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Abstract: Tissue engineering or tissue reconstruction/repair/regeneration may be considered as
a guiding strategy in oral and maxillofacial surgery, as well as in endodontics, orthodontics, peri-
odontics, and daily clinical practice. A wide range of techniques has been developed over the past
years, from tissue grafts to the more recent and innovative regenerative procedures. Continuous
research in the field of natural and artificial materials and biomaterials, as well as in advanced scaffold
design strategies has been carried out. The focus has also been on various growth factors involved
in dental tissue repair or reconstruction. Benefiting from the recent literature, this review paper
illustrates current innovative strategies and technological approaches in oral and maxillofacial tissue
engineering, trying to offer some information regarding the available scientific data and practical
applications. After introducing tissue engineering aspects, an overview on additive manufacturing
technologies will be provided, with a focus on the applications of superparamagnetic iron oxide
nanoparticles in the biomedical field. The potential applications of magnetic fields and magnetic
devices on the acceleration of orthodontic tooth movement will be analysed.

Keywords: magnetism; tissue engineering; design for additive manufacturing; 3D/4D printing;
SPIONs; dentistry

1. Introduction

Various dental diseases including congenital defects, tooth loss, or trauma affect
more than 3.9 billion people [1], making necessary intervention related to tissue repair or
reconstruction to restore oral or maxillofacial functionalities [2,3].

Sustainable approaches must be developed to improve oral health and to re-direct
oral health research towards a “social determinants” model, as evidenced by the studies
conducted by Sheiham et al. [4,5], and for a closer collaboration–integration between
general- and dental health research [6].

According to the World Health Organization, 5–10% of healthcare budgets are repre-
sented by dental treatment costs and other costs are related to absences from work [7].

The molecular control over cells behaviour during embryonic tooth development has
gained great attention, thus generating improved awareness regarding the genesis of dental
tissues as well as on teeth regeneration [8].

Tissue engineering or tissue reconstruction/repair/regeneration represents a major
interest in periodontics, oral and maxillofacial surgery, endodontics, orthodontics, and
even daily clinical practice. A vast array of techniques has been studied and developed
over the years, starting from tissue transplants to more innovative and recent regenerative
practices involved in the concept of tissue engineering. Recently, continuous research has
been performed in the field of biomaterials and scaffolds, artificial and natural materials,
genes, stem cells from dental follicle, deciduous teeth, dental pulp, periodontal ligament,
salivary glands, and adipose tissue. The attention has also been focused on various growth
factors involved in dental tissue repair or reconstruction [8,9].
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Some recent studies evidenced a strong correlation between oral bacteria and neu-
rodegenerative disorders (i.e., Alzheimer’s disease (AD)). Pathogenic bacteria present in
dental plaque could enter into the bloodstream and their metabolites/derived molecules
pass through the blood–brain barrier (BBB), after negatively affecting its permeability, and
reach the brain, promoting an increase in the levels of inflammatory cytokines, and cell and
vascular adhesion molecules [10].

In this scenario, an intriguing strategy towards the development of 3D multifunctional
hybrid structure combined with active/antibacterial systems and magnetic stimulation
could improve periodontal tissue prevention and treatment or repair.

This review paper reports current innovative strategies and technological approaches
in oral and maxillofacial tissue engineering. Notions dealing with the available scientific
data and practical applications are reported. Starting from an introducing to tissue engi-
neering, an overview on additive manufacturing technologies is provided. The applications
of superparamagnetic iron oxide nanoparticles (SPIONs) in the biomedical field are also
analysed, with a particular focus on bone and maxillofacial tissue repair. We look towards
magnetic fields effects and potential applications on the acceleration of orthodontic tooth
movement. In this scenario, an important thought towards the development of 3D mul-
tifunctional hybrid structure combined with active/antibacterial systems and magnetic
stimulation could improve periodontal tissue prevention and treatment or repair.

2. Tissue Engineering

Aspects related to the engineering and manufacturing of “replacement tissue” are often
identified with the term “tissue engineering” (TE), thus providing organ analogues, which
are obtained from patients’ own cells, and functional tissues, offering an alternative method
to grafts or transplants [9]. This method became increasingly important in dental and
maxillofacial regenerative medicine, providing novel opportunities for the reconstruction
of periodontium, teeth, bones, oral mucosa, skin, conjunctiva, temporomandibular joint,
cartilage, bone, nerves, muscles, tendons, and blood vessels in the oral/maxillofacial
area [9].

