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Chapter 1
Magnetically Actuated Scaffolds 
to Enhance Tissue Regeneration

Haiyan Xu, Suisui Hao, and Jiawei Zhou

Abstract  Tissue defects beyond critical sizes and organ failure are great challenges 
in human health care. Biomaterial scaffold-guided tissue regeneration is one impor-
tant and promising way to develop more effective therapeutic strategies to meet the 
clinical demands by creating microenvironments mimicking natural physiological 
conditions from the aspects of biochemistry and biophysics. The combination of 
nanotechnology in the biomaterial scaffolds have opened a new field in regenerative 
medicine and provided more powerful tools for developing strategies to modulate 
biochemical and mechanical microenvironments for tissue regeneration. In this 
chapter, we focused on the evolution and research progress of magnetic nanoparticles-
based tissue engineering scaffolds. This chapter emphasized the synergistic effects 
of magnetic scaffolds in combination with external magnetic fields on cells differ-
entiation and tissue regeneration through comprehensively reviewing the applica-
tions in multiple cells and tissues including bone, cartilage, cardiac, endothelial, 
nerve, Schwann cells, fibroblasts and macrophages, following the introduction of 
biological effects exerted by magnetic fields and magnetic scaffolds separately. The 
combination strategy allows for providing mechanical stimulations directly and 
remotely controls cells behaviors and fates in vivo without invasion, and provides 
promising platforms for drug screening in vitro and ex vivo.

Keywords  Regenerative medicine · Tissue engineering · Magnetic scaffold · 
Mechanical stimulation · Remotely control

H. Xu (*) 
Department of Biomedical Engineering, Institute of Basic Medical Sciences, Chinese 
Academy of Medical Sciences and Peking Union Medical College, Beijing, P. R. China
e-mail: xuhy@pumc.edu.cn 

S. Hao 
Department of Pharmacology and Chemical Biology, University of Pittsburgh School of 
Medicine, Pittsburgh, PA, USA 

J. Zhou 
Peking Union Medical College, Beijing, P. R. China

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5386-8_1&domain=pdf
https://doi.org/10.1007/978-981-15-5386-8_1#DOI
mailto:xuhy@pumc.edu.cn


2

1.1  �Introduction

Magnetism is a long historical and intriguing physical cue that can alter the behav-
iors of a broad range of cells; therefore, the implementation of magnetic features in 
biomaterial scaffolds may offer innovative opportunities to control cell populations 
within engineered 3D microenvironments, with the potential to enhance their use in 
tissue regeneration or in cell-based therapies. For decades, magnetic nanoparticles, 
especially iron oxide nanoparticles, have attracted intense research interests in bio-
medical fields because the manufacture technologies are maturing, and they have 
shown promising perspectives in various applications, such as bio-separation, detec-
tion and diagnosis, medical imaging, thermal treatment against tumor, and targeting 
drug delivery [1–3]. In the past decade, a new application potential of magnetic 
nanoparticles in tissue engineering and regenerative medicine has been explored 
with increasing interests from the aspects of magnetically actuated mechanical 
stimulation and remote control, by integrating magnetic nanoparticles into sub-
strates or implantable scaffolds to provide mechanical forces directly to cells grown 
on and inside. The application modality included magnetic scaffolds alone or in 
combination with external applied magnetic fields.

Motivations of integrating magnetic nanoparticles into various matrices for uses 
in tissue engineering can be summarized into following aspects: First, magnetic 
nanoparticles would form magnetic phases in microscale that distribute in matrices. 
These aggregated nanoparticles would provide local magnetic moments or mag-
netic fields, which is assumed to be beneficial to the tissue regeneration according 
to the literatures of biological effects of magnetic fields. Second, the induction of 
magnetic nanoparticles brings magnetic property to scaffolds, which endows the 
scaffolds capacity of reloading with bioagents in situ after implantation. For exam-
ple, magnetic scaffolds are expected to attract and take up growth factors, stem cells 
or other bioagents bound to magnetic nanoparticles in vivo by the guidance of an 
external magnetic field. The magnetic property of scaffolds can also be used to con-
trol microstructures of scaffolds (for example, to form aligned morphology) or to 
improve implant fixation and stability in vivo, by the remote control of external 
magnetic fields. And third, implantable scaffolds containing superparamagnetic 
nanoparticles can be magnetized by responding to external applied magnetic fields, 
which allow for generating local strain-induced deformation to apply mechanical 
stimulations directly to cells grown on the scaffolds.

