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FULL CRITICAL REVIEW

Innovations in craniofacial bone and periodontal tissue engineering – from
electrospinning to converged biofabrication
Zeynep Aytac a*†, Nileshkumar Dubey a†, Arwa Daghrery a, Jessica A. Ferreira a, Isaac J. de Souza
Araújo a, Miguel Castilho b,c,d, Jos Malda b,c,e and Marco C. Bottino a,f

aDepartment of Cariology, Restorative Sciences, and Endodontics, University of Michigan, School of Dentistry, Ann Arbor, MI, USA;
bRegenerative Medicine Center, University Medical Center Utrecht, Utrecht, The Netherlands; cDepartment of Orthopedics, University
Medical Center Utrecht, Utrecht, The Netherlands; dDepartment of Biomedical Engineering, Eindhoven University of Technology,
Eindhoven, The Netherlands; eDepartment of Clinical Sciences, Faculty of Veterinary Medicine, Utrecht University, Utrecht, The
Netherlands; fDepartment of Biomedical Engineering, College of Engineering, University of Michigan, Ann Arbor, MI, USA

ABSTRACT
From a materials perspective, the pillars for the development of clinically translatable scaffold-
based strategies for craniomaxillofacial (CMF) bone and periodontal regeneration have
included electrospinning and 3D printing (biofabrication) technologies. Here, we offer a
detailed analysis of the latest innovations in 3D (bio)printing strategies for CMF bone and
periodontal regeneration and provide future directions envisioning the development of
advanced 3D architectures for successful clinical translation. First, the principles of
electrospinning applied to the generation of biodegradable scaffolds are discussed. Next, we
present on extrusion-based 3D printing technologies with a focus on creating scaffolds with
improved regenerative capacity. In addition, we offer a critical appraisal on 3D (bio)printing
and multitechnology convergence to enable the reconstruction of CMF bones and
periodontal tissues. As a future outlook, we highlight future directions associated with the
utilisation of complementary biomaterials and (bio)fabrication technologies for effective
translation of personalised and functional scaffolds into the clinics.
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Introduction

Successful and predictable reconstruction of cranio-
maxillofacial (CMF) bones due to congenital malfor-
mations, trauma, infection, tumour resection and
sport injuries remains a major clinical challenge due
to the presence of sensory organs, high vasculature
density, and differences in skeletal tissue characteristics
[1]. Moreover, severe damage to CMF bones can
impair breathing, listening, chewing and speech abil-
ities, along with a person’s esthetic features, which
can lead to enduring psychological problems and
poor self-esteem [2,3]. Noteworthy, the management
of CMF injuries is especially problematic as clinicians
need to monitor bacterial infection in extremely vul-
nerable areas, such as the oral microenvironment [4].

Some of the most prevalent pathologies that affect
our oral health include tooth decay, gum disease (i.e.
periodontitis), and oral cancer [5]. Periodontitis, a
chronic inflammatory disease that results in the loss
of alveolar bone and other key tooth-supporting struc-
tures (gingiva, periodontal ligament, and cementum),
affects more than 45% of the US adult population
[6,7]. It is described by the gradual destruction of per-
iodontal tissues, which if left untreated, it may lead to

tooth loss [8]. Hence, the ultimate goal of periodontal
tissue engineering has been not only the restoration of
alveolar bone, but the simultaneous reestablishment of
functionally oriented periodontal ligament (PDL)
fibres firmly attached to the regenerated cementum
and bone (Figure 1), thus extending the lifespan of
the natural dentition.

Clinically speaking, the management of periodonti-
tis demands a series of procedures that involves scaling
and root planning, in addition to, in some instances,
the systemic (oral) administration of antibiotics. None-
theless, limited periodontal tissue regeneration results
from this strategy [9]. Meanwhile, the use of autolo-
gous (e.g. iliac crest) bone grafts has been largely
employed for alveolar bone reconstruction; however,
this approach brings major concerns regarding the
need for multiple surgeries, associated morbidity, and
a number of possible complications, including the
infection of the operated area [10]. Importantly, from
a clinical standpoint, it is particularly difficult to
shape and conform natural or synthetic bone grafts
into the complex three-dimensional (3D) architecture
of periodontal defects. Furthermore, bone grafts may
only fill osseous defects and work inadequately in
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supporting true physiological regeneration of the mul-
tiple periodontal tissues [11]. Remarkably, recent
strides in tissue engineering in addition to the rapidly
evolving field of biofabrication have not only improved
clinical outcomes of regenerative therapies, but have
also set new hopes for the effective translation of per-
sonalised and more predictable strategies for bone
and periodontal regeneration [12–15]. Nonetheless,
over the last few decades, among the clinically available
techniques, guided tissue regeneration (GTR) and
guided bone regeneration (GBR) have invariably
been the most practical approaches to manage and
clinically treat the tissue destruction provoked by per-
iodontitis [16,17].

Guided tissue and guided bone regeneration (GTR/
GBR) are defined as dental surgical procedures aimed at
regenerating lost periodontal structures to change the
prognosis of a tooth from ‘questionable’ to ‘favourable’,
and thus ameliorate oral health-related quality of life
for millions of patients worldwide. Briefly, in these pro-
cedures, a barrier membrane is used to avert soft tissue
migration into the bone defect while providing space
maintenance, wound stabilisation, and, ultimately, a
sheltered niche for resident progenitor cells situated
in the residual PDL, contiguous alveolar bone, or
blood to recolonise the root area and differentiate
into a new periodontal supporting apparatus [8,18].

Classically, GTR/GBR membranes are divided into
two groups: non-resorbable and resorbable. Non-
resorbable membranes are mostly polytetrafluoroethy-
lene-based (PTFE), such as high-density PTFE and
titanium-reinforced high-density PTFE [19].
Although non-resorbable materials are biocompatible
and have led to positive clinical outcomes, they are
biologically inert and exert only a physical barrier
function. Moreover, their use demands a second sur-
gery for its removal, which leads to added discomfort
and increases the risk of infection. In this way, a

variety of resorbable materials were developed as an
alternative to non-resorbable options [16,19]. Resorb-
able membranes can be synthesised from either natu-
ral, synthetic, or blends of synthetic and natural
polymers [19,20]. However, the well-known and
intrinsic drawbacks in existing membranes, such as
low attachment to adjacent tissues, lack of curative
properties, and reduced regenerative capacity have
propelled the field in the direction of resorbable and
multifunctional polymeric membranes with con-
trolled degradation rate, mechanical competence,
and multiple therapeutic properties as to eradicate
infection, ablate inflammation, and support tissue
regeneration.

From a broad tissue engineering perspective, the
pillars for the development of clinically translatable
scaffold-based strategies for craniofacial bone and per-
iodontal tissue regeneration have primarily included
electrospinning and 3D printing technologies
(Figure 2). In the last two decades, electrospinning
has become of great importance due to its simplicity
and the possibility of employing a wide range of
degradable polymers in the fabrication of GTR/GBR
membranes and scaffolds for periodontal regeneration
[21,22]. Moreover, the integration of biologically
active molecules (e.g. growth factors) and therapeutic
compounds [23,24], such as bioceramics and metal
oxides nano/microparticles, have led to encouraging
regenerative outcomes [17,25,26]. Despite the tremen-
dous advantages associated with electrospun mem-
branes, true physiological regeneration of the
periodontium still embodies one of the greatest chal-
lenges in regenerative periodontics, not only because
of the varying degrees of tissue destruction produced
by the disease, but more importantly due to the highly
complex, 3D periodontal tissue architecture and mul-
tiplicity of tissues involved that need to be recon-
structed. Accordingly, the creation of defect-specific
scaffolds to recapitulate the native tissues and the care-
fully designed structure of the periodontium is para-
mount for predictable regeneration of both soft
(gingiva and periodontal ligament) and hard (alveolar
bone and cementum) periodontal tissues.

3D printing, an additive manufacturing process in
which a membrane or scaffold can be fabricated in a
layer-by-layer fashion to obtain defect-specific and
anatomically complex constructs, has been deemed a
paradigm shifting enabling technology in regenerative
dentistry [11,27,28]. Currently, 3D printing strategies
involve designing mono- or multiphasic scaffolds pre-
senting macro- (scaffold structure), micro- (pore size
for bone zone and fibre alignment for PDL zone),
and nano-scale (surface topography) features to
guide the coordinated growth and regeneration of
the distinct periodontal tissues [11,12,29,30]. Notably,
periodontal-related cell types can be 3D bioprinted,
and thus distributed at specific locations of

Figure 1. Schematic illustrations showing a longitudinal sec-
tion through dento-gingival part of a tooth and tooth support-
ing structures between healthy and diseased periodontium. In
particular, as the disease progresses, the periodontal complex
(bone, gingiva, periodontal ligament [PDL], and cementum) is
gradually destroyed and progress along the tooth root creat-
ing a deepening pocket.

348 Z. AYTAC ET AL.



anatomically defined scaffolds to promote the coordi-
nated growth and simultaneous regeneration of soft
and hard periodontal tissues [13,31,32].

Biofabrication is a rapidly evolving field that uses
3D printing methods to engineer biologically func-
tional and highly organised structures primarily
using biomaterials and cells. In recent years, among
the various tools within the biofabrication armamen-
tarium, particularly pertaining to 3D printing and bio-
printing (i.e. cell-laden scaffolds) techniques, much
focus has been given to extrusion-driven processes,
which even though are technologically more simple
compared to other printing methods, they allow for
successful processing of a wide range of cell-free or
cell-laden scaffolds with significant translational
potential for bone and periodontal regeneration [33–
35]. Succinctly put, extrusion-based printing can be
classified into two major subgroups: thermal and
non-thermal extrusion 3D printing. Remarkably, the
latest extrusion-based technologies have also explored
the benefits of coaxial and multimaterial printing to
fabricate patient-specific implants mimicking complex
tissue interfaces (e.g. bone-PDL, bone-cartilage, bone-
ligament, etc.), which has been challenging to recapi-
tulate using conventional scaffold fabrication methods
[36,37]. A promising approach in interface tissue
engineering lies in the merging of electro-driven fabri-
cation tools with extrusion-based printing into a single
fabrication platform. More specifically, the combi-
nation of solution/melt electrospinning or melt elec-
trowriting with extrusion of cell-laden hydrogels, has

shown to appreciably enhance the mechanical compe-
tence of cell-laden hydrogels while enabling spatial
distribution of different cell types [38,39]. Overall,
the combination of complementary fabrication tech-
nologies into a single platform opens up limitless
and forward-thinking opportunities for engineering
functional interface tissues by better resembling the
mechanical and biological gradients observed in native
tissue interfaces [40].

In this review, we offer an analytical appraisal of the
newest innovations in 3D printing and bioprinting
strategies for craniofacial bone and periodontal tissue
regeneration and set directions in devising highly
complex 3D architectures for successful translation
of personalised scaffolds for regenerative dentistry.
In the first part, the principles of electrospinning
applied to the generation of biodegradable nanofi-
brous polymeric scaffolds for use as GTR/GBR barrier
membranes, as well as, tissue scaffolds for bone and
periodontal tissue engineering are discussed. The
second part carefully elaborates on different types of
extrusion-based 3D printing technologies with a
focus on how distinct biomaterial classes can be
modified or functionalised to engineer scaffolds with
improved regenerative capacity. This includes recent
work on extrusion-based bioprinting to render cell-
laden scaffolds with controlled geometry, architecture,
and biological features to develop functional living tis-
sues/organs. Next, we provide a critical assessment on
the latest innovations in 3D printing and multitech-
nology fabrication process to enable the generation

Figure 2. Timeline of the development of electrospinning and extrusion-based 3D printing technologies for the generation of
regenerative bone and periodontal constructs, their advantages (+) and dis-advantages (–), and outlook towards the convergence
of these technologies.
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of gradient and anatomically complex structures to
allow the functional reconstruction of the alveolar
bone-PDL interface and patient-specific periodontal
defects. Finally, as a future outlook, we highlight
upcoming directions associated with the utilisation
of complementary biomaterials and (bio)fabrication
technologies for effective translation of personalised
and functional scaffolds for predictable reconstruction
of CMF bones and periodontal tissues.