TE represents a valuable alternative for specific tissue defect reconstruction, because
of the available bioengineered resources. Current treatments recognized as gold standard
are often related to many disadvantages for patients, such as loss of motor and senso-
rial functionalities of craniofacial structures, high risk of inflammation and infection, or
unpredictable compatibility for autologous grafts [11].

Three pillars support tissue engineering: (i) Stem cells/progenitor cells, which are
responsible for the synthesis and deposition of new extracellular matrix (ECM); (ii) sig-
nalling/growth factors for promotion of functionalities; (iii) scaffolds, as a support for
cell adhesion, proliferation, and differentiation, as well as for the aspects related to ECM
biosynthesis (Figure 1).
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Cells communicate with each other and with their environment, being influenced
by different aspects concerning scaffold biomaterials, surface chemistry, topography, and
roughness [12,13]. The combination of cells, scaffold and signalling pathway is responsible
for correct damaged tissue replacement, with similar function to the original tissue or with
the capability of stimulating the regeneration of the damaged tissue [14,15]. Stem cells,
chondrocytes, fibroblasts, and keratinocytes derived from human or animal origin have
been adopted in clinical studies towards tissue engineering and regenerative medicine [16].

Scaffolds and biomaterials represent crucial elements in dental tissue engineering,
since they can be adopted as: (i) adhesion sites for surrounding tissues cells during the
regeneration, (ii) template for tissue regeneration, (iii) source of implantable odontogenic
cells which are capable to differentiate into required cell type, and (iv) carrier for bioactive
molecules, such as growth factors, which may improve regenerative potential [17,18].

Tissue engineering approach involves cells and biomaterials, adopting an array of
scaffold design and optimization strategies.

A wide variety of biomaterials is widely employed in oral and maxillofacial TE
strategies. Examples are natural organic, synthetic organic, or even inorganic materials.

Natural organic materials include peptides (e.g., gelatin and collagen) and polysaccha-
rides (e.g., agarose, alginate, chitosan). Synthetic organic materials which are commonly
used are poly(lactic acid) (PLA), poly(caprolactone) (PCL), poly(lactic-co-glycolic acid)
(PLGA), and poly(glycolic acid) (PGA) [19].

On the other hand, examples of the most used inorganic materials in bone replacement
are glasses or calcium phosphates (e.g., β-tricalciumphosphate, hydroxyapatite,) and
cementitious complexes of calcium silicate or calcium phosphate [20].

2.1. Scaffold Design Strategies

Among all the scaffold design strategies, additive manufacturing methodologies
have emerged as powerful tools for obtaining polymeric and/or micro- nano-composite
structures with an appropriate and controlled morphology and porosity. The chemical
structure of the scaffold material and its internal architecture (filaments and walls diameter,
and porosity) control and modulate the biological performances of the cells [21].

Cell behaviour over time is strictly connected to pores morphology and dimensions.
Furthermore, a fully interconnected porosity is crucial for the ingrowth of surrounding
tissues [22]. An interconnected and open porosity enhances mass transport properties
and the elimination of waste generated by cellular metabolism [23]. Furthermore, the
enzymatical or hydrolytic degradation of polymers represents an added value. Natural
polymers such as chitosan, alginate, collagen, and gelatin are frequently used as bioinks and
subject to enzymatic degradation, due to the presence of microorganisms in the biological
environment [24]. The availability and concentration of respective enzymes is strictly
connected with the rate of enzymatic degradation.

Hydrolytic degradation of synthetic polymers is related to the splitting of hydrolyt-
ically sensitive bonds, resulting in bulk or surface erosion, which is crucial for the de-
termination of the best choice for different applications [25]. Surface erosion implies the
preservation of mechanical integrity, also enhancing bone ingrowth, and ensuring gradually
scaffold substitution by new bone tissue [26].

Generally, polymers can be processed in order to obtain porous structures which are
capable of facilitating the transport of growth factors, nutrients, anabolites and catabolites,
and controllable degradation [27]. Furthermore, composite materials may properly be
adopted because of their versatility resulting from the combination of organic and inorganic
phases. Recent studies on this subject have highlighted the innovation of targeted and
scaffold-assisted regeneration of enamel, dentin, and cementum [28].