This chapter will emphasize the synergistic effects of magnetic scaffolds in com-
bination with external magnetic fields on cells differentiation and tissue regenera-
tion, through comprehensive reviewing the applications in multiple cells and tissues 
including bone, cartilage, cardiac, endothelial, nerve, Schwann cells, fibroblasts, 
and macrophages, following the introduction of biological effects exerted by mag-
netic fields and magnetic scaffolds separately. The combination strategy allows for 
providing mechanical stimulations directly and remotely controls cells behaviors 
and fates in vivo without invasion and provides promising platforms for drug screen-
ing in vitro and ex vivo.

H. Xu et al.
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1.2  �Biological Effects of Magnetic Fields 
on Tissue Regeneration

Magnetic fields include static (SMF) and electromagnetic fields (EMF). The thera-
peutic functions of magnetic fields have attracted clinical and research attentions for 
many years [4]. The SMF is usually generated by permanent magnetic materials, 
and there are various methods for obtaining the electromagnetic field generated by 
an arbitrarily moving point charge in free space. The EMF can be subdivided into 
pulse electromagnetic fields (PEMFs), alternating magnetic field (AMFs), or rotat-
ing magnetic fields (RMFs). Among them, SMFs and PEMFs are used most widely. 
According to the field intensity, SMF can be classified into weak field (less than 
1 mT), moderate field (1 mT–1 T), strong field (1–5 T), and ultra-strong field (>5 T). 
It has been reported that the magnetic field with moderate intensity could enhance 
pre-osteoblasts proliferation and ECM production, and templated mineral deposi-
tion more rapidly than the control culture [5]. As an example, exposure to SMF of 
160–340 mT enhanced the bone formation of rat calvaria cells [6] through the acti-
vation of p38 phosphorylation at the cellular level to stimulate osteoblastic differen-
tiation [7]. There are also literature reports about the effects of magnetic fields on 
nerve system. For example, low-frequency magnetic fields could activate N-methyl-
d-aspartate receptors in glutamatergic Ca2+ channels to promote neuronal differen-
tiation [8] and might improve depressant behavior and cognitive dysfunction mainly 
by modulating synaptic function [9].