Electrospinning

A wide range of scaffold-based tissue engineering
techniques and materials have been developed for
regeneration of impaired periodontal tissues. Over
the last decade, researchers have focused on methods
such as casting, dynamic filtration, and electrospin-
ning to generate biodegradable polymeric membranes
for periodontal tissue regeneration [16,41]. Among
them, electrospinning, a versatile and easy to use tech-
nique, has been widely explored to produce extracellu-
lar matrix (ECM)-mimicking nanofibrous scaffolds
[22] with or without the incorporation of a vast
array of therapeutics for infection eradication, inflam-
mation control, and to further boost tissue regener-
ation (Figure 3).

Traditionally, the electrospinning setup has three
major components, namely a syringe filled with a
polymer solution and capped with a metallic needle,
a high voltage supply, and a grounded collector posi-
tioned at a predetermined distance from the tip of
the needle. The solution is charged by an optimised
voltage while it flows through the needle and forms

the so-called Taylor cone when the induced potential
difference overcomes the surface tension of the poly-
mer solution being dispensed [42,43]. While travelling
through the air, the polymer jet experiences instabil-
ities and as the solvent evaporates fibres solidify and
are deposited on the collector [43]. Electrospinning
enables the fabrication of random, aligned, or core–
shell micro/nanofibres when using coaxial needle
configurations. Electrospun fibres possess a high sur-
face-to-volume ratio and allow the encapsulation
and/or decoration with biomolecules [43,44], thus
contributing to the generation of single (monophasic)
or multilayered (multiphasic), functionally graded or
not, scaffolds with therapeutic properties and tremen-
dous impact on dental, oral, and craniofacial tissue
regeneration (Table 1) [16,45].

Monophasic electrospun membranes with
therapeutic properties

Membranes for GTR/GBR are among the most positive
methods to treat the destruction caused by periodonti-
tis; as they provide enough time for resident progenitor
cells to populate the affected area while excluding epi-
thelial/connective tissue cells from the periodontal
defect. However, the regeneration of periodontal tissues
might be thwarted without proper mechanisms to con-
trol and ultimately eradicate infection [16,42]. With
this in mind, antimicrobial-releasing electrospun
fibres have been engineered as an alternative to systemi-
cally administered antibiotics to promote localised bac-
terial load reduction in the periodontal defect. Most of
the published studies report the use of metronidazole

Figure 3. Schematic representation of chemical and physical functionalisation of (melt-)electrospun fibres for bone and period-
ontal tissue regeneration. Adapted from [42].
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(MET) as the medicament of choice [57,60–62]. For
instance, MET-releasing polymeric fibres were able to
inhibit the growth of known periodontopathogens
(e.g. Porphyromonas gingivalis) [61]. In addition,
other researchers addressed the potential of equally
important antibiotics, such as tetracyclines [56,63,64]
and ciprofloxacin [50,51] and stated similar antimicro-
bial outcomes – attesting for the versatility of polymeric
electrospun fibres as drug delivery systems for period-
ontal infection ablation [50].

As previously highlighted, the modification of elec-
trospun polymeric scaffolds with a wide variety of
metal oxides as means to impair multifunctionality
have been pursued [52]. Interestingly, in a recent
study, zinc oxide (ZnO)-doped poly(ε-caprolactone)
nanofibres displayed not only antimicrobial activity
(Figure 4(a)), but more importantly led to the upregu-
lation (in vitro) of bone-related genes and reduced the
size of an osseous defect in vivo (Figure 4(b,c)) [65].
Electrospinning was used to generate branched-
shaped ZnO-doped PCL membranes. The unique
fibre morphology, similar to a rose stem, led to antimi-
crobial effects against Pseudomonas aeruginosa,
improved the membranes’ strength, and did not com-
promise epithelial cells’ attachment or viability. More-
over, the unique rose stem-like fibre morphology
enhanced adhesion to soft tissue, which, in combi-
nation with bacterial inhibition, suggests that these
scaffolds could be an interesting approach for regen-
erative strategies in CMF sites prone to infections

[66]. Meanwhile, alternative strategies have also
focused on the combination of antimicrobial agents
with bioceramics [53,54]. For instance, PCL fibres
loaded with hydroxyapatite (HAp) particles and
amoxicillin (AMX) led to mineral precipitation, con-
trolled drug release, and antimicrobial action [53].
Similarly, to afford anti-inflammatory properties and
induce bone formation, chitosan, polyvinyl alcohol,
and HAp-based composite membranes containing
meloxicam (MX) were also reported [54]. Altogether,
the aforementioned strategies prove the opportunities
associated with the electrospinning technique for the
development of tissue-specific scaffolds with drug
delivery abilities. Nonetheless, one should bear in
mind that, incorporation of antimicrobial and regen-
erative therapeutics often demands systematic screen-
ing on their mechanisms of action to provide the most
beneficial synergistic effect.

Since the early 2000s, electrospun membranes have
been developed for periodontal tissue engineering.
Calcium phosphate (CaP)-based ceramics have been
widely used as bioactive inorganic materials in electro-
spun membranes for GTR/GBR applications
[17,46,47,67–69]. For instance, the incorporation of
nano-hydroxyapatite (nHAp) particles into PCL led
to cytocompatible fibres capable to induce mineral
precipitation and stimulate osteoblast-like cells to
upregulate the expression of an early marker of osteo-
genic differentiation (alkaline phosphatase) [17]. Simi-
larly, type I collagen/PCL nanofibres doped with HAp

Table 1. Selected references on electrospinning for tissue engineering strategies in periodontal tissue regeneration
Reference Advantages/disadvantages Most relevant findings

Monophasic electrospun membranes
[46] (+) biodegradable, nano-size diameter Good osteoinductive ability as a result of the characteristics of nHA.
[47] (+) various types of synthetic polymers can be used to

form fibres
High potential for osteoconduction and mineralisation of ECM with PLLA
membranes and better osteoinductivity with pisPLLA membranes.

[48] (+) readily functionalised with bioactive molecules Increased proliferation of preosteoblasts as compared to Epiguide and membranes
without BG.

[49] (+) fibres can also be produced from natural polymers Enhanced osteogenic gene expression; able to promote periodontal tissue
regeneration in the furcation defect of dogs.

[50] (+) biodegradable, two types of antibiotics were
incorporated into nanofibres

Prolonged release of MET and CIP and significant inhibition growth of bacteria
with CIP including nanofibres.

[51] (–) requirement of additional step to prevent the burst
release of hydrophilic drug (CIP HCl)

Controlled release of CIP from nanofibres. thanks to antimicrobial oligomer
developed.

[52] (+) blending with gelatin improved stretching ability of
membranes under wet conditions

Antibacterial activity against periodontopathogens.

[53] (–) burst release depending on nHA content Slow release of AMX, and biomineralisation owing to nHA
[54] (–) burst release of MX Achieved prolonged drug release, high proliferation rate.
[55] (+) aligned and random fibre production Proliferation and osteogenic differentiation of stem cells, sustained release of DEX

thanks to aligned fibres.
Coaxial nano/microfibrous electrospun membranes
[56] (+) sustained release of hydrophilic drug

(–) complex process of coaxial fibre production
Controlled release of TET-HCl for 75 days for periodontal regeneration.

[57] (+) release behaviour might be tuned by core:shell flow
ratio

The release as sustained over 4 days.

[58] (+) maintaining bioactivity of GFs
(+) incorporation of different bioactive agents in core
and shell

Bone regeneration was improved by 43% compared with single systems.

[59] (+) protecting sensitive GFs from toxic solvents used
(–) complex process of coaxial fibre production

Osteoconductivity and osteoinductivity can be modified due to the sustained
release of factors loaded.

Multiphasic and functionally graded electrospun membranes
[60] (+) straightforward production compared to coaxial

electrospinning
Sustained release were achieved for 28 days and regeneration of alveolar ridge
was improved.

[42] (+) the multiphasic and most advanced constructs
achieved by electrospinning

nHA and MET provides the osteoinductivity and antibacterial activity to the
membrane for periodontal regeneration, respectively.
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favourably supported periodontal ligament cells pro-
liferation and upregulated osteogenic-related gene
expression [46]. Alternative biodegradable polymers,
such as poly-L-lactic acid or poly(isosorbide succi-
nate-co-L-lactide) have also been successfully blended
with collagen and HAp leading to favourable regen-
erative outcomes [47]. The effects associated with the
use of bioactive glasses (BGs) have also been demon-
strated [48,49]. Composite electrospun membranes

consisting of collagen, chitosan, and BG were shown
to favour osteogenic gene expression, antimicrobial
action, and in vivo periodontal tissue regeneration in
a clinically relevant Class II furcation defect model
[49]. Another study [55] revealed that the incorpor-
ation of a magnesium silicate (fosterite) enhanced
the therapeutic potential of dexamethasone (DEX) to
stimulate osteogenic differentiation of stem cells
from human exfoliated deciduous teeth [55].

Figure 4. (a) Colony forming unit (CFU) qualitative and quantitative characterisation of the antimicrobial properties of PCL engin-
eered membranes containing different concentrations of ZnO nanoparticles. (b) Rat periodontal defect model depicting the sur-
gical procedure and placement of membrane, and (c) Micro-CT analysis and semi-quantitative measurements (in mm) from the
bone crest to the cemento-enamel junction (CEJ) at each time interval, before and after defect, as well as after the membrane
implantation. Adapted from [65].
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Concerning the well-established value of DEX as an
osteogenic factor, in a recent study from our group,
poly(lactic-co-glycolic acid) (PLGA) electrospun
nanofibres were loaded with DEX-β-cyclodextrin
inclusion complex (DEX-β-CD) based on the ability
of β-CD to improve the solubility and control the
release of lipophilic drugs [70]. PLGA/DEX-β-CD
nanofibrous membranes demonstrated a sustained
release of DEX and stimulated dental pulp stem cells
to express important osteogenic markers with promis-
ing potential for bone tissue regeneration [70].

An interesting approach was recently reported using
gelatin methacryloyl hydrogel (GelMA) to fabricate
CaP-doped electrospun fibres to mimic the periosteum
structure, and thus hasten bone regeneration [71].
GelMA/CaP electrospun fibres exhibited superior
bioactivity when immersed in simulated body fluid
(SBF), induced mineralisation of pre-osteoblasts, and
led to a vasculogenic response of endothelial cells.
Altogether, these outcomes reinforce the possibilities
of devising hybrid biomaterials to mimic the synergis-
tic activity between organic and inorganic components
of native bone and periodontal tissues [71].

To further improve their biofunctionality, growth
factors (GFs) have been added to electrospun mem-
branes and scaffolds [23,58,59,72]. Growth factors
are natural proteins that modulate cellular functions,
such as proliferation, migration, differentiation, and
the formation of extracellular matrix (ECM). In a
study by Chen et al. [23], poly(ethylene glycol)
(PEG)-stabilised amorphous calcium phosphate
(ACP) nanoparticles containing recombinant
human cementum protein 1 (rhCEMP1) were formu-
lated and then utilised to fabricate, via electrospin-
ning, multiphasic scaffolds constituted of PCL, type
I collagen, and rhCEMP1/ACP [23]. From a regen-
erative standpoint, the engineered scaffold, when
evaluated in a relevant in vivo periodontal defect
model, led to cementum-like tissue formation after
8 weeks, thus supporting the ability of tissue regener-
ation when proper molecules are encapsulated into
nanofibres [23]. Nonetheless, GFs are sensitive mol-
ecules and caution needs to be exercised in the elec-
trospinning process to maintain their bioactive
profile [16].