Biocompatible, biodegradable, porous, and without toxic metabolites materials adopted
as scaffold fabrication materials for dental regeneration approaches must possess other
peculiar characteristics suitable for the specific environment and that make them applicable
to the oral cavity: pH, temperature, microorganisms’ interaction, and mastication forces.
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In order to achieve these properties, most scaffolds mimic the structure of the natural
ECM, thus avoiding inflammatory responses. In this context, the development of smart
immunomodulatory biomaterials which prevent foreign body reaction on the patients and
regulate the immunological microenvironments to ensure cell survival is crucial [29,30].

Biomimetic porous PLGA microspheres coupled with peptides have been prepared
to mimic natural tissues in terms of chemical composition and structure and adopted as
biomimetic and bionic smart scaffolds [31].

MSCs, bone marrow, and macrophages behaviour over time has been analysed in
conjunction with amino-functionalized bioactive glass scaffold [32]. β-tricalcium phos-
phate coatings on Mg scaffolds have been also analysed to modulate its harmful osteoim-
munomodulatory properties [33].

Shape-memory porous smart scaffolds for bone repair defects have been also proposed.
In particular, bone morphogenetic protein2-loaded shape-memory porous nanocompos-
ite scaffolds have been developed adopting nanoparticles of poly(ε-caprolactone) and
hydroxyapatite with shape-memory recovery which were chemically crosslinked [34].
Furthermore, 3D flexible piezoelectric poly(vinylidene fluoride-trifluoroethylene) (PVDF-
TrFE) fibrous scaffolds were obtained and adopted for MSCs differentiation and novel
tissue formation [35], whilst an electrospun PVDF-TrFE fibre scaffold containing zinc oxide
nanoparticles was highlighted to promote human MSCs performances in terms of adhesion
and proliferation and also to enhance the blood vessel formation [35].

Interesting approaches involve the use polymers and hydrogels of materials that can
modify their behaviour as response to an endogenous and/or exogenous stimulus, at
the same time allowing the delivery of the required amount of drug on-demand [36–38].
Oral controlled-release drug delivery carrier has been developed adopting pH-responsive
bacterial cellulose-g-poly(acrylic acidco-acrylamide) hydrogel [38], or a poly(ethylene
glycol) hydrogel loaded with drugs by β-eliminative linkers [39]. PH-responsive drug
release capability has been also demonstrated for farnesol-loaded nanoparticles, composed
of 2-(dimethylamino)ethyl methacrylate, butyl methacrylate, and 2-propylacrylic acid [40].

Multifunctional nanoparticle-based drug delivery systems represent another intrigu-
ing strategy in bone repair. For example, mesoporous silica nanoparticles have been
decorated with a bone-forming peptide and encapsulated into arginine–glycine–aspartic
acid-treated alginate hydrogel [41].

Biomimetic drug delivery systems have been also obtained employing dendrimers,
hydrogels, liposomes, micelles, polymeric carriers, and their nanostructures [42,43].

Dental and periodontal regeneration has been promoted employing smart biomaterials
and constructs, such as multi-layered structures. In this context, bilayered PLGA/calcium
phosphate structures or tri-layered nanocomposite scaffolds based on PLGA reinforced
with nanobioactive glass ceramic and/or growth factors have been developed [44,45].

PH responsive smart dental resins have been adopted in tooth structures preservation
and protection, by analysing, i.e., dental composites containing nanoparticles of amorphous
calcium phosphate and tetracalcium phosphate [46].

PH-sensitive materials are characterized by a selective inhibition of acid-producing
bacteria. Examples are cationic poly(phenylene vinylene) derivative, and pH-sensitive
quaternary pyridinium salts, for which the antibacterial potency can be controlled by
varying the pH [47,48].

Furthermore, oral biofilm composition could be modulated by advanced and smart
resins, at the same time avoiding drug resistance. Dental resins containing quaternary am-
monium methacrylates such as 12-methacryloyloxy dodecyl pyridinium bromide, methacry-
loxylethyl cetyl dimethyl ammonium chloride, quaternary ammonium polyethylenimine,
and dimethylaminododecyl methacrylate showed the ability to decrease the biofilm via-
bility and lactic acid production [49–51]. Antibacterial-coated material to enhance wound
healing and tissue regeneration have been developed adopting different absorbable or
non-resorbable, natural/synthetic materials, also assessing mechanical properties, and bac-
terial adherence [52]. It is worth noting that the oral cavity hosts a plethora of tissues with
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diverse functions. This complex environment hosts cells, bacteria, viruses, and fungi [53].
Several studies highlighted potential correlation between dental procedures (i.e., surgical
and non-surgical), periodontal disease, systemic, and/or cardiological diseases (i.e., infec-
tive endocarditis) [54]. Cardiovascular and neurological disorders should be correlated
with low-grade chronic inflammation by periodontal pathogens [54]. This complexity of
factors offers the healing particularities and challenges for further studies in the oral cavity
treatments [53].

