serious inflammation or toxic effects;
however, these studies were relatively short-term. The effects of SPIONs
in vivo need to be thoroughly investigated via long-term studies.
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