Coaxial nano/microfibrous electrospun
membranes

Coaxial electrospinning consists of two separate sol-
utions that form core–shell fibres, where the core
and shell portions can house distinct therapeutic car-
gos, especially when aiming at defined spatiotemporal
release patterns based on the regenerative goal. For
instance, by using coaxial electrospinning, it is feasible
to have an osteoinductive molecule loaded within the
core and an antimicrobial medication in the shell

[57,62]. The aforesaid arrangement is of significant
relevance in periodontal regeneration once the outer
layer (shell) containing the antimicrobial drug releases
first to help eradicate infection, while the osteoinduc-
tive molecule in the inner layer (core), leaches out at a
later stage, thus stimulating new tissue formation in an
infection-free environment. Moreover, as previously
alluded, coaxial electrospinning can also be used to
shelter sensitive molecules from organic and harsh
solvents commonly used to obtain polymeric solutions
that would negatively affect their bioactivity before
nanofibres’ production.

It is well-established that the regeneration of bone
tissue is controlled by both osteogenic and angiogenic
GFs, which are expressed in a synchronised fashion.
An elegant demonstration of the opportunities involved
in the creation of controlled co-delivery of growth fac-
tors through core–shell nanofibres has been recently
reported. Cheng et al. [58] used a dual growth factor-
release system to achieve time-controlled of GFs release
to amplify vascularised bone regeneration. In that study,
core–shell nanofibrous scaffolds were fabricated using
coaxial electrospinning and layer-by-layer (LBL) tech-
niques, where bone morphogenetic protein 2 (BMP2)
was loaded into the core of the nanofibres and connec-
tive tissue growth factor (CTGF) was attached onto the
surface (Figure 5(a–d)). The findings confirmed the sus-
tained release of BMP2 and a rapid release of CTGF.
Importantly, in vitro and in vivo data showed improve-
ments in bone regeneration when the dual-drug release
system was used (Figure 5(e)) [58]. Even though the lit-
erature emphasised the relevance of bioactive molecules
(e.g. growth factors) for bone regeneration and the well-
understood involvement of these biological cues in a
plethora of regenerative approaches, the need for a suit-
able carrier is essential to guarantee their efficacy
[16,43,44]. Due to the low stability of these molecules
and their inactivation by other proteins in physiologic
conditions, scaffold-based bioinspired immobilisation
mechanisms have been conceived to control release
profiles and specific targets of GFs in regenerative strat-
egies [73]. Therefore, these scaffolds and controlled
mechanisms of release may help to surpass the chal-
lenges involved with the use of bioactive molecules
and bring the possibility of translating laboratory
research into practice [73,74].

Multiphasic and functionally graded
electrospun membranes

Although single layer membranes and scaffolds, cre-
ated by conventional and/or coaxial electrospinning,
present notable advantages and translational potential
with fibre diameters close to the ones found in the
ECM of native tissues, they do not provide perfect
hierarchical organisation and spatial gradient found
in living tissues. In periodontal tissue regeneration,
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Figure 5. (a) Schematic illustration of the Co-axial electrospinning, (b) TEM (A) and SEM (B) images of core−shell structure nanofi-
bre membrane, and (c) Masson’s trichrome staining of cranial defects in the at 4 and 8-weeks after implantation. Residual scaffolds
are marked by a green asterisk, and newly formed bone is outlined by a yellow line. Bar represents 500 μm for all panels. Adapted
from [58].

354 Z. AYTAC ET AL.



GTR and GBR membranes face a complex environ-
ment where the soft tissue is more prone to be an
open path for bacterial colonisation in case of dehis-
cence, while the hard tissue needs the proper cell
source and regenerative stimuli without being dis-
turbed by soft tissue invagination or bacterial infec-
tion. Research has therefore led to the development
of graded structures that allow not only for tissue-
specific compositions, but also to endow multifunc-
tionality, such as infection control and regenerative
cues to stimulate regeneration. Our group reported
on the fabrication of a spatially designed and function-
ally graded membrane with unique therapeutic prop-
erties (Figure 6) [42]. The innovative membrane was
designed and processed to display a core layer (CL)
and two functional surface layers (SLs) to interface
with hard and soft tissues. The CL was engineered
by spinning a poly(DL-lactide-co-ε-caprolactone)
(PLCL) layer surrounded by two composite layers
consisting of a gelatin/polymer blend. Hydroxyapatite
nanoparticles were incorporated to enhance bone for-
mation on the SL facing the bone defect and metroni-
dazole (MET) was added to inhibit bacterial
colonisation on the SL facing the epithelial tissue.
Worth noting, no delamination of the multilayered
structure was observed upon mechanical loading,
thus potentially assuring suitable surgical handling
and physiologic loading in vivo [42]. In a similar
study, a poly(L-lactide-co-d,l-lactide)-based function-
ally graded membrane was developed using platelet-
derived growth factor as the SL facing the bone defect
and MET facing the soft tissue [60]. Along with 28
days of sustained GF release, alveolar ridge regener-
ation was reported [60].

In sum, the development of GTR/GBR membranes
by electrospinning holds significant translation poten-
tial, as it allows the use of a wide variety of polymers
for fabrication of nanofibres and provides an ease of
encapsulating additives such as drugs, antibacterial
agents, and growth factors key in bone and periodon-
tal tissue regeneration. Importantly, functionally
graded and/or multilayered scaffold processing strat-
egies, in addition to core–shell electrospinning
approaches, can be leveraged to develop tissue-specific
(hard vs. soft tissue) membranes with multifunctional
properties.

Despite the impressive contribution made by elec-
trospinning to the development of membranes and
scaffolds for bone and periodontal regeneration,
this technique presents intrinsic limitations. For
example, electrospun fibres are generally closely
packed in two-dimensional (2D) mat-like structures,
which can adversely affect cell infiltration limiting
tissue ingrowth and vascularisation. To support
true physiological regeneration of the periodontal tis-
sues, the scaffold must facilitate cell penetration and
blood vessels formation to improve healing.
Additionally, limited control while designing defect-
specific scaffolds and the use of hazardous solvents
to solubilise the polymer(s) of interest, have
prompted the search to more suitable technologies
with the potential to realise anatomically complex
personalised scaffold geometries. Melt electrowriting
(MEW), a relatively new additive manufacturing
technology, provides a more biologically compatible
alternative for processing nano/microfibrous
scaffolds. The fibres can be precisely positioned to
control the shape, porosity, fibre diameter and

Figure 6. Schematic illustration of the spatially designed and functionally graded (FGM) periodontal membrane. (a) Membrane
placed in a guided bone regeneration scenario and (b) details of the core-layer (CL) and the functional surface-layers (SL) inter-
facing bone (nano-hydroxyapatite, n-HAp) and epithelial (metronidazole, MET) tissues. Note the chemical composition step-wise
grading from the CL to SLs, i.e. polymer content decreased, and protein content increased. (c) Cross-section SEM micrographs of
the FGM processed via multilayering electrospinning. Adapted from [42].
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mesh-width in three-dimensions [75,76]. This pro-
cessing versatility is especially important for bone
and periodontal tissue engineering and has been
recently exploited to customise structural gradients
or zonal tissue constructs [77,78].

Three-dimensional (3D) printing

3D printing has emerged as a unique manufacturing
toolset within the fast-evolving field of regenerative
medicine. This class of materials processing technol-
ogies allows the generation of patient- and defect-
specific scaffolds and/or living constructs with finely
tuned internal and external morphologies that
approximate to the native tissue architectures. Not
surprisingly, the utilisation of different biomaterial
classes to engineer cell-free or cell-laden 3D scaffolds
or implants has experienced a significant increase in
recent years to fulfil the complexity and efficiency
requirements for clinical translation [14,79]. A key
advancement compared to more traditional proces-
sing methods of scaffold development is the intrinsic
ability to place cells and/or biomolecules at predefined
locations within the generated 3D scaffold microenvir-
onment. Clinically speaking, recent advances in 3D
printing technologies could, in the near future, elimin-
ate the need for bone transplantation in large and geo-
metrically complex CMF reconstructions, thus
avoiding the creation of secondary bone defects.

3D printing comprises a wide array of fabrication
technologies of which the most established are light-
laser-, droplet-, and extrusion-assisted printing
[27,80]. To date, extrusion-based printing has been
the most employed method for bone and periodontal
tissue applications, due to its versatility and affordabil-
ity [81]. As the name indicates, extrusion printing
involves the dispensing of molten polymers, biocera-
mic pastes, or hydrogels through an extrusion nozzle
via pneumatic, piston-driven, or screw-driven force,
resulting in the printing of continuous filaments to
create predesigned architectures [33]. This technique
can be used to print a wide range of porous and geo-
metrically complex scaffolds with controlled mechan-
ical and biological properties [12,13,28,33, 81].

The incorporation of biomolecules (e.g. growth fac-
tors) or therapeutic compounds within 3D printed
scaffolds further provide additional means to help
guide and ultimately improve the regenerative out-
come [82–84]. Of note, coaxial and multimaterial dis-
pensing systems have proven to be compatible with
extrusion-based technologies [31,85,86]. One impor-
tant advantage of this method relates to its ability to
generate reproducible heterogeneous structures (e.g.
shape, size, porosity, pore geometry, etc.) with mul-
tiple cell types at physiological densities carefully posi-
tioned at different locations on a complex scaffold/
construct architecture [13,31,37]. Worth noting, the

method of printing live cells to create tissue-like struc-
tures that imitate native tissues is known as bioprint-
ing. During bioprinting, a biomaterial solution in the
form of a hydrogel or its precursor embedded with
the desired cell type(s), termed the bioink, is utilised
to create tissue-like structures in a layer-by-layer
fashion. The aqueous 3D microenvironment provided
by hydrogels simulates the natural ECM and then con-
sidered excellent candidates for the incorporation of
cells [87]. However, given the high degree of freedom
to use diverse biomaterials and cell types to engineer
3D constructs, in this section, we will discuss the
most common cell-free and cell-laden extrusion-
based printing techniques for craniofacial bone and
periodontal regeneration. Extrusion-based printing
can be classified into two main categories: thermal
and non-thermal extrusion printing (Figure 7).
Fused deposition modelling (FDM) is the major repre-
sentative of polymer-based thermal extrusion; whereas
melt electrowriting (MEW), which combines thermal
extrusion and an applied electrical field, has been
introduced to increase the resolution of the polymeric
filaments down to the micron and sub-micron range.
This technology has been deemed as a more refined
version of the FDM method and has gained the spot-
light in regenerative medicine due to its potential to
engineer highly ordered fibrous scaffolds, capable of
replicate extracellular microenvironment functions.
Among the non-thermal extrusion-based 3D printing
technologies, the pressure-assisted microsyringe is the
most common approach and has been utilised to print
bioceramic pastes and cell-laden hydrogel-based
scaffolds (Table 2).

Thermal extrusion-based printing

Fused deposition modelling
Fused deposition modelling (FDM) was invented and
patented by Scott Crump in the late 1980s [141]. The
FDM method is based on the layer-by-layer printing
of thermoplastic polymers. In this technique, the poly-
mer of interest is heated above its melting point and
due to a solid-semisolid state transition, is then
extruded through a nozzle according to the predefined
computer-aided-design (CAD) design [142]. After the
first surface layer has been deposited, the nozzle rises
or the platform descends one layer in the Z-axis direc-
tion, and the process is repeated until the designed
geometry is completed. The polymer fuses to create
a cohesive layer until solidifying at room temperature.
FDM printers usually built 3D structures with a
filament diameter ranging from 160–700 µm depend-
ing on the polymer and pattern of the structure [142].
The quality of the extruded filament can be modified
by adjusting the printing speed, construct orientation,
and layer thickness. This technique has several advan-
tages, such as high printing speed and the potential to
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print multiple materials simultaneously when working
with a multi-nozzle printhead [11,143]. Furthermore,
the FDM platform eliminates any possible toxicity
induced by generally harsh organic solvents that are
required for the solubilisation of polymers for electro-
spinning [144]. Nonetheless, limitations of this tech-
nique include low resolution and surface finish
because material spreads out before it cools and hard-
ens to the desired shape [145]. Yet, it is still possible to
obtain resolutions similar to those achieved by other
3D printing techniques when utilising small diameter
nozzles [145].