2.2. Additive Manufacturing Technologies for Oral Tissue Engineering

Recent advancements in process and manufacturing technologies open novel per-
spectives in multifunctional scaffolds design with physical–chemical features similar to
the ECM ones, thus acting as a microenvironment for cell adhesion, proliferation, and
differentiation [55,56].

Additive manufacturing (3D printing) of biomaterials offers promising perspectives
in the field of bioengineering [57], especially towards tailorable clinical applications or
personalized medicine (e.g., patient-specific devices).

Techniques involving extrusion of living cells along with other materials (3D bio-
printing) [58], and non-cellular manufacturing methods can be included among additive
manufacturing techniques for medical and tissue engineering applications.

3D bioprinting consists in the layer-by-layer deposition of specific “bioinks”, biological
constituents, biochemicals and/or living cells, also enabling the on-demand “printing” of
cells, tissues, and organs [59–61]. 3D tissue engineered structures obtained via 3D bioprint-
ing can be optimized and tailored by combining diverse bioprinting techniques [62,63].

Small ink droplets deposition into specific coordinates can be obtained via Inkjet
bioprinting driven by thermal or piezoelectric actuation [64].

Pulsed laser source, a ribbon, and a receiving substrate characterize laser-based bio-
printing, in which biological material, in liquid form, is irradiated by the laser, evaporates,
and reaches the receiving substrate as droplets. High-resolution printing of biological
material can be obtained via laser-based bioprinting [65]; however, sometimes resulting in
compromised cell viability [66].

Stereolithography bioprinting is characterized by a photo-crosslinking light source
which hits a specific bioink from a reservoir with a precise trajectory to obtain the desired
pattern onto a movable platform [67].

Biomaterials in form of solutions, pastes or dispersions can be adopted in pressure-
assisted bioprinting, in which a filament is pneumatically extruded through a micronee-
dle [68].

Bioink features possess key features in the fabrication process having to be biocom-
patible and biodegradable, deformable and flowable, at the same time ensuring certain
properties and morphology after printing [69–72].

Polymers, ceramics, hydrogels, and composites, currently used in tissue engineering
can be employed as bioinks, with ever new and constantly evolving possibilities. However,
it is important to underline that cells fate should be altered during the bioprinting process
of cellularized bioinks [73–76].

To this aim, “non-cellular” additive manufacturing approaches have been adopted in
oral and maxillofacial tissue engineering, with their advantages and disadvantages [77–81].
Table 1 reports a summary of the “non-cellular” additive manufacturing techniques adopted
in tissue engineering. Obviously, it is constantly evolving and updating.
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Table 1. Additive manufacturing methods for oral tissue engineering. Adapted from [2].

Additive Manufacturing Method Biomaterial Type

Vat polymerization;
powder bed fusion;

fused deposition modelling;
binder jetting

Hydroxyapatite Bioactive/non-degradable
ceramic

Vat polymerization Bio glass Bioactive ceramic

Powder bed fusion Calcium silicate Bioactive ceramic

Binder jetting;
vat polymerization;

fused deposition modelling
β-tricalcium phosphate Bioactive/biodegradable

ceramic

Powder bed fusion;
fused deposition modelling Polycaprolactone Biodegradable polymer

Fused deposition modelling Polymer-based
micro-nano-composites Biodegradable polymer

Fused deposition modelling Poly(lactic acid) Biodegradable polymer

Material jetting;
fused deposition modelling

Poly(lactic acid-co-glycolic
acid) Biodegradable polymer

3. SPIONs in the Biomedicine

Advanced strategies to improve hard tissue regeneration consists in the application of
a magnetic field and magnetic nanoparticles, which have a strong influence on cell fate.

The use of static and pulsed magnetic field (SFM, PMF) in regenerative medicine has
been often associated to increase of bone regeneration, wound healing and also to magnetic
resonance technique.