Impacts of the magnetic stimulation on human mesenchymal stem cells (hMSCs) 
have also been explored, as hMSCs are widely accepted as seeding cells, and the 
control of mesenchymal stem cells (MSC) by physical cues is of great interest in 
regenerative medicine. A group reported that equine adipose-derived mesenchymal 
stem cells (ASCs) exhibited higher mRNA levels of bone morphogenetic protein-
2/4 (BMP-2/4), Sox9, and type I collagen when cultured under the magnetic field of 
0.2 T. In addition, the cells cultured in the magnetic field reached the population 
doubling time earlier, because the colony-forming potential of equine ASCs was 
higher when cells were cultured under magnetic field conditions. Interestingly, 
exposure to the magnetic field increased the number of secreted microvesicles in 
comparison to the control culture as well as increased the production of growth fac-
tors [10]. Another study reported the effect of low-frequency EMF on hMSCs dur-
ing chondrogenic differentiation, the cultures were exposed to the low-frequency 
magnetic fields (5 mT) [11]. It was observed that the effect of EMF on collagen type 
II expression was cell passage-dependent and exclusively detected at higher cell 
passages. Under the EMF and the addition of human fibroblast growth factor 2 
(FGF-2) and human transforming growth factor-β3 (TGF-β3), hMSCs showed a 
significant increase in collagen type II expression at passage 6, indicating that the 
very low-frequency EMF was able to improve the growth factor-induced chondro-
genic differentiation of hMSCs, however, when growth factors were absent, there 
was no staining detected for safranin-O and collagen type II, indicating that the 
EMF could not induce chondrogenic differentiation alone. SMF exposure could 
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also affect the cell viability and capacity of osteogenic differentiation in rat dental 
pulp cells (DPCs) [12]. It is interesting to note that exposure to SMF alone did not 
affect the dental pulp cell proliferation, only when exposed to SMF with the supple-
mentary Dex/b-GP, the cell differentiation was significantly enhanced at the seventh 
and ninth day of culture when compared with the control culture, which was specu-
lated that the magnetic field played a cooperative role via the ECM-mediated activa-
tion of ERK1/2-Cbfa1 signaling, while the new ECM deposition was time 
consuming. Another study showed that the magnetic field could stimulate biological 
functions of MSC; however, the responses of cells depended strongly on the sub-
strate to which they adhere and on the crosstalk between integrin-mediated signals 
and soluble factors [13]. The results again implied that the magnetic stimulation 
alone on cells is not enough for the bone repair and regeneration, the microenviron-
ment where the bone cells live is likely to play crucial synergy roles in the regenera-
tion process. Another group had MSCs seeded in a composite scaffold composed of 
hydroxyapatite and collagen I, the construct was placed in a dynamic perfusion 
bioreactor and exposed to EMF of 15 Hz/1 mT. The applied EMF could promote 
osteogenic differentiation with the inducing medium. When implanted in a defect 
hole of 4 mm in width and 8 mm in depth that was created in each lateral femur 
condyle of rabbits, micro-CT results revealed that EMF could promote integration 
at bone–implant interface and bone regeneration after 12 weeks [14]. These results 
implied that scaffolds might be necessary as media for magnetic fields to elicit pro-
moting effects on MSCs differentiation.

1.3  �Biological Effects of Magnetic Materials 
on Tissue Regeneration

Inspired by the biological effects elicited by the low or moderate intensity of mag-
netic fields, it has been considered that magnetic materials may have positive effects 
on scaffold-guided tissue regeneration as well, because magnetic materials usually 
consist of iron (Fe), cobalt (Co), or nickel (Ni), and these materials can produce 
magnetic fields directly or indirectly, as it is well known that permanent magnets 
produce static magnetic fields (SMFs). As examples of the efforts, the roles of mag-
netic scaffolds in the guidance of bone tissue regeneration have been investigated 
largely. In case of degenerative disease or lesion, bone tissue replacement and 
regeneration are an important clinical goal. In long period the repair for critical size 
defects rely on implantable grafts that are not biodegradable. The emerging of tissue 
engineering and regenerative medicine provide the concept of developing biode-
gradable scaffolds that are 3D structural supports, allowing cellular infiltration and 
subsequent integration with the native tissue. Several ceramic hydroxyapatite (HA) 
scaffolds with high porosity and good osteointegration have been developed in the 
past few decades but they have not solved completely the problems related to bone 
defects, a major challenge is the speed of scaffold-induced new bone formation is 

H. Xu et al.
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too low to meet the clinical demand [15, 16]. Researchers have been making great 
efforts to overcome the problem; the utilization of magnetic nanoparticles is one of 
the directions.