Biodegradable synthetic polymers, such as poly(ε-
caprolactone) (PCL), poly(lactic acid) (PLA), and
poly(lactic-co-glycolic acid) (PLGA) have been widely
explored in FDM to generate scaffolds with tunable
mechanical, chemical, and biological properties
[88,89,145]. In a study by Shim et al. [88], PCL mem-
branes with various porosities and pore sizes (up to
700 µm) were printed via thermal extrusion. After 14
days of in vitro culture, the membrane with 30% por-
osity showed higher osteogenic differentiation of pre-
osteoblasts than those cultured on 50% and 70% por-
osities. Further, in vivo experiments were carried out
to assess the regenerative efficacy of PCL membranes
with different pore sizes upon implantation into rabbit
calvaria defects. After 4 weeks, membranes with 30%
porosity showed extensive bone formation, along
with newly formed blood vessels [88]. In a different
study, another interestingly described approach
involved the utilisation of cold atmospheric plasma

to control nanoscale roughness of 3D printed PLA
membranes aiming to enhance osteoblast and
mesenchymal stem cells attachment and function [89].

Regrettably, although 3D printed polyester-based
scaffolds with controlled porosity and surface modifi-
cations show good biomechanical and space mainten-
ance properties for use in GTR/GBR applications, they
present low bioactivity, and thus, lack therapeutic
elements critical to the regenerative process. To
amplify the regeneration capacity, bioceramics and/
or growth factors (GFs) have been utilised to create
composite scaffolds with improved bioactivity. Such
a strategy was explored by Kim et al. [146], whereby
a novel anatomically shaped rat incisor PCL/nHAp
scaffold was fabricated via a layer-by-layer approach
to deliver stromal-derived factor-1 and bone morpho-
genetic protein 7 (BMP-7). The scaffold was implanted
into the extraction socket for orthotopic tooth regen-
eration and, after 9 weeks, scaffold within the socket
showed new bone trabeculae-like structures with
new periodontal ligament consisting of fibroblast-
like cells and collagen-like structures immediately
adjacent to new bone. The study highlighted that care-
fully selected GFs may recruit multiple cell lineages
into the scaffold for regeneration of a putative period-
ontal ligament and newly formed alveolar bone [146].
Similar approaches where employed by others, where
nHAp ranging from 10% to 40%, combined with 1,6-
hexanediol L-phenylalanine-based poly(ester urea),
were printed with 75% porosity and 300 µm pore
size to enhance mechanical competence and impart

Figure 7. Schematic diagram of common extrusion-based methods with or without thermal extrusion for the printing of various
biomaterials (polymer, ceramic, hydrogel) with high level of consistency.
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Table 2. Selected references on 3D (bio)printing strategies in craniofacial bone and periodontal tissue engineering.
Reference Materials Advantages/disadvantages Most relevant findings

[88] PCL (+) production of resorbable membranes and
tunable porosity

3D printed PCL with 30% porosity showed improved
mechanical properties and osteogenic
differentiation.

[82] PCL/PLGA/Collagen (+) short- or long-term release of BMP-2 can be
achieved depending on the polymer used

Scaffold loaded with rhBMP-2 showed higher
osteoinductivity compared to PCL/PLGA/gelatin
loaded with rhBMP-2 or individual scaffold.

[89] PLA (–) requirement of the use of a post-modification
method

CaP treatment of printed scaffold increased the
roughness and hydrophilicity thereby positively
impacting the proliferation of the osteoblasts.

[85] PCL/PLGA/β-TCP (+) similar levels of biocompatibility and bone
regeneration as collagen membranes

3D printed membrane showed bone regeneration
performance similar to that of collagen membranes
during a GBR procedure performed in peri-implant
defects.

[90] PEU and HA (+) capability of printing various types of polymers 3D printed HA-containing PEU composites promote
higher bone regeneration compared to pure HA
scaffold.

[91] PLLA and β-TCP (+) readily incorporation of bioactive tricalcium
phosphate

In vivo bone formation driven by the PLLA + TCP30
scaffold with MG-63 cells was significantly greater
than PLLA or TCP30 with MG63.

[92] PCL/β-TCP/ (+) phlorotannin made the composites hydrophilic Phlorotannin composites showed higher initial cell
attachment and mineralisation than non-
phlorotannin composite.

[93] PCL-50 wt-% of 45s5 bioglass
or strontium substitute
bioactive glass

(+) biaxially rotating bioreactor cellular
homogeneity throughout the scaffolds.

Release of ions (Sr, Zn, Mg, and Si) from scaffold
accelerate angiogenesis and stimulate the
osteogenic differentiation of mesenchymal stem
cells (MSCs)

[84] PCL-poloxamine (+) tunable bioerosion rate and DEX release Varying osteogenic activities from human
mesenchymal stem cells cultured onto scaffolds
composed of the various blends are demonstrated.

[94] PLA (–) difficulty in achieving biomimetic nano
resolution

Angiogenesis and osteogenesis are successively
induced by delivering dual growth factors with
sequential release using PLA.

[83] PCL/PLGA/β-TCP (+) slow release of BMP-2 3D printed GBR membrane loaded rhBMP-2 exhibited
significantly greater amount of new bone in the
rabbit calvarial defect model compared to the
membrane without rhBMP-2.

[95] PCL (+) combination of melt and solution
electrospinning

The multiphasic construct with large and small pores
electrospinning to develop biphasic scaffolds to
supporting bone formation and cell sheets.

[96] PCL, HA (+) multiphasic scaffold to imitate native
periodontium (–) ectopic peridontium formation

3D printed seamless scaffold with region-specific
microstructure and spatial delivery of proteins
resulted into putative dentin/cementum, PDL, and
alveolar bone complex regeneration

[30] PCL-PLGA (+) printing complex structures by combination of
FDM and electrospinning

Triphasic scaffold by combination of 3D printing
(FDM) and electrospinning exhibited enhanced ALP
activity and GAG amount.

[97] PCL (–) polymer of choice is limited because of the high
melting point and biodegradability

MEW scaffold coated with calcium phosphate
enhanced the osteogenic gene and protein
expression of hOBs.

[98] PLA-PEG_PLA and PLA (+) tailoring scaffold architectures with high
precision

5% BG did not affect the processing adversely.

[99] PCL and HA (+) precise and complex porous 3D fibrous
structures & tunable porosity

Incorporation of HA in PCL increased the cell
spreading and migration.

[100] P-(Є-CL-co-AC) (+) production of fibrous scaffolds with sinusoidal
patterns and micron-sized diameter mimicking
the ligament and tendons

MEW printed P-(Є-CL-co-AC) is cytocompatible and
qualitatively mimicked the mechanical
characteristics of tendon and ligament tissue.

[101] Star PEG heparin hydrogel/
PCL

(+) multiphasic scaffold design in combination with
different human cell type

Tissue-engineered periosteum constructs loaded with
HUVECs and BMMSC enhance the vascularisation
and retained the BM-MSCs in undifferentiated state
in vivo.

[78] PCL (+) heterogenous porosity of scaffold increase cell
attachment
(–) study needs to be confirmed in an appropriate
in vivo model

MEW scaffold with gradient pore size and fibre offset
significantly improved the osteogenic potential.

[102] PEOT, PBT, PCL (+) designing structural porosity gradients The construct with a discrete gradient in pore as a
strategy to support differentiation supported the
osteogenic differentiation of hMSCs.

[12] PCL and GelMA (+) reinforcing effect of meshes could be further
(–) lack of detailed cross-linked kinetics of GelMA
modified AMP.

Fibre-reinforced (PCL meshes processed via MEW)
membranes in combination with therapeutic agent
(s) embedded in GelMA offer a robust, highly
tunable platform to amplify bone regeneration not
only in periodontal defects, but also in other
craniomaxillofacial sites.

[38] GelMA, PCL (+) convergent approach to combine extrusion-
based printing of hydrogels and MEW

Mechanically stable constructs with the spatial
distributions of different cell types without
compromising cell viability and differentiation.

(Continued )
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Table 2. Continued.
Reference Materials Advantages/disadvantages Most relevant findings

[103] Calcium silicate (+) low-temperature rapid prototyping of C3S offers
drug/GF incorporation during in printing process

Controllable nanotopography of printed structure
into phosphate aqueous solution improve bone
regeneration in vivo.

[104] HA and Gelatin (+) shape can be easily adjustable, in wet
conditions, to that of the bone defect during
surgery.

The osteogenic differentiation of MC3T3-E1 on
silicon-doped HA scaffold was higher compared to
HA only.

[105] 13-–93 Bioactive glass/
alginate

(+) tunable pore size and porosity With increase in BG/SA mass ratio, the pore size and
porosity also increased. Furthermore, scaffolds
exhibited in vitro apatite mineralisation and
osteogenic differentiation of rBMSCs.

[29] PCL (+) Printed membrane-supported periodontal
ligament fibrous cell sheets under both stationary
and dynamic fluid conditions
(–) standardised cell source for preparing the
decellularised cell sheets.

Printed scaffolds improve the handling of the cell
sheet during decellularisation protocols.

[106] Sr-MBG (+) Microfill perfusion assay to determine blood
vessel.
(–) in depth understanding of synergistic
osteogenic/angiogenic effect of Sr and Si ions
released.

Sr-ions from scaffolds create a better
microenvironment activating the angiogenesis and
osteogenesis pathway for the enhanced in vitro and
in vivo bone formation.

[107] βTCP-collagen (+) heterophasic construct design Scaffold allowed the proliferation of DPC and
increased the differentiation towards osteoblasts.

[108] Akermanite- βTCP (+) repair of load-bearing bone defects. Akermanite had better mechanical properties and a
higher rate of new bone formation than the pure
TCP scaffold.

[109] Sodium alginate, Pluronic F-
127, Bredigite bioceramic

(+) Better oxygen and nutrient delivery for cell
activity

Enhanced vascularised bone formation due to
synergistic effect of 3D printed hollow-pipe
structure and release of bioactive ions.

[110] Akermanite, Sodium alginate,
Pluronic F-127

(+) scaffold developed with different raw materials
including ceramics, metal and polymer.

Lotus root-like biomimetic materials significantly
improved in vitro and in vivo osteogenesis and
angiogenesis.

[111] Calcium Phosphate (+) fabrication of humidity-set scaffold CPC containing VEGF maintains hMSC viability and
bioactivity of HDMEC.

[112] βTCP, Alginate and Gelatin (+) Printable bioink at room temperature to load
drugs/GF

Cell adhesion and ALP expression was enhanced by
scaffold containing PLGA microspheres with VEGF.

[113] Collagen, chitosan, HA (+) tailored scaffold property for long-term
controlled drug release and bone regeneration

The bone regeneration capacity of HA scaffold coated
with collagen/chitosan microsphere with rhBMP-2
was higher than the HA scaffold coated with
collagen or pure HA.

[114] Mesoporous silica/calcium
phosphate

(+) well-interconnected macropores and ordered
mesopores

MS/CPC/rhBMP-2 scaffolds induced the osteogenic
differentiation and vascularisation in vitro and in
vivo.

[115] β-TCP (+) use of large translational animal model Delivery of dipyridamole improved the
osseoconduction in sheep calvarial defect model
resulting in significant increase in bone formation.

[116] Alginate, Pluronic F-127,
bioceramic

(+) migration of cells in the inner part of the
scaffolds due to high porosity and surface area

HSP demonstrated more new bone formation
compared with a solid-struts-packed scaffold.

[117] β-TCP, Wollastonite, Bredigite (+) Scaffold stable in aqueous medium for a long
period of time.

CSi-Mg10 scaffolds displayed improved flexural
strength and higher osteogenic capability in rabbit
mandibular defect.

[118] β-TCP (+) scaffold strut and porosity designed to elicit
bone-healing behaviour.

3D printed beta-TCP induce new bridging bone
formation in full-thickness mandibulectomy defects
after 8 weeks without the use of osteogenic
inducers.

[119] PLGA-TCP (+) Bone was able to remodel under physiological
loading

Phyto-molecule icariin exhibited improved
biodegradability, biocompatibility, and
osteoinductivity both in vitro and in vivo.