The concept of magnetism in the medical field was firstly introduced in 1970 by
Freeman and his research group [82]. Since then, numerous research advancements on
different types of magnetic particles and on different ways for their use by optimizing their
properties have been performed. Superparamagnetic iron oxide nanoparticles (SPIONs)
are synthetic particles made up of maghemite (γ-Fe2O3), magnetite (Fe3O4), and hematite
(α-Fe2O3) characterized by a core diameter between 10 and 100 nm and a coating for drug
or protein loading, thus making SPIONs able to be carried to a specific tissue through the
use of an external magnet. SPIONs are magnetisable up to a saturation value in the presence
of an external magnetic field. When the application of the magnetic field is interrupted,
the nanoparticles will not show residual magnetisation. This property is a function of the
size of the nanoparticles and usually takes over for values of at least 10–20 nm in diameter.
Below these values the system does not have the multiple domains that are instead present
in all the larger magnets and on the contrary behaves like a “single super spin” with high
magnetic susceptibility.

SPIONs, for their physical, chemical, thermal, and magnetic, have been largely em-
ployed in different biomedical areas like cell labelling and cell separation; magnetic reso-
nance imaging (MRI); tissue repair; magnetofection; hyperthermia; treatment of arthritis
and drug delivery. Cell labelling with iron/paramagnetic represents a method used for
in vivo cell separation and to ensure that labelled cells should be identified by MRI. In vivo
cell labelling and separation techniques adopts two different approaches: attachment of
magnetic nanoparticles on the external cell surface or internalization of biocompatible
magnetic nanoparticles through fluid phase endocytosis, receptor mediated endocytosis or
phagocytosis [83–86].

A strategy for effective and specific cell marking with magnetic nanoparticles consists
in modifying the surface of the nanoparticles with different kinds of specific ligands, in
such a way that the cell does not only recognizes the system but internalizes it through
receptor-mediated endocytosis [87]. The SPIONs, suitably functionalized with organic
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molecules, can act as markers of specific cells in vivo; they can be used, for example, to
identify tumour areas especially in the liver and lymph nodes. Another application is to
functionalize the SPIONs with specific ligands for some biomolecules to act as a DNA
marker to identify “wrong” sequences. Tissue repair involves transplanting stem cells into
injured tissues, which growing, proliferating, and differentiating repair tissue damage. In
this field the SPIONs have been proposed as tools to support stem cells and allow their
delivery to desired sites. If the stem cells are labelled with SPIONs, it makes it easier to
trace them inside the body using, for example, MRI. In doing so, in fact, it will be possible
to follow the path of stem cells in vivo without using invasive techniques [88,89].

SPIONs are biocompatible magnetic nanoparticles and approved by the Food and
Drug Administration (FDA) as contrast agents. The magnetic susceptibility of the nanopar-
ticles makes the whole system a good contrast agent for MRI; moreover, they can undergo
superficial modifications allowing different types of stem cells anchoring. Superparam-
agnetic nanocrystals of iron oxides act as contrast agents in MRI (magnetic resonance
imaging), a technique used in the medical field that measures the relaxation of proton
nuclear spin in tissues, managing to transform the signals into an image. Micrometric
magnetic particles or chelated complexes of magnetic ions injected into tissues act as proton
relaxation agents. Magnetic nanocrystals offer the advantage of being able to flow in the
blood for a longer time than larger crystals, thus providing capillary walls crossing and
reaching the lymph nodes.