Early investigations mainly addressed the biocompatibility of magnetic nanopar-
ticles incorporated in matrices. For example, researchers developed a simple and 
inexpensive technique able to transform standard commercial scaffolds made of 
hydroxyapatite and collagen into magnetic scaffolds by dip-coating the scaffolds in 
aqueous ferrofluids containing iron oxide nanoparticles coated with various bio-
polymers. By this way, the nanoparticles were integrated into the structure of the 
scaffolds, providing the latter with magnetization values as high as 15  emu/g at 
10 kOe [17]. These values were considered suitable for generating magnetic gradi-
ents, enabling magnetic guidance in the vicinity and inside the scaffold. It was 
reported that the magnetic scaffolds did not suffer from any structural damage dur-
ing the process, maintaining their specific porosity and shape. Moreover, they do 
not release magnetic particles under a constant flow of simulated body fluids over a 
period of 8 days, indicating the good stability of the scaffold. Computer simulations 
revealed that the magnetic field generated by magnetic scaffolds was ready within 
the useful range for in vivo applications. Cellular experimental results showed that 
the composite scaffold supported the proliferation of human bone marrow-derived 
stem cells (HBMSCs), the cells covered the whole surface and filled most of the 
macropores of scaffolds, and no statistically significant differences in cellular via-
bility and osteoblastic differentiation among all types of scaffolds at each time point 
were observed. Furthermore, the composite of hydroxyapatite (HA) dipping mag-
netic fluids was tested in a magnetic field of 320 mT, no negative effects arising 
from the presence of magnetite [18]. A comprehensive comparison study for the 
bone tissue formation was conducted by the same group in a preclinical rabbit 
model of critical femoral defect treated either with a HA/magnetite (90/10 wt%) or 
pure HA porous scaffolds at 4 and 12 weeks after implantation, indicating that both 
scaffolds were able to allow bone regeneration, and that the HA scaffold dipping 
magnetic fluids did not have short-term adverse effects on biocompatibility and 
bone formation ability [19]. Another pioneer work is to fabricate magnetic compos-
ites that were composed of CaP ceramic and magnetic nanoparticles (CaP-MNP). In 
the fabrication, superparamagnetic nanoparticles were integrated to two kinds of 
CaP ceramics, one was hydroxyapatite (HA), the other one was a composite of HA 
and tricalcium phosphate in a ratio of 65:35, named HT. When bone-related cell line 
Ros17/2.8 and MG63 cells were seeded in the composites and incubated for 4 or 7 
days, the cell proliferation was significantly promoted compared with that of non-
magnetic scaffolds. The possible influence of magnetic materials on bone morpho-
logical protein (BMP) was concerned in this investigation. BMP-2 was loaded on 
the magnetic scaffolds that were implanted subcutaneously in the fasciae of rat back 
muscles for 30 days. The in vivo test showed that the expression of BMP-2 was 
accelerated by HT containing superparamagnetic nanoparticles, and new bone-like 
tissue formation was observed, indicating the function of loaded BMP-2 was not 
affected by the incorporation of superparamagnetic nanoparticles. Importantly, it 
was observed that ALP secretion of Ros17/2.8 cells was increased on the magnetic 
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composites more than those on nonmagnetic composites after 14 days incubation, 
but the magnetic composites did not affect the ALP secretion of MG63 cells. Those 
results showed an important cue that the CaP-MNP composites could promote 
osteogenetic differentiation as well as the proliferation [20].