[36] Calcium phosphate, Alginate
and Methylcellulose

(+) post-plotting regime, to prevent microcrack
formation inside CPC strands

Biphasic scaffold showed migration of cells towards
CPC from alg/mc after 7 days.

[120] Alginate, Lutrol F-127,
Poloxamer 407, Matrigel,
Agrose, Methylcellulose

(+) two distinct cell populations printed within a
single scaffold

No difference in cell proliferation and viability of 3D
printed and unprinted hydrogel scaffolds.

[31] α-TCP and type 1 collagen (+) two step printing process to develop cell-loaded
bioceramics scaffold.

3D printed scaffold showed improved physical
properties, metabolic activity and mineralisation,
compared with those of the controls.

[13] AMP and synthetic peptide
gel

(+) Fast degradation of AMP microparticles AMP-modified constructs favoured in vitro and in vivo
mineralisation without the use of a chemical
inducer.

[121] Collagen, β-TCP (+) unique fibrillogenesis of collagen to produce a
bioink laden with cell and bioceramics

hASC-laden composite structure (20 wt-% of β-TCP)
demonstrated significant osteogenic gene
expression compared to control cultured using an
osteogenic media

[122] GelMA,k-Carrageenan,
Laponite

(+) NICE bioink produce fabricate patient specific,
3D implantable scaffold

bone tissue formation was a result of endochondral
differentiation of hMSCs

[32] PCL, Alginate (+) MtoBS is a promising system for regeneration of
heterogeneous tissue

Multi-Arm BioPrinter enabling dispensing of human
chondrocytes and MG63 cells to biofabricate
osteochondral tissue.

(Continued )
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Table 2. Continued.
Reference Materials Advantages/disadvantages Most relevant findings

[123] Agrose hydrogel (+) computationally designed spatial patterns of
cells

3D printed constructs with specific spatial pattern
and varying cell densities improves cell viability

[37] PCL, Alginate, Collagen, HA cytocompatible multi-layered construct formed by
stacking different types of printable extracellular
matrix (ECM) bioink

3D printing of construct with different types of ECM
hydrogels encapsulated stem cells allowed the
differentiation towards chondrogenic and
osteogenic lineages

[124] Alginate, chitosan The coating improved the retention and release
efficacy of drug

The coating of 3D printed alginate construct with
chitosan improved cell proliferation and result into
elongated cells.

[125] β-TCP (+) Scaffold preserved the cranial suture patency. Large scaffold pore (500 μm) coated in 1000 μM
dipyridamole yielded the most bone growth and
faster degradation within the defect.

[14] PCL (+) first clinical case of 3D printed scaffold for
periodontal regeneration.
(–) Slow scaffold resorption, at 13 months, the
scaffold became exposed

The implanted 3D scaffold showed n signs of chronic
inflammation or dehiscence upto 12 months.

[126] PCL (+) scaffolds combined hierarchical mesoscale and
microscale features can align cells in vivo.

Combination of gene therapy and topographical
guidance cues showed osseous tissue formation
and oriented collagen fibres for treatment of
periodontal osseous defects.

[77] GelMA, PCL (+) convergence of MEW and bioprinting, for
fabrication of flat to anatomical relevant
structures.

MEW process allowed the fabrication of a complete
condyle-shaped biological construct.

[127] PCL, MBG-58S (+) use of clinically relevant post-menopausal mode;
for bone regeneration

MBG-PCL scaffold promoted new bone formation at
both the peripheral and the inner parts of the
scaffolds with thick trabeculae and a high
vascularisation degree.

[128] PCL, Mesorporous calcium
silicate and bioactive glass

(+) two different scaffolds with highly properties to
avoid the interference of the comparing
osteogenic potential

MBG/PCL scaffolds exhibited better bioactivty than
MCS/PCL scaffolds for bone regeneration.

[129] Magnesium phosphate (+) DAHP solution eliminate the conventional
sintering process to extend the usefulness of
loading drug

MgP scaffold showed good pore structural
conditions, mechanical property and cell affinity.

[130] α-TCP (+) fabrication of thermally instable and degradable
matrices of secondary calcium phosphates

binder enabled the fabrication of custom made
brushite/TCP implants with well-defined
architecture and the ability of being resorbed in
vivo binder enabled the fabrication of custommade
brushite/TCP implants with well-defined
architecture and the ability of being resorbed in
vivo The printed sample strength increase after
treatment of phosphoric acid give rise to brushite
with minor phases of unreacted TCP.

[131] TCP, DCPA (+) complete conversion of all components involved
in the production process (raw powder and binder
solution) to a cement matrix minimising risk of
harmful residues

Scaffolds was printed with >96.5% of dimensional
accuracy. Cell proliferation was higher on biphasic
calcium phosphate when compared to HA.

[132] CaP, PCL, GelMA (+) Multi-material, multi-scale 3D printing approach
(hydrogel-thermoplastic-bioceramic composite)

multi-scale composite osteochondral plugs results in
the formation of cartilage-like matrix in vitro with
3.7-fold increase in strength of the interconnection
at the bone-cartilage interface.

[133] Calcium silicate, β-TCP (+) engineering of pro-angiogenic
microenvironment in vitro

Co-culture of HUVECs and hBMSCs on porous 5% CS/
β-TCP accelerates vascularisation and osteogenesis
in ectopic bone formation model.

[134] GelMA (+) hollow, stackable miniaturised microcage
modules, resembling the features of toy
interlocking building blocks

3D printed microcages loaded with microgels
supplemented with growth factors enhanced cell
invasion into the core of assembled constructs in a
controllable manner, thus accelerating the process
of new tissue formation and healing.

[135] β-TCP (+) scaffolds do not cause premature closure of
sutures and preserve normal craniofacial growth

Regeneration of vascularised bone with mechanical
characteristics comparable to native bone.

[136] PCL (+) high adaptability to the created defect geometry The ligament cells displayed highly predictable and
controllable orientations along microgroove
patterns on 3D biopolymeric scaffolds.

[137] β-TCP (+) Dipyridamole as a viable cost-effective
osteogenic agent

Resorbable, β-TCP scaffolds treated with DIPY
increased bone regeneration qualitatively and
quantitatively.

[138] Akermanite (+) Development of Haversian bone–mimicking
scaffolds (–) multicellular synergistic including
bone-resident cells such as osteoblasts,
osteoclasts, and macrophages need to be
explored

The scaffold showed the potential for multicellular
delivery by inducing osteogenic, angiogenic, and
neurogenic differentiation in vitro and accelerated
the ingrowth of blood vessels and new bone
formation in vivo.

[139] TCP and anhydrocus
dicalcium phosphate

(+) discrete deposition of pharmaceutical agents on
bioceramics scaffold using multijet 3D printing

rhBMP-2 and vancomycin by loading the drug within
the 3D printed scaffold.

[140] PCL (+) deferoxamine loaded PCL showed mechanical
property similar to cancellous bone

The deferoxamine-printed scaffold had no effect on
cell attachment or proliferation, but it significantly
increased vascularisation, which was accompanied
by increased bone growth.
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bioactivity [90]. The composite scaffold with 40%
nHAp led to accelerated osteogenic differentiation;
however, there was a decrease in the scaffold’s com-
pressive modulus when the temperature increased to
a physiological value [90]. Several other investigations
have followed the same approach by blending nHAp
to increase osteogenesis of polymer-based 3D printed
biodegradable scaffolds [147,148].

β-tricalcium phosphate (β-TCP) is another impor-
tant bioceramic due to its intrinsic osteoconductivity
and faster degradation rate when compared to tra-
ditional HAp. Distinct amounts (10–30%) of TCP
were mixed with poly(lactic acid) to obtain scaffolds
with an orthogonal design and 100 µm pore size.
After 12 weeks in vivo, the degradation of the scaffolds
matched that of new bone formation (Figure 8(a,b))
[91]. A similar strategy was used to print β-TCP/
PCL scaffolds. The scaffold with 30% TCP, under
mechanical stimulation, led to the upregulation of
bone-related genes. From a mechanical standpoint,
the compressive modulus of the fabricated scaffold
was comparable to human trabecular bone [92].
Meanwhile, synthetic biodegradable polymers have
also been modified with bioactive glasses (BGs) due
to their ability to form an intermediate apatite layer
and stimulate osteogenic differentiation [105,127]. In
a recent study, 3D printed PCL-based scaffolds
modified with 50% 45S5 BG or Sr-substituted BG
were able to stimulate osteogenic differentiation of
bone marrow stromal cells without additional chemi-
cal inducers [93].

The incorporation of therapeutic agents has also
been explored in the development of 3D printed
scaffolds for vascularised bone regeneration [82,83].

As an example, dexamethasone-loaded 3D printed
scaffolds made of PCL and poloxamine demonstrated
to be a viable option to locally deliver biomolecules to
induce osteogenic differentiation of resident mesench-
ymal stem cells (MSCs) (Figure 8(c,d)) [84]. In
another study, 3D printed PLA scaffolds with
defined pore size (200 µm) were coated by a layer-
by-layer nanocoating technique for sequential release
of angiogenic and osteogenic GFs to generate vascu-
larised bone constructs. The co-culture of human
umbilical vein endothelial cells and bone marrow-
derived MSCs on 3D printed nanocoated scaffold
exhibited excellent bone forming potential with well-
developed microvascular networks [94]. A unique
approach was employed by Shim et al. [83] in the fab-
rication of PCL/PLGA/β-TCP 3D printed membranes
with controlled pore size (250 µm), following which a
collagen/rhBMP-2 mixture was dispensed into the
membrane’s empty pores. The collagen/rhBMP-2 sol-
ution was physically gelled at 37°C prior to implan-
tation. Upon euthanasia, the animals receiving the
collagen/rhBMP-2 filled constructs showed 70% of
total new bone formation compared to 40% in the
case of unfilled (control) scaffolds [83].

Although the aforementioned scaffold strategies are
promising to regenerate vascularised craniofacial
bone, they fall short of their ability to facilitate the
coordinated regeneration of multiple periodontal tis-
sues, which includes not only alveolar bone, but also
cementum and periodontal ligament (PDL). In the
complex architecture of the periodontium, the regen-
eration of bone is correlated with the neoformation of
cementum and PDL. Therefore, to allow multi-tissue
periodontal regeneration, multiphasic scaffolds with

Figure 8. (a) Images of the prepared scaffold (1) photograph, (2) micrograph, and (3) scanning electron microscopy, (b) Micro-CT
images from rats that received the scaffold at 0–12 weeks after implantation. Adapted from [91]. (c) Imaging of scaffold’s archi-
tecture and surface morphology by stereomicroscopy. (d-f) Confocal imaging of live (calcein, green) and dead (propidium iodide,
red) human mesenchymal stem cells cultured onto the scaffolds. Adapted from [84].
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structural arrangement, and unique architectural and
chemical characteristics, should be devised to mimic
the periodontium’s highly organised zonal structure.
To this end, Vaquette et al. [149] developed biphasic
3D printed scaffolds made of PCL and 20% β-TCP
with 70% porosity and 100% interconnectivity to
form the bone zone. The periodontal ligament
(PDL) zone was created by electrospinning of a PCL
solution to support and deliver mature PDL cell
sheets. The aforementioned biphasic scaffold was
coupled with a dentine slice and implanted in an athy-
mic subcutaneous rat model. The investigators
observed that 67% of the test group with PDL cell
sheets showed new cementum-like tissue on the den-
tin surface, compared to 17% for the group without
PDLC sheets [149]. Taken together, the regenerative
outcomes achieved with biphasic scaffolds have
opened up new horizons in terms of how the meticu-
lous design of bone and PDL zones are critical in the
process of periodontal tissue regeneration. Nonethe-
less, cementogenesis, i.e. the neoformation of cemen-
tum remains a challenging issue, as it relies on
endogenous cells to facilitate cementum deposition
on the root dentin surface. In this way, the consider-
ation and implementation of a third tissue-specific
zone has shown to play a key role in enabling the
regeneration of cementum and supporting the con-
trolled alignment of PDL fibres. In this context, tripha-
sic PCL/HAp composite scaffolds have been designed
with a tissue-specific zonal arrangement presenting
distinct microchannel diameter (100, 600, and 300
μm for cementum, PDL, and bone zones, respect-
ively), thus allowing the creation a hierarchical tis-
sue-specific zonal scaffold. Importantly, PLGA
microspheres loaded with regenerative cues, such as
amelogenin (cementum), connective tissue growth
factor (PDL), and BMP-2 (bone), were introduced
into each particular zone to enhance tissue-specific
cell differentiation. In vitro studies were performed
by seeding alveolar bone, periodontal ligament, and
dental pulp stem cells along with zone-specific GFs
coupling, led to the formation of new bone and
cementum-like tissue. Scaffolds seeded with DPSCs
generated aligned PDL-like collagens adjacent to
newer bone and cementum, which shows that the suc-
cessful spatio-temporal delivery of distinct proteins
can differentiate individual cells into multitissue peri-
odontal complex in vivo [96]. In another example,
Criscenti et al. [30] combined 3D printed PCL
scaffolds and electrospun PLGA nanofibres to obtain
triphasic scaffolds to mimic the zonal microenviron-
ment of the bone-to-ligament interface. First, PCL
scaffold, designed with a 700 µm fibre diameter and
150 µm fibre spacing, was printed to serve as a bone
zone and then, two-thirds of this scaffold was coated
with electrospun aligned PLGA nanofibres to mimic
the ligament for the regeneration of bone-ligament