The use of hyperthermia for malignant tumours treatment have been widely investi-
gated. The magnetic field cannot be absorbed by living tissues and is applied to deep areas
of the body. When magnetic nanoparticles undergo the action of an alternating magnetic
field, the magnetic loss of hysteresis generates heat. The amount of generated heat varies ac-
cording to the nature of the magnetic material and the parameters of the field. The magnetic
particles incorporated inside the tumour cells subjected to an oscillating magnetic field,
warm up, reaching a different temperature that depends on the strength of the magnetic
field, the magnetic properties of the material, the frequency of oscillation and the cooling
capacity of the blood flow in the site where the tumour is present. Therefore, as cancer
cells are sensitive to high temperatures will be destroyed when the temperature reaches
values close to or above 43 ◦C, while normal cells, more resistant to high temperatures,
will survive [90]. In magnetofection, superparamagnetic nanoparticles linked with DNA
vectors are transfected inside the cells through the application of the external magnetic field.
For this reason, superparamagnetic nanoparticles must be coated with polycations, such as
polyethylene (PEI) [91]. SPIONs are able to release the gene of interest into the nucleus,
once passed the endosomal barrier. Nanoparticles will be forced to follow the magnetic field
by using permanent or alternating magnets, thus avoiding free diffusion. Recently, systems
based on SPIONs and corticosteroids, have been shown to be useful in solving the problem
related to arthritis therapy. In particular, corticosteroids directly injected directly into
the affected joints can cause crystals formation over time and consequent joint infections.
By using the external magnetic field, these systems can be retained in the joint capsules
avoiding repeated injections and elimination due to macrophage and drainage systems [92].
Finally, an important application of SPIONs provides for the specific distribution of the
drug, drug delivery systems (DDS), at the site of action. The functionalization of the surface
of the SPIONs makes them excellent drug carriers that are thus directed into the organ
target and released there. In fact, by applying the external magnetic field it will be possible
to target the drug delivered to a specific site, thus reducing the doses to be administered
and the potential harmful side effects [93–95]. Properly designed carriers can be applied in
numerous pharmaceutical fields, for oral administration, for sustained release, for drug
targeting at specific sites, and for parenteral administration of anticancer drugs. For such
application, the size, the surface chemistry, and charge of the magnetic particles are very
crucial, as they have the effect on the circulation time in the blood and the bioavailability of
the particles within the body [96].
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The introduction of SPIONs in tissue engineering approaches, in particular for bone
regeneration, has been recently implemented. Efficient scaffold fixation could be obtained
adopting magnetic scaffolds and magnetic forces, thus providing a smart solution for the
treatment of wide bone defects. Conventionally, fixation is ensured by external systems,
such as intramedullary nails, plates and screws which require a constant control and
multiple surgical interventions. To this purpose, the application of a magnetic scaffold
highlighting a saturation value of 17 emu/g represents an innovative magnetic fixation
approach [97].

Magnetic force-based tubular and sheet-like structures have been also proposed for
tissue engineering purposes adopting magnetite NPs and magnetic force [98,99]. Mag-
netic force mechanical conditioning bioreactors for tissue engineering have been also
suggested [100], highlighting the possibility to have a control on cell function through the
application of an external magnetic field by binding MNPs on cells surface [101]. Magnetic
scaffolds may produce higher magnetic field gradients, thus providing significant magnetic
attractive forces. A superparamagnetic material, used for magnetic scaffold design and
development, may reach appropriate magnetisation values for ferrofluid or MNPs adhesion
when applying an external magnetic field [102], but it may also be magnetically “turned
off” by removing the applied magnetic field, thus providing magnetic gradients suitable
for the attraction of cells or other bioagents linked to MNPs.

The possibility of obtaining magnetic nanocomposite scaffolds with the addition
of superparamagnetic PVP-coated Fe3O4 nanoparticles in a PCL matrix has been also
considered [103], also highlighting the possibility of adopting the obtained structures as
fixed station, whose magnetisation can be switched on and off by means of an external
magnetic field. The long-term effects of iron-oxide-based phases such as magnetite or
maghemite in human body remain unclear [103,104]. Surface-modification methods have
been adopted for the design of biocompatible layers consisting of on particle surface, thus
avoiding eventual toxicity problems [105].

Biocompatible bioresorbable superparamagnetic-like phase (FeHA) has been proposed
by doping hydroxyapatite with Fe3+/Fe2+ ions. [106]. PCL/FeHA nanocomposite sub-
strates were characterized and designed using different polymer-to-particle weight ratios,
showing that the synergistic contribution of surface chemistry and topography may be re-
sponsible for the overall features of the proposed structure: enhancement of the hydrophilic
character, cell attachment, and proliferation [107].

However, the different ductility of the polymer matrix and the inorganic nanofillers
should be always considered in a scaffold design process since eventual weakness in a
biocompatible structure may be the result of a discontinuities in the stress transfer and
production of stress concentration at the nanoparticle/matrix interface at specific con-
centration amount of inorganic nanofillers. It has been already proved that it would be
possible to obtain magnetic field gradients capable to attract bioaggregates into the com-
pletely biodegradable scaffolds with a fully interconnected pore network just embedding a
small amount of superparamagnetic nanoparticles in polymer matrix [103,107,108]. In vivo
pilot experiments, carried out in rabbit animal model, suggested that 3D nanocompos-
ite magnetic scaffold could represent a potential innovative option to autologous bone
implantation [103,107,108].