In addition to inorganic scaffolds, iron oxide nanoparticles are widely employed 
in polymer-based scaffolds, aiming to improve the biocompatibility and mechanical 
strength. One typical example is that a nanofibrous scaffold made by electrospin-
ning technique from a mixture of poly-ε-caprolactone (PCL) and γ-Fe2O3 nanopar-
ticles of 23 nm in diameter. The scaffolds obtained the magnetic responsive property, 
which contributed to the enhancement of adhesion and proliferation of porcine mes-
enchymal stem cells. Importantly, the PCL-based scaffold-induced osteogenic dif-
ferentiation of mesenchymal stem cells, which was evidenced by the increased ALP 
activity [21]. Similarly, magnetic nanofibrous scaffolds of PCL incorporating 
citrated magnetic nanoparticles (MNP) of 12 nm in diameter were fabricated by 
using electrospinning technique, the content of MNPs was up to 20% in the solu-
tion. The incorporation of MNPs greatly improved the hydrophilicity of the nanofi-
bers as well as enhanced the tensile mechanical properties of the nanofibers. In 
particular, the tensile strength increase was as high as 25 MPa at 15% MNPs, much 
higher than 10 MPa for pure PCL. The PCL-MNP nanofibers exhibited magnetic 
behaviors, with a high saturation point and hysteresis loop area, which increased 
gradually with MNP content. The incorporation of MNPs substantially increased 
the degradation rate of the PCL nanofibers in a content dependent manner. When 
subcutaneously implanted in rats, the composited nanofibers significantly improved 
initial cell adhesion and subsequent penetration through the nanofibers for rat bone 
marrow MSCs, compared to the pure PCL control, and increased the alkaline phos-
phatase activity and the gene expression of collagen I, osteopontin, and bone sialo-
protein. Noted that they induced substantial neoblood vessel formation which 
greatly limited in the pure PCL, while exhibited minimal adverse tissue reactions 
[22]. The same formulation of PCL and MNPs was processed into porous scaffolds 
by using salt-leaching approach, which also showed the superparamagnetic behav-
ior. When applied on bone repair, similar results were obtained, confirming the 
effects observed in the nanofibrous scaffolds. As shown that the incorporation of 
MNPs greatly improved the hydrophilicity and water swelling of scaffolds. More 
mineral nanocrystallites covered on the surfaces of the composite scaffolds than on 
the PCL scaffolds in the in vitro acellular mineralization experiment. The mechani-
cal stiffness increased significantly with the addition of MNPs when tested under 
both static and dynamic compressed wet conditions. The subcutaneous implantation 
in rats for 2 weeks revealed favorable tissue compatibility, with substantial fibro-
blastic cell invasion and neoblood vessel formation while exerting minimal inflam-
matory reactions in the testing groups [23]. From these investigations we can notice 
the important roles of iron oxide nanoparticles in the scaffolds for enhancing bone 
tissue regeneration. When make further comparison with data from above refer-
ences, it seemed the smaller the nanoparticles (23 nm vs. 12 nm), the stronger the 
enhancing effects. Another example is magnetic PLGA/PCL scaffolds that were 
fabricated using a combination of the electrospinning technique and layer-by-layer 
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assembly of superparamagnetic iron oxide nanoparticles (IONPs) greatly enhanced 
the hydrophilicity and increased the elastic modulus of the scaffolds. At the early 
stage of cell culture, the adhesion and spreading of ADSCs of IONPs group were 
more stretched and spindle-like compared to those on the control groups, which 
indicated that IONPs-containing scaffolds affected cellular behavior at an early 
stage. It could be noticed that IONPs group induced ADSCs osteogenic differentia-
tion, evidenced by the highest ALP activity. Higher mineralization rate also con-
firmed the importance of magnetic nanomaterials as a bioactive interface between 
cells and scaffolds [24].