interface. 3D printed, hybrid, and electrospun regions
were the three regions in the aforementioned triphasic
scaffold. This scaffold mimicked the gradient structure
of bone-ligament. MSCs were distributed homoge-
nously, not only at the interfaces, but also throughout
the entire scaffold. Glycosaminoglycan (GAG) analysis
showed higher GAG content for the triphasic scaffold
than the controls, indicating improved ligamentogen-
esis. The results clearly indicated that hMSCs behav-
iour is dependent on the scaffold fabrication
method. Briefly, a combination of two techniques
(3D printing and electrospinning) provides advan-
tages for interface tissue engineering by mimicking
the bone-ligament interface in terms of mechanical,
structural, and biological properties [30].

Melt electrowriting
Apart from the traditional thermal extrusion methods
of polymer printing, a technique named melt electro-
writing (MEW), that combines the principles of ther-
mal polymer extrusion and electrospinning, was
established to print filaments, which are at least 10
orders of magnitude thinner than conventional
FDM. Notably, MEW allows printing highly ordered
porous scaffolds/constructs with filaments ranging
from ∼ 2–3 µm to 30 µm [12,75,142], with recent
research demonstrating the possibility to obtain
nano-sized polymeric filaments when using acupunc-
ture needles as the spinneret [76].

A wide array of degradable polymers has been used
to generate MEW scaffolds, with PCL being the most
investigated one. In order to achieve higher resolution
and overall control of the construct’s architecture, key
processing parameters have been identified, such as
flow rate of the polymer melt, speed of the collector,
spinneret diameter, distance from the needle tip to
collector, and applied electric voltage. Optimisation
of the aforementioned variables allows the formation
of a stable, continuously drawn polymer melt directly
from the spinneret over the translating collector to
realise highly ordered 3D architectures [76,150]. A
strategic driver for the latest advances associated
with MEW is the rapidly evolving field of regenerative
engineering, including, hard and soft tissue regener-
ation. In one of the seminal studies, PCL scaffolds
were prepared using MEW and then modified with a
CaP coating to increase cell attachment and osteoin-
ductive properties [97]. Human osteoblasts (HOBs)
seeded on these scaffolds showed upregulation of an
osteogenic-related gene (osteocalcin); whereas, upre-
gulation of fibronectin and vitronectin was reported
for PCL scaffolds etched with sodium hydroxide
[97]. Similarly, melt electrowritten poly(lactide-
block-ethylene glycol-block-lactide) (PLA-PEG-PLA)
scaffolds containing 45S5 BG were recently reported
as another viable alternative to endow bioactive
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properties to polymeric MEW scaffolds for bone tissue
engineering applications [98].

Porosity is one of the main factors promoting cell
migration, proliferation, and most importantly vascu-
larisation of engineered tissues. As previously
described, the optimum pore size for bone regener-
ation is in the range of 150–300 µm. In a study by
Abdalla Abdal-hay et al. [99], composite scaffolds
composed of PCL and HAp nanoparticles (3–7%)
were produced via MEW to mimic the morphological
and structural properties of bone. As the amount of
HAp increased, cell spreading and migration also
improved. Incorporation of HAp caused scaffold
degradation to be faster than in alkaline conditions,
which is the pH during the healing of wounds.
Scaffolds with large (190 µm) interconnected pores
with a high porosity (96–97%), and the presence of
HAp was observed to facilitate cell infiltration and
growth [99]. Alternatively, in a study by Hochleitner
et al. [100], photocrosslinkable poly(L-lactide-co-ε-
caprolactone-co-acryloyl carbonate) and poly(ε-
caprolactone-co-acryloyl carbonate) were used to pro-
duce a sinusoidal pattern to mimic the ultrastructural
and mechanical properties of native ligament and ten-
don tissues. The slightly sinusoidal engineered fibres
were crimped enough to approximate to the non-lin-
ear stress–strain response of native tendon and liga-
ment. This sinusoidal scaffold exhibited an
improvement in cyclic fatigue testing as compared to
the scaffolds composed of straight fibres thanks to
their geometry. As a result, MEW technology can gen-
erate scaffolds that mimic the biomechanical behav-
iour of crimped collagen type I found in natural
tendon and ligament tissues [100].

As previously highlighted, the engineering of
zonal, tissue-specific scaffolds in terms of both com-
position and architecture has been deemed crucial
to the coordinated growth and regeneration of both
soft and hard periodontal tissues. In a study by
Vaquette et al. [95], matured cell sheets, including
periodontal ligament cells (PDLC), gingival cells
and bone marrow-derived MSCs delivery system
was developed using a biphasic scaffold fabricated
by a combination of solution electrospinning and
melt electrowriting (MEW). The bone zone with
macroscopic pores was obtained via MEW, whereas
the periodontal region was created by a flexible elec-
trospun mesh to support cell sheet delivery. The
scaffolds were placed in vivo in artificially created
periodontal defects in a sheep model and revealed
excellent tissue integration between bone and PDL.
Importantly, a greater bone fill was seen in the
PDLC group after 10 weeks. Histological analysis
demonstrated the formation of new bone, cementum,
and obliquely inserted PDL fibres [95]. Similarly, tub-
ular PCL scaffolds were obtained by using MEW as a
tissue-engineered periosteum construct. Periosteum,

which provides blood supply to the cortical bone
and osteogenic niche, is of great importance for
bone homeostasis and regeneration. A new concept
was introduced by using MEW 3D printed tubular
scaffolds and different cell types for periosteal regen-
eration in vivo. Star-shaped poly(ethylene glycol)-
heparin hydrogel incorporated with HUVECs and
PCL tubular scaffolds seeded with BMSCs were com-
bined to mimic periosteum’s multiphasic structure.
The scaffolds were placed around the femur in con-
tact with bone, aiming at recapitulating both the vas-
cular and osteogenic niches. The results
demonstrated that human bone marrow-derived
MSCs maintained its undifferentiated phenotype
over 30 days of in vivo culture, which was mainly
attributed to the properties of the hydrogel; whereas,
HUVECs developed into mature vessels with
increased vascularisation compared to the cell-free
approach [101].

The generation of scaffolds with a porous and por-
osity gradient can lead to 3D architectures that
resemble the structure of native bone tissue with
gradually increasing pore size from one layer to the
next mimicking the changes in mineral density from
cortical to cancellous bone [102]. Abbasi et al. [151]
developed highly ordered MEW constructs with
different pore sizes (250, 500, and 750 μm), two
offset constructs of 30% and 50% layout, and a gradi-
ent construct of 250–500–750 μm (Figure 9(a)). The
constructs were modified with CaP to boost osteo-
genic differentiation. The findings indicated that gra-
dient constructs led to more pronounced ALP
activity, while mineralised matrix deposition (Figure 9
(b)) was higher in the 50% offset constructs. The
expression of osteogenic genes was also upregulated
in offset and gradient constructs [102].

Another interesting strategy examined the reinfor-
cing effect of MEW PCL meshes upon integration
with gelatin methacryloyl (GelMA) hydrogels
[12,152,153]. As an example, our research group
recently reported on a multifunctional membrane
for guided bone regeneration (Figure 9(c,d)) with
predictable mechanical competence and therapeutic
features using a highly porous MEW PCL fibre-
reinforced hydrogel laden with amorphous mag-
nesium phosphate (AMP). The incorporation of
AMP and MEW fibres into the hydrogel provided
tunable mechanical strength and enhanced the osteo-
genic potential. The results showed that the presence
of MEW PCL mesh retards the degradation and suc-
cessfully prevent soft tissue invasion into the osseous
defect (Figure 9(e)). It was concluded that the mem-
brane acted as a bioactive barrier as the presence of
AMP led to improved bone formation [12]. Although
it was demonstrated that such composite scaffolds
have improved mechanical and biological properties,
the preparation of these constructs involved a two-

INTERNATIONAL MATERIALS REVIEWS 363



step fabrication procedure, i.e. the generation of the
reinforcing fibrous mesh followed by infusion of the
hydrogel, which limited the freedom of designing
microfibrous architectures, and the use of multiple
materials and cell types in a controlled fashion. One
important development in the evolution of the man-
ufacturing of fibre reinforced cell-laden hydrogels is
the potential to combine both hydrogel extrusion
and MEW processes into a single biofabrication plat-
form [38,40].

Non-thermal extrusion-based printing

The major limitation of thermal extrusion methods
is the use of high temperatures, which may ulti-
mately lead to denaturation of proteins and bio-
chemical factors [33,154]. To solve this issue,
extrusion-driven 3D printing of solutions and/or
pastes (e.g. bioceramics), without material melting,
has been proposed. Pressure-assisted microsyringe
(PAM) uses a pneumatic-driven system to deposit,
at room temperature, cell-free or cell-laden bioma-
terials on a substrate avoiding the denaturation of

temperature-sensitive biomolecules and/or cell
death [155]. In this method, a semi-solid formu-
lation with the necessary printing properties is
used as the starting material to generate physically
and mechanically stable 3D constructs. Therefore,
the rheological characteristics of the biomaterial is
an important property that affects the printing pro-
cess and quality, and depends on the quantity and
type of additives used to obtain the semi-solid for-
mulation. A pressurised valve-free or valve-based
air piston is usually the dispensing mechanism.
Notably, the improved precision of the latter has
motivated its widespread use [81,156]. Nonetheless,
non-thermal extrusion-based 3D printing approach
has been employed in the generation of bioceramics,
hydrogels, and cell-laden scaffolds at low or physio-
logical temperatures [13,157,158]. Next, we provide
an overview of the most current work pertaining
to non-thermal extrusion 3D printing opportunities
for the fabrication of cell-free and cell-laden
scaffolds with controlled geometry, architecture,
and biological features for applications in craniofa-
cial bone and periodontal regeneration.

Figure 9. (a) SEM images of the porous MEW scaffold structures. (b) Immunocytochemistry analysis of osteogenitor markers (col-
lagen I, osteopontin and osteocalcin) for human osteoblast cells cultured in (A, B, C) Osteogenic medium (D, E, F) Basal medium
after 14 and 30 days. Adapted from [78]. (c) SEM and confocal micrographs of MEW PCL mesh and its interaction with hMSCs after
3 days. (d) Macrophotographs (A) detailing the steps involved in the fabrication of highly porous MEW PCL meshes with well-con-
trolled 3D architecture and infusion with GelMA + AMP using a custom-made mould. (B-E) Representative cross-section SEM
micrograph of the GelMA-PCL (GP) membrane showing the hydrogel phase uniformly infiltrated into the pores of the polymer
mesh. (e) Masson’s trichrome stained sections of implanted membrane showing the remnants of the GelMA surrounded by
newly generating ossifying bone after 8 weeks in the bioactive hydrogel infused in the PCL mesh and bioactive hydrogel
group, indicating slower degradation of GelMA in presence of AMP and PCL mesh. Adapted from [12].
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Cell-free scaffolds
Bioceramics refer to a class of ceramic materials made
up of inorganic crystalline oxide materials that are
intrinsically biocompatible and can be processed com-
positionally and structurally to mimic native bone
[159]. It is well-established that bioceramic scaffolds
(e.g. hydroxyapatite [HAp] and beta-tricalcium phos-
phate [β-TCP]) have stimulating effects on stem cell
proliferation and differentiation. Moreover, their
tunable degradation permits them to be processed to
provide structural support and guide bone regener-
ation [36,128].