Furthermore, magnetic force may induce adaptive changes in microenvironments,
including the cell matrix, cell membrane, cytoskeleton, nucleoprotein, and genome. Con-
sequently, signals are transduced to the cell nucleus, regulating and stimulating different
biological responses.

The design and development of fully bio-degradable and magnetic nanocomposite
substrates and the correlation between the application of a time-dependent magnetic field
and hMSCs biological performance has been studied [109]. In particular, Alamar Blue
assay, ALP activity normalized for the DNA content (ALP/DNA), CLSM analysis and
cell shape factor, p-ERK1/2 expression suggested interesting and, sometimes in many
cases, unreported information, on the synergistic combination of PCL/Fe3O4 magnetic
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nanocomposites with a discontinuous application of the external magnetic field on cell
behaviour over time: the use of the time-dependent magnetic field enhanced the activation
of the MAPK pathway, as evidenced by an increase of ERK phosphorylation for both PCL
and PCL/Fe3O4 scaffolds [109].

On the same way, multifunctional hybrid scaffolds have been proposed to reproduce
the different features of periodontal ligament, alveolar bone, and cementum. Specifically,
the integration of biomineralization process, electrospinning techniques and tape casting
have been brought together, also employing superparamagnetic apatite phase for pro-
moting osteogenesis via remote magnetic field signals. The periodontal scaffold has been
obtained by engineering three different layers, reproducing the crucial compositional and
microstructural features of the target tissues, into a monolithic multifunctional graded
device. Results confirm that the proposed biocompatibility structure exhibits a good
mimicry of the periodontal tissue complex, making innovative regenerative applications in
dentistry [110].

A preliminary concept of multifunctional CaP-based scaffolds obtained via additive
manufacturing from an innovative ink composition, with potential for bone tissue regen-
eration, drug delivery and cancer treatment by local magnetic hyperthermia platforms
has been demonstrated. A highly loaded ink composed by iron-doped hydroxyapatite
and β-tricalcium phosphate powders mixed in a chitosan-based solution, in the presence
of levofloxacin (LEV) as model drug and magnetic nanoparticles (MNP) have been used,
highlighting a synergistic effect between the iron-doped CaP-based powders and the MNP
due to ferro/ferrimagnetic interactions. Furthermore, the iron presence enhances human
mesenchymal stem cell metabolic activity and proliferation [111].

Additive manufactured magnetic scaffolds have been also proposed as a novel strategy
for three-dimensional magnetic patterning of two cell types in vitro, also as a conceptual
precursor for the vascularised tissue. The realisation of separate arrangements of vascular
and osteoprogenitor cells, labelled with biocompatible magnetic nanoparticles, was estab-
lished adopting nonhomogeneous magnetic gradients and loading magnetic configuration.
It has been shown that scaffold magnetisation was able to amplify the cell guiding effects
by an additional trapping of cells due to short range magnetic forces. Thus, the proposed
solution should be employed as a compact assembled strategy for adequate arrangement
of cellular constructs [112].

More recently, soft intelligent elastomeric structures for application in the field of soft
robotics and biomedical devices with the capability to reshape and reconfigure under mag-
netic field while floating on the surface of water have been developed. These magnetoactive
soft actuators have been obtained by embedding carbonyl iron particles in homocomposite
silicone capillary ink via 3D printing technologies [113].

The possibility of obtaining soft architectures with isotropic/anisotropic contraction
or multiple shape changes or other reconfiguration open novel perspectives for active
scaffolds for cell cultures and soft robotics.

In this scenario, the research is currently directed towards 4D printing, in which the
fourth dimension (4D) can be obtained by predicting time-dependent part configurations
of complex structures characterized by shape-memory functionalities and environmental
stimulus adaptation capability (Figure 2).

3D and 4D printing technologies together with recent advances in the research and
development of advanced magnetic materials can open novel perspectives in the field of
acceleration of orthodontic tooth movement.
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4. Magnetic Fields Effects on the Acceleration of Orthodontic Tooth Movement

Currently, researcher’s attention has been focused on accelerating methods for tooth
movement, given the ever-increasing demand for shorter orthodontic treatment time.
Several disadvantages (i.e., caries, gingival recession, and root resorption) are often related
to long orthodontic treatment time poses [114].