Chitosan and collagen are two kinds of biological materials widely investigated 
for scaffolds fabrication. A group prepared composite scaffolds containing hydroxy-
apatite nanoparticles (nHAP) and Fe3O4 nanoparticles (Fe3O4 NPs), and the sub-
strate of the scaffolds was the mixture of chitosan and collagen (CS/Col). It is 
interesting that during the cell culture, a mass of hydroxyapatite microparticles 
could be observed forming on the surfaces of scaffolds containing Fe3O4, whereas 
did not on the surface of CS/Col/nHAP, suggesting that Fe3O4 NPs enhanced min-
eralization. The composite scaffolds (CS/Col/Fe3O4/nHAP) not only showed supe-
rior structural and mechanical performance for pre-osteoblasts cell line MC3T3-E1 
cells adhesion and proliferation, but also had a higher bone regeneration ability 
when implanted into the SD rats’ skull defects comparing to control group [25]. In 
another kind magnetic scaffold composed of HA, collagen, and magnetic nanopar-
ticles, the magnetic phase could act as a sort of cross-linking agent for the collagen, 
inducing a chemical-physical-mechanical stabilization of the material and allowing 
for the control of the porosity network of the scaffold, while the hydroxyapatite 
(HA) was directly nucleated onto collagen fibers during their self-assembly, repre-
senting the biomineral calcium phosphate phase [26]. Gelatin is also one widely 
applied biological material in tissue engineering. When integrated with superpara-
magnetic nanoparticles (SPIONs), the magnetic gelatin sponge (GS) was implanted 
in the incisor sockets of Sprague-Dawley rats sacrificed at 2 and 4 weeks. In addi-
tion to the enhancement of the bone regeneration, the scaffold degradation and 
interaction with host tissues could be visually monitored over time by MRI, and a 
significant decrease in the signal intensity of T2-weighted magnetic resonance 
imaging (MRI) was also observed. This is another advantage of superparamagnetic 
iron oxide nanoparticles, the residual SPIONs, together with newly formed bone 
[27]. Magnetic composites also showed application potentials in the treatment of 
tumor related-bone defects. For example, magnetic SrFe12O19 nanoparticles 
modified-mesoporous bio-glass (BG)/chitosan (CS) porous scaffold (MBCS) not 
only triggered tumor apoptosis and ablation by elevating the temperatures of tumors 
under the irradiation of near-infrared (NIR) laser, because the SrFe12O19 nanoparti-
cles in MBCS improved the photothermal conversion property, but also promoted 
the expression levels of osteogenic-related genes (OCN, COL1, Runx2, and ALP) 
and the new bone regeneration by activated BMP-2/Smad/Runx2 pathway, indicat-
ing the osteogenic differentiation was effectively induced by the magnetic compos-
ite nanoparticles. In this process, the residual SPIONs and newly formed bone could 
be monitored in the treatment of tumor related-bone defects [28]. Another example 

1  Magnetically Actuated Scaffolds to Enhance Tissue Regeneration
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is the fabrication of 3D porous Mg2SiO4-CoFe2O4 nanocomposite scaffolds with 
interconnected porosity and desirable mechanical properties close to cancellous 
bone, loading chemotherapeutics for bone cancer treatment. When exposed with 
electromagnetic fields of 100, 125, 150, and 200 Oe under 200 kHz, the scaffolds 
could produce heat for hyperthermia-based chemotherapies and displayed good 
biocompatibility with MG63 cells [29]. Nevertheless, it should be noted that there 
were literatures reporting no osteogenestic differentiation was induced by poly-
meric magnetic scaffolds. For instances, the induction of osteogenestic differentia-
tion was not detected upon the electrospun membrane of integrating magnetic 
nanoparticles of Fe3O4 into biodegradable chitosan (CS) and poly vinyl alcohol 
(PVA), though human osteoblast-like cells MG63 grew well on the composite scaf-
fold [30]. The electrospun membrane composed of poly(lactic-co-glycolic acid) 
(PLGA) and hydrophobic superparamagnetic nanoparticles (MNPs) showed good 
biocompatibility and significantly promoted cell proliferation compared with PLGA 
nanofibrous scaffold. Again, the composite scaffolds had no effects on the differen-
tiation of MC3T3-E1 cells [31].