Hydroxyapatite is the major inorganic component
of bone and is responsible for its mechanical strength
and, together with other CaP-based bioceramics, have
been themost widely employed in bone tissue engineer-
ing [157]. Depending on their chemical composition,
bioceramics can be inert or bioactive (i.e. ability to
form hydroxyl apatite mineral on its surface both in
vitro and in vivo). Over the last decades, bioceramics
have been extensively utilised to formulate pastes and
cements that can be injected into complex osseous
defects that are challenging to realise with traditional
bone grafting [103,110,117,118,160]. However, such
complex bone defects can hardly be treated by pasty
bone materials, but require the implantation of pre-
formed scaffolds with complex and customised geome-
tries. Thus, 3D printing has been deemed as a
promising technology to fabricate patient-specific
bone grafts from bioceramics [34,35]. Indeed, previous
works have demonstrated the ability to manufacture,
via 3D printing, customised bioceramic scaffolds
[129–131,161] and also suggested the potential to
incorporate additional bioactive additives [35,139].

In a study employing HAp and tricalcium silicate,
a self-setting tricalcium silicate scaffold was fabri-
cated with an up-and-down staggered structure
using mechanical extrusion to facilitate subsequent
cell seeding. The nHAp structure was created by
immersing the printed structure in a predetermined
phosphate aqueous solution at 37°C for 3 days. The
presence of HAp on 3D printed tricalcium silicate
scaffolds showed higher ability to induce osteogenic
differentiation and bone formation in vitro and in
vivo, respectively, compared to the pure 3D printed
tricalcium silicate scaffold [103]. Research conducted
by Martinez et al. [104] reported 3D printed scaffold
of gelatin with Si doped HA microparticles using a
pneumatic-driven extrusion method. The scaffolds
exhibited compression strength close to that of trabe-
cular bone. Mouse calvaria pre-osteoblasts seeded on
these hybrid scaffolds upregulated the expression of
osteogenic genes, such as runt-related transcription
factor 2 and osteocalcin when compared with gela-
tin-free scaffolds [104]. Similarly, 3D printed compo-
site scaffolds consisting of 13-93 BG and sodium
alginate improved rat MSCs attachment and

osteogenic differentiation [105]. Further, the release
of bioactive ions from the scaffold contributed to
apatite mineralisation in vitro [105]. In another
study employing BGs, osteoinductive and angiogenic
properties were enhanced by printing Sr-incorpor-
ated mesoporous BG [106]. Sr-doped BG scaffolds
implanted into critical size defects in rat calvaria
led to superior bone formation compared to BG
scaffolds lacking strontium (Sr) doping. Microcom-
puted tomography showed improved vascularisation
for the Sr-doped scaffolds, compared to non-doped
scaffolds in vivo [106].

Beta-tricalcium phosphate (β-TCP) scaffolds were
printed in a layer-by-layer fashion, with deliberate
geometric design (250 µm struts and 330 µm pore)
and evaluated in a clinically relevant translational in
vivo model [118]. After 8 weeks of scaffold implan-
tation in critically sized full-thickness (i.e. rabbit
mandible), improved bone formation was observed
in the absence of an osteogenic agent, and there was
no significant difference in the baseline bone area
occupancy between an unoperated mandible section
(55.8 ± 4.4%) and new bone (54.3 ± 11.7%) [118]. To
achieve improved osteogenic action, a multiphasic
construct consisted of a 3D printed β-TCP scaffold
with an interconnected porosity similar to that of
bone was infused with a collagen matrix to mimic
bone’s extracellular matrix (ECM) to support the
adhesion and osteogenic differentiation of dental
pulp stem cells (DPSCs). After 21 days of in vitro cul-
ture, a marked increase in ALP activity of DPSCs was
seen when compared to 3D printed β-TCP scaffolds
devoid of collagen [107].

It is well-established that successful bone recon-
struction in load-bearing areas requires a mechanically
competent and bioactive scaffold. In this context, the
addition of akermanite (Ca2Mg(Si2O7)) to β-TCP led
to the fabrication of a 3D printed scaffold with
improved mechanical and regenerative (bone for-
mation) properties than pure β-TCP control scaffolds
[108]. Along with controlled mechanical and degra-
dation properties, scaffolds’ macrostructure also plays
a role in bone regeneration [162,163]. Hollow strut-
packed bioceramic-based scaffolds printed using a
modified coaxial strategy with defined macropores
and multi-oriented hollow channels led to greater
bone formation compared to solid struts-packed
scaffold [116]. Meanwhile, in another study, a core–
shell printed structure of 1000 and 500 µm in diameter,
respectively was realised to obtain scaffolds with a hol-
low pipe-stacked bioceramic structure (bredigite,
Ca7Mg(SiO4)4). The implantation of the uniquely
designed (i.e. hollow pipe) scaffold in a radial segmen-
tal defect led to the early formation of new blood
vessels and bone regeneration and remodelling within
the bone defect [109]. A similar approach reported
improved in vitro cell functions and in vivo

INTERNATIONAL MATERIALS REVIEWS 365



angiogenesis for a lotus root-like scaffold with internal
microfeatures (e.g. pores and microchannels)
(Figure 10(a,b)). The proposed structure is beneficial
for transferring oxygen, nutrition, and cell migration
into the inner portion of the scaffold. After 12 weeks
of implantation, the lotus root-like scaffolds led to
greater angiogenic and osteogenic activity compared
to conventional 3D printed scaffolds (Figure 10(c–h))
[110]. These studies have shown that macrostructures,
mechanical strength, and ions’ release positively affect
cell penetration and proliferation, thus supporting
osteogenesis and improved vascularisation. In
addition, magnesium-based materials have recently
received particular interest, due to their ability to
chemically degrade in vivo and their high potential to
promote bone regeneration. A striking example
recently introduced by Golafshan and colleagues
(2020), demonstrated the non-thermal extrusion print-
ing of magnesium (Mg)-based 3D scaffolds (Figure 11
(a,b)) with compressive strength and toughness similar
to native bone, that led to mineralised tissue in vitro
bone formation without the need of supplementation
with osteoinducing components. In a 6-month in
vivo validation in an equine model, the authors
confirmed the osteopromotive potential and easy
surgical handling of the novel Mg-based scaffolds
(Figure 11(c,d)) [35].

Recently, various attempts have been made to
enhance the healing of bone and periodontal tissues
by the utilisation of growth factors to directly influence
tissue morphogenesis [82–84]. Hence, the appropriate
release of therapeutics from 3D printed scaffolds can
provide key biochemical cues to boost tissue regener-
ation. Currently available 3D printing technologies
have been able to generate geometrically complex
scaffolds loaded with a wide variety of antimicrobial
drugs and growth factors. In fact, the tunable porous
structure of ceramics is suitable to the loading and
release of biomolecules, such as proteins, polypeptides,
or amino acids [164,165]. Akkineni et al. demonstrated
the feasibility of printing, via pneumatic extrusion, CaP
cement composite scaffolds premixed with chitosan/
dextran sulphate microparticles for localised delivery
of vascular endothelial growth factor (VEGF) [111].
Scaffolds loaded with VEGF demonstrated higher cell
viability compared to control (VEGF-free) scaffolds
and higher ALP activity of MSCs cultured on the
scaffolds for up to 21 days [111]. Similarly, 3D printed
β-TCP/gelatin/alginate composite scaffolds encapsu-
lated with VEGF-releasing poly(lactic-co-glycolic
acid) (PLGA) microspheres showed improved cell pro-
liferation and attachment of HUVECs and osteoblasts
when compared to control scaffolds [112]. Of note,
VEGF-laden scaffolds promoted significantly greater

Figure 10. (a-b) SEM and confocal images for the morphology and cytoskeleton of BMSC cultured in TSSP, 1CSP, 2CSP, 3CSP, and
4CSP-AKT bioceramic scaffolds for 3 days. (c-d) The adhesion and proliferation of BMSC at different incubation time showing
enhanced adherence and proliferation of cells with increase in channel numbers in the biomimetic scaffolds. (e) Fluorescence
image of histological sections of biomimetic scaffolds stained with DAPI optical microscope image of 3CSP biomimetic scaffolds
with blood vessels perfused by microfill. (f-g) Typical 3D reconstruction micro-CT images of the edges between materials and
rabbit calvarial defects and analysis of the volume ratio of the newly formed bone to the defect regions (BV/TV). (h) The unde-
calcified histological sections stained with Van Gieson’s picrofuchsin, newly formed bone tissues (in red) can be well observed
(blue arrows point to the new bone). Adapted from [110].
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ALP activity compared to control scaffolds after 7 and
14 days of in vitro culture [112].

Bone morphogenetic protein 2 (BMP-2) belongs to
the transforming growth factor superfamily and plays
an important role in bone regeneration [166]. Numer-
ous studies have reported the use of BMP-2 to repair
critical size bone defects; however, a carefully designed
delivery system is critical to avoid adverse events, such
as ectopic bone formation [82,83]. In a study con-
ducted by Wang et al. [113], a HAp scaffold was first
obtained via 3D printing and then coated with col-
lagen/chitosan microspheres loaded with BMP-2 to
obtain continuous growth factor release. After 8
weeks of in vivo implantation, ectopic bone formation
was observed only in the HAp scaffold coated with
BMP-2 [113]. Meanwhile, 3D printed mesoporous
silica (MS)/CaP cement-based scaffolds loaded with
BMP-2 showed increased bone formation and angio-
genesis compared to BMP-2 lacking control scaffolds
[114]. In addition to growth factors, alternative thera-
peutic drugs have been incorporated into 3D printed
scaffolds. In a study by Bekisz et al., the local delivery
of dipyridamole using 3D printed β-TCP/HAp
scaffolds in a highly translational sheep calvarial defect
model led to significant new bone [115].

Cell-laden scaffolds
Over the last decade, 3D printing technologies have
received substantial consideration due to the remark-
able disruptive potential in regenerative dentistry by
providing personalised solutions to reconstruct dental,
oral, and craniofacial tissues compromised by trauma,
disease and/or congenital deformities [14,27,28].
Nonetheless, to satisfy tissue-specific needs it is
important to imitate the biologic and functional

hierarchy of the native tissues. In this way, bioprinting
has materialised as a new and innovative 3D printing
method for the generation of biologically functional
tissue constructs with pre-programmed structures
and patient-specific geometries. Bioprinting is
defined as cell-laden biomaterial printing with precise
positioning of cells into three-dimensionally organised
structures using computer-aided layer-by-layer depo-
sition [167]. Noteworthy, well-defined and geometri-
cally complex structures laden with single or
heterogenous cell populations can be realised to gen-
erate constructs physiologically and morphologically
similar to relevant living tissues [168]. To date,
depending on the cell type and bioink composition,
extrusion-based bioprinting techniques have resulted
in cell viability ranging from 80% to 90% within the
bioprinted construct [13,31,120,123,169]. Hydrogel
precursors are commonly used as bioink because
they can provide a highly hydrated and permeable
3D polymeric structure that affords improved nutrient
and oxygen diffusion, and thus enhancing cell survival
and function [170]. In essence, hydrogels provide an
ECM-like microenvironment, and can be tuned to
enable cells to preferentially migrate within the hydro-
gel structure, unlike in native ECM [119,171,172].