Different strategies have been approached for obtaining quicker results, with many
still open questions.

Orthodontic tooth movement occurs because of mechanical stimuli, subsequently
followed by alveolar bone and periodontal ligament (PDL) remodelling. Applied force and
the biological responses from the PDL modulate orthodontic tooth movement, with blood
flow alterations, secretion of inflammatory cytokines, growth factors, neurotransmitters,
colony-stimulating factors, and arachidonic acid metabolites [114].

Direct electric currents, pulsed electromagnetic field, static magnetic field, resonance
vibration, and low level laser represent some of the strategies adopted in this field, ben-
efiting from “bone bending theory” and bioelectrical potential. It has been shown that
vibrations for different duration per day accelerated tooth movements between 15% and
30% in animal experiments [114–116]. Cyclical force devices provide from 2 to 3 mm/month
of tooth movement, adopting a vibration rate from 20 to 30 Hz, 20 min/day [117].

Direct electric current techniques were tested on animals generating local responses
and acceleration of bone remodelling by applying direct current to the anode at the pressure
sites and cathode at the tension sites (by 7 V) [118].

Photobiomodulation or Low Level Laser Therapy (LLLT), because of their biostimula-
tory effect on bone regeneration in the midpalatal suture during rapid palatal expansion or
after bone fractures and extraction site [119–121] have been recently adopted in the field of
acceleration of orthodontic tooth movement. Laser light stimulates osteoclast, osteoblast,
and fibroblasts proliferation and hence influence bone remodelling probably by ATP pro-
duction cytochrome C activation, as well as via receptor activator of NFkappaB-ligand
RANK/RANKL and the macrophage colony-stimulating factor [122–124].

Recently, magnets and pulsed electric magnetic fields (PEMFs) have been used in
orthopaedic applications, i.e., for the treatment of fractures in human long bones. PEMF
applications in dentistry have been limited to the ability to increase the rate of orthodontic
tooth movement [125].

It has been suggested that PEMF intervenes in the modulation of membrane permeabil-
ity of intracellular cyclic adenosine monophosphate and cyclic guanosine monophosphate,
allowing increased flow of calcium, sodium, and potassium ions across the cell membrane:
tooth movement results accelerated due to an increase of active cells. or a static magnetic
field have been shown to be successful in increasing the rate of orthodontic tooth movement
in guinea pigs [126]. PEMF also induced vibrations that probably should enhance the effect
of mechanical and magnetic forces on tooth movement [127]. As a result of exposure to
PEMF with differing intensities, statistically significant increase and decrease of osteoclas-
togenesis and bone resorption areas have been observed and correlated to osteoprotegerin
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(OPG), RANKL, (macrophage colony-stimulating factor (M-CSF), osteoclast numbers, and
bone resorption [128].

Another study showed that the canine exposed to PEMF moved 1.5 mm more than
the control canine in 5 ± 0.6 months [125]. Considering that each tooth can be moved
1 mm/month, this treatment resulted more efficient than the normal one.

5. Conclusions

The purpose of this work is to provide an overview of current strategies and innova-
tive technological approaches in tissue engineering, thus trying to offer some information
regarding the available scientific data and practical applications in the field of oral and
maxillofacial repair strategies. After introducing tissue engineering aspects, an overview
on additive manufacturing technologies has been provided. The issue related to the ap-
plications of SPIONs in the biomedical field has been addressed. The work also offers a
new reading key for the potential application of the magnetic field and magnetic structures
on the acceleration of orthodontic tooth movement, due to the ever-increasing demand
for shorter orthodontic treatment time. The possibility of combining magnetic scaffolds,
with their proven ability to enhance cell-material interaction, especially in bone repair
applications, as well as of magnetising 3D structures on demand may open innovative
scenario for their application in clinical orthodontic practice. Advancements in developing
deformable and shape memory 3D structures together with the emerging 4D printing
technology may open fascinating and unexplored scenarios for future researchers. Fur-
thermore, it is important to underline that the mouth/oral microbiome is in continuous
communication with the external environment, and that it constitutes the main entry for
many microorganisms with relevant consequences for human health. In this context, an in-
tegrated design of 3D multifunctional hybrid structure combined with active/antibacterial
systems and magnetic stimulation could represent a functional strategy for improving
periodontal tissue prevention and treatment or repair, also trying to create novel possibility
in prevention of systemic as well as neurodegenerative disorders.
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