As for the dental tissue regeneration, magnetic scaffolds are being investigated in 
recent years, which is still an unmet clinical need. So far, no therapies have been 
completely successful in regenerating dental tissue complexes such as periodon-
tium. One of the major challenges is the lack of scaffolds that can guide and direct 
cell fate toward the reconstruction of different mineralized and nonmineralized den-
tal tissues. The osteogentic effect was reported by using magnetic scaffolds in some 
investigations. For example, composite foam-like scaffolds of PCL and Fe3O4 
nanoparticles were fabricated by a salting out procedure, there were pores ranging 
from 250 to 500 μm inside of the scaffold, the size distribution was considered suit-
able for cellular population and odontogenic differentiation. When human dental 
pulp cells (HDPCs) were cultured on the magnetic composite scaffolds containing 
Fe3O4 nanoparticles up to 10 wt%, they exhibit good viability. It is interesting that 
the migration rate of the cells was enhanced after incubated with the composite 
scaffolds, determined by the in vitro scratch assay. At the same time, the adhesion 
of HDPCs was significantly promoted. Furthermore, the magnetic scaffolds signifi-
cantly influenced the odontogenic differentiation of HDPCs, supported by the 
increased ALP activity, mRNA expression of odontogenic markers, and mineralized 
nodule formation. Mechanisms may include the upregulation of integrin subunits of 
α1, α2, β1 and β3, and the activation of downstream pathways including FAK, pax-
illin, p38, ERK MAPK, and NF-κB [32]. The magnetic scaffolds with nanofibrous 
structures were also showed similar positive effects on the human dental pulp cell 
(HDPCs) behaviors. The growth of HDPCs was significantly enhanced on the mag-
netic scaffolds compared with that on the nonmagnetic counterpart. The odonto-
genic differentiation of cells was significantly upregulated by the culture with 
magnetic scaffolds. Furthermore, the magnetic scaffolds promoted the HDPCs-
induced angiogenesis of endothelial cells. Mechanistic studies indicated that the 
expression of signaling molecules, Wnt3a, phosphorylated GSK-3β and nuclear 
β-catenin, was substantially stimulated by the magnetic scaffolds; in parallel, the 
MAPK and NF-κB were highly activated when cultured on the magnetic nanofiber 
scaffolds [33]. Considering that tooth is a complex organ made of highly 

H. Xu et al.
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mineralized tissues where the nonmineralized periodontal ligament (PDL) connects 
the alveolar bone to the cementum and ensures tooth functionality and stability, a 
very compact scaffold was made by integrating three layers, one was the bone-like 
layer, consisting iron-doped hydroxyapatite (FeHA), acting as mineral phase nucle-
ated on collagen fibers; the second one was a ligament-like layer consisting of col-
lagen, the third one was the cementum-like layer consisting of FeHA and cellulose 
acetate (CA), preserving its dense morphology. The scaffold was endowed with a 
superparamagnetic ability and showed that the chemical composition and morphol-
ogy of the scaffolds favor substantial cell viability and proliferation [34].

Magnetic nanoparticles are also utilized as carriers of loading growth factors in 
the treatment of spinal cord injuries and might act together as imaging contrast to 
monitor the healing process by MRI. For example, free bFGF has short half-life of 
about 3–10 min due to rapid enzymatic degradation, this disadvantage leads to loss 
of biological activity and functions. A magnetic fibrin hydrogel scaffolds were pre-
pared by blending thrombin-conjugated γ-Fe2O3 nanoparticles with fibrinogen to 
form magnetic fibrin hydrogel, with the addition of magnetic nanoparticles conju-
gated with basal fibroblast growth factor (bFGF). The composite hydrogel was 
applied to human nasal olfactory mucosa (NOM) cells that are primary cells of 
interest for implantation into spinal cord injuries. The conjugated bFGF enhanced 
the growth and differentiation of the NOM cells in the fibrin scaffolds significantly, 
compared to the same or even five times higher concentration of the free bFGF. In 
the presence of the bFGF-conjugated magnetic nanoparticles, the cultured NOM 
cells proliferated and formed a three-dimensional interconnected network com-
posed mainly of tapered bipolar cells [35].

Data collected from some of above investigations were summarized in Table 1.1. 
It is seen that all the magnetic scaffolds showed biocompatibility, in some cases 
magnetic scaffolds alone did not induce osteogenesis though some did. It seems 
whether magnetic scaffolds could induce osteogenic differentiation or maturation is 
largely involved with the cell type and the chemistry and microstructures of scaf-
folds. And should be noted that even the osteogenesis was induced by magnetic 
scaffolds, there was still a large space for the degree to increase.

1.4  �Combination of Magnetic Scaffolds and Magnetic Fields 
to Accelerate Tissue Regeneration

The combination of magnetic scaffolds and magnetic fields has emerged since 2010. 
This strategy’s aim is to provide stronger and remotely controllable stimulations to 
bone-related cells to enhance osteogenesis and new bone formation. In recent years, 
this combination strategy has gained increasing research interests and has been 
demonstrated effective to multiple cell type including bone, cartilage, endothelial, 
nerve, fibroblasts, macrophages, and Schwan cells. Data from some investigations 
are summarized in Table  1.2, the magnetic component, magnetic field strength, 
scaffolds composition, and biological effects were emphasized.

1  Magnetically Actuated Scaffolds to Enhance Tissue Regeneration
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1.4.1  �Bone

To verify whether magnetic scaffolds can be actuated by external applied magnetic 
field and play roles together in the scaffold-guided bone tissue regeneration, a nano-
fibrous composite film was fabricated with poly lactide (PLA), hydroxyapatite 
nanoparticles (nHA), and γ-Fe2O3 nanoparticles of 14 nm in diameter by using elec-
trospinning technique, while nanofibrous films composed of PLA and nHA was 
fabricated as control. The magnetic composite film displayed superparamagnetic 
property, showing an almost immeasurable coercive force and remanence. For the 
cell culture, the films were placed on the bottom of cell culture wells, and the static 
magnetic field (MF) was set up by fixing permanent magnets to the culture system. 
There was a high intensity area along the plate sides, which decreased sharply and 
form a homogeneous and low intensity area in some culture wells with the intensity 
of 1 mT, where pre-osteoblasts (MC3T3-E1) were seeded. It was not surprise that 
the superparamagnetic nanoparticles of γ-Fe2O3 embedded in the fibers and the 
applied static magnetic field acted in a synergistic way to boost the cells prolifera-
tion, but striking and more importantly, the combination strategy enhanced the 
osteogenic differentiation of cells, evidenced by the significantly increased ALP 
amount after 17 days of culture than that on the same composite films but without 
the applied magnetic field. This result for the first time clearly showed a sign that 
γ-Fe2O3 nanoparticles incorporated in the PLA and the magnetic field enhanced the 
osteogenesis in a synergistic way [36]. Further animal experiments validated this 
concept in vivo. The magnetic composite film was folded into scaffolds with proper 
shape and size and implanted in white rabbit model of lumbar transverse defects. 
The rabbits after surgery were housed in cages, permanent magnets were fixed to 
the two sides of the cages to provide static magnetic field of 25 mT in the middle 
area or housed in normal cages as control. The rabbits implanted with magnetic 
scaffolds and stayed in the magnetic cages showed faster new bone formation and 
scaffold degradation than those stayed in normal cages (Fig. 1.1). Besides, the for-
mer exhibited the higher level of OC and collagen in the tissue of implanted scaf-
fold, indicating more new bone formation. More evidence came from the monitoring 
by CT scan. The CT images showed incomplete fracture in the right transverse 
process in group of magnetic scaffold (group S) and the combination of magnetic 
scaffold and magnetic field (group S+M) on day 10 after implantation, when the 
filled defect exhibited not homogeneous with blurred bright spots in the two groups. 
On the day 50, the cortical bone had become connected and homogeneous, and the 
bone marrow cavity was mostly clear for group S+M, instead, there was still nonho-
mogeneous bone density hyperplasia for group S (Fig. 1.2). These indicated that the 
applied static magnetic field promoted the density increase of the defects area. On 
the day 90, bony connection was further improved in both groups. The newly formed 
bone in group S+M became more homogenous, and the shape was close to that of 
natural bone, suggesting the repair process had completed, while the process in 
group S not yet [37]. These results indicated that the combination of superparamag-
netic scaffold with external applied magnetic field provided a novel strategy for 

1  Magnetically Actuated Scaffolds to Enhance Tissue Regeneration
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