Recently, cell-laden hydrogels modified with care-
fully selected growth factors have been deployed as
highly translatable bioprinting strategies to generate
vascularised bone tissue constructs with a high degree
of reproducibility [36,123]. For instance, a pneumatic
dispensing system was used to print bone marrow-
derived MSCs (BMSCs) embedded in Poloxamer 407
and alginate [120]. There was no significant decrease
in cell viability upon printing when compared to the
non-printed cell-laden hydrogel counterparts. After

Figure 11. (a) Designed and printed scaffolds with various shapes of MgPSr-PCL30. (b) Schematic representation of the implan-
tation of cylindrical constructs in the equine tuber coxae. (c) Histological assessment of new bone (*) within the MgPSr-PCL30
scaffolds after 6 months. Representative haematoxylin and eosin, basic fuchsin/methylene blue-stained MMA samples, immuno-
histochemical staining for collagen type I (brown region), and picrosirius red–stained tissue sections of defects filled by MgPSr-
PCL30 scaffolds (S) and of empty defects. The scale bar is 50 μm. Adapted from [35].
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2 weeks, 3D bioprinted BMSCs expressed early mar-
kers of osteogenic differentiation, indicating that the
printed cells were able to differentiate within the con-
structs following in vitro culture [120].

Traditionally, the combination of hydrogel with
bioceramic is encouraged as the closest replicate of
the extracellular matrix (ECM) composition of native
bone [173]. Moreover, the incorporation of biocera-
mics into hydrogels has the ability to augment the
bioactivity of the loaded cells [174,175]. As an
example, a composite scaffold was devised by the
combination of printable CaP cement, together
with a cell-laden bioink consisting of 3% alginate
and 9% methylcellulose (MC) [36]. There was no
difference in cell viability between pristine alginate/
MC scaffolds compared to CaP-modified bioprinted
constructs. More importantly, after 7 days of in
vitro culture, human MSCs started to migrate from
alginate/MC bioink towards CaP cement strands
[36]. Moreover, a model of osteochondral tissue
grafts was fabricated by combining CaP cement, algi-
nate/MC, and biphasic scaffold (consisting of CaP
cement and alginate/MC bioink) [36]. In a different
study, Kim and colleagues proposed cell-laden β-
TCP and collagen hydrogels using a two-step print-
ing process. Briefly, micron-sized α-TCP/collagen
struts were printed to provide a mechanically stable
structure, upon which a cell-laden collagen bioink
was bioprinted onto the α-TCP/collagen struts. The

composite scaffold showed significantly higher cellu-
lar activities compared to the cell-laden collagen
scaffolds (Figure 12(a)) along with improved osteo-
genic differentiation (Figure 12(b)) [31].

As previously alluded to, the modification of
bioinks with growth factors has been shown to signifi-
cantly heighten osteogenesis [82,96,112]. BMP-2
serves as an important growth factor for bone regener-
ation; however, its halflife in the body is extremely
limited and has some key safety concerns that are cur-
rently far from being addressed [176]. To surmount
this drawback, our group developed a bioink that
combines micron-sized amorphous magnesium phos-
phate (AMP) particles and an extracellular matrix
(ECM) hydrogel containing 2% octapeptide
FEFEFKFK (F/phenylalanine; E/glutamic acid; and
K/lysine) and 98% water with excellent printability
and shape fidelity. The encapsulated cells in AMP-
modified bioprinted constructs showed elongated
morphology and viability similar to AMP-free hydro-
gel (Figure 12(c)). Notably, cell-free AMP-laden con-
structs demonstrated increased bone formation
when implanted in calvarial defects for 8 weeks
when compared to the AMP-free constructs, indicat-
ing AMP’s chemical ability to trigger osteogenic differ-
entiation of endogenous cells surrounding the bone
defect (Figure 12(d)) [13]. In a similar study, the
incorporation of β-TCP particles into a collagen-
based bioink led to 3D constructs with improved

Figure 12. (a) In vitro cell-activities and live/dead images of the cell-laden scaffolds. (b) Osteogenic activities (Alizarin Red S and
Osteopontin staining) of cell-laden scaffolds at day 14. Adapted from [31] (c) Calcein AM (green) and PI (red) staining assay for live
and dead analysis of DPSCs after 1, 3, and 5 days in the cell-laden ECM and ECM/AMP-bioprinted constructs (red arrows: dead
cells). DPSCs show an elongated morphology in AMP-modified constructs. (d) Micro-CT analysis of rat skull 3D rendering at 4-
and 8-weeks. Calvarial defects that were left empty did not heal spontaneously for the duration of the study. In contrast,
bone healing was gradually achieved when the defects were filled with either ECM or ECM/1.0AMP. Adapted from [13].
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stiffness and enhanced osteogenic differentiation of
encapsulated adipose stem cells [121].

The translation of cell-printing technologies to pre-
clinical and clinical models is still challenging due to

the decreased shape fidelity of cell-laden constructs
post-printing. To overcome this challenge, nanoengi-
neered ionic covalent entanglement (NICE), a cova-
lently crosslinkable gelatin methacryloyl (GelMA);

Figure 13. (a) The 3D printability of each NICE bioink formulation was quantified using screw-driven extrusion printer to fabricate
a 3 cm tall, 1 cm wide hollow tube. (b) Histology show progressive changes in the ECM of 3D bioprinted structures. Masson tri-
chrome (bone tissue) Safranin O (cartilage tissue) Alcian Blue (connective tissue). Adapted from [122].
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ionically crosslinkable kappa-carrageenan; and electro-
statically charged nanosilicates were used to formulate a
novel bioink (Figure 13(a,b)). The 3D printing of
hMSCs encapsulated in growth factor-free conditions
showed osteo-related mineralised ECM (Figure 13(c,
d)) [122]. Hence, it is expected that cell-laden bioprint-
ing can result in the development of tissue constructs
with structural integrity and clinically relevant anatom-
ical geometries for craniofacial bone and periodontal
regeneration.

Collectively, the aforementioned findings show,
that extrusion-based bioprinting can render scaffold
or tissue constructs with prominent shape fidelity.
Remarkably, a variety of printhead designs can be
used to load and print diverse materials to ensure con-
trol in terms of biological, physicochemical, and
mechanical properties. The spatiotemporally con-
trolled release of growth factor(s) from 3D bioprinted
constructs and the incorporation of vascular-like
channels demonstrated the potential therapeutic
benefit of regenerating large bone defects with
improved vascularisation. The simultaneous printing
of multiple materials using distinct extrusion-based
methods can facilitate the engineering of scaffolds
with compositional and structural gradients to
mimic native tissues and tissue interfaces. Moreover,
extrusion-based bioprinting has resulted in adequate
cell survival and function, particularly within small

bone tissue constructs. In sum, extrusion-based bio-
printing has made sizeable advances in the develop-
ment of in vitro model systems and in vivo
therapeutics with translational potential for appli-
cations in craniofacial bone and periodontal tissue
reconstruction.

Convergence bioprinting technologies for
fabrication of architecturally complex
constructs

Living tissues are architecturally complex structures
with different cells and matrices arranged in three
dimensions, and thus engineering of bone and period-
ontal tissues to replace damaged tissues demands a tis-
sue-specific and personalised approach. In this sense,
the dynamics of 3D printing and bioprinting technol-
ogies have enhanced the perspective for complete
regeneration of craniofacial bone and periodontal tis-
sues through the fabrication of defect-specific designs
to mimic structure(s) damaged or lost due to trauma,
resection, or chronic inflammatory diseases, such as
periodontal disease.

A leading approach for the reconstruction of highly
organised living tissues and tissue interfaces, resides in
the convergence of complementary 3D printing/bio-
printing technologies integrated into a single biofabri-
cation platform, recently termed multitechnology

Figure 14. (a) Schematic Illustration of multitechnology biofabrication showing typical operation length of single deposition bio-
fabrication technologies with the size and hierarchical structure of tissues and organs. Adapted from [40] (b) Convergence of MEW
(PCL) and extrusion-based bioprinting (GelMA) into a single-step approach. (c) Fluorescence staining showing spatial placements
of the cells in the composite constructs. (d) The guidance of MEW fibres over a strand of hydrogel for development of complex
tissue architectures l) interlocked with hydrogel, and ll) out-of-plane fibre deposition. Yellow arrows depict the hydrogel whereas
the white arrows depict the PCL fibre. Scale bar = 500 µm Adapted from [38].
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fabrication (Figure 14(a)). Converged biofabrication
has the potential to yield scaffold systems with high
printing fidelity, spatial control over cell distribution
and improved biomechanical properties without com-
promising cell viability and functionality [40]. For
example, successful combined approaches of hydrogel
printing and electrospinning or MEW of polymers
have already been reported [38,177]. In addition, Xu
and colleagues pioneered the combination of inkjet
bioprinting with solution electrospinning to fabricate
cartilage tissue constructs [177]. By alternating the
deposition of electrospun polycaprolactone/pluronic
fibre meshes and inkjet printed chondrocytes contain-
ing hydrogels, the authors were able to create a series
of millimeter-sized constructs with promising biome-
chanical properties and encouraging cartilage-like tis-
sue formation. More recently, de Ruijter and co-
authors shown the successful combination of extru-
sion-based bioprinting and MEW in a single biofabri-
cation platform, which allowed for the generation of
living constructs with the spatial distribution of
mesenchymal stromal cells and improved biomecha-
nical functionality without jeopardising cell viability
or chondrogenic differentiation (Figure 14(b–d))
[38]. In a follow up study Diloksumpan and colleagues
demonstrated another promising converged biofabri-
cation strategy to engineer hard-to-soft tissue inter-
faces (Figure 15(a–h)) [132]. Altogether, the
integration of fibre technologies with cell printing

enhances the mechanical competences of the bio-
printed constructs while simultaneously offering cues
for (stem) cells to differentiate and organise tissue
matrix. In a study focus on the hard-to-soft periodon-
tal tissue interface, an osteoconductive biphasic
scaffold with a bone compartment was fabricated
using β-TCP/PCL printed via FDM, then coated
with CaP and the periodontal compartment was elec-
trospun through a melt electrospinning device (Figure
16(a)). In vivo analysis confirmed the integration of
tissue between the two compartments and the for-
mation of structurally similar tissue to native period-
ontal tissues (Figure 16(b,c)) [178].

Alongside this strategy, other combinatorial
approaches consisting of extrusion-based printing
integrated with sacrificial support materials [179],
external magnetic field stimulation [180,181] or
atmospheric plasma functionalisation [182] have
been described. Such strategies have the potential to
generate personalised biologically relevant tissue-like
materials with relevant sizes and structures that were
previously deemed as ‘unprintable’, while affording
high cell viability. These biofabrication platforms can
also provide suitable mechanical and structural fea-
tures to direct cell growth and differentiation. An
even more enticing feature of this fabrication systems
is the combination of digital design tools coupled with
multitechnology biofabrication to create materials
with locally defined chemical compositions,

Figure 15. (a) Fabrication process of the osteochondral construct by using a combination of different 3D printing techniques. (b)
Mechanical properties of the biomimetic PCaP scaffolds. (c) Micrograph obtained from micro-CT scanning showing a biomimetic
PCaP scaffold that could be placed press-fit inside an ex vivo osteochondral defect (scale Bar = 1 mm). (d) Basic fuchsin and
methylene blue staining reveal pattern of embedded PCL microfibres inside the non-porous layer of the C-PCaP scaffold of
the constructs with osteal C-PCaP anchor. (Scale Bar = 100 μm.). (e) Quantification of sGAG in hydrogel per DNA content. (f)
Interfacial adhesion strength, and (g) interfacial toughness (day 1 and day 42) while applying shear force at the interface between
equine ACPCs encapsulated in GelMA and C-PCaP-based bone compartment. (h) Safranin-O staining (1), collagen type II immu-
nostaining (2) and collagen type I immunostaining (3) of paraffin embedded microfibre reinforced GelMA without osteal C-PCaP
(F) and with osteal C-PCaP (G), respectively, after cultivation for 42 days. (Scale Bar = 100 μm). Adapted from [132].
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structures, and properties that can resemble biological
materials and ultimately drive tissue regeneration [40].
We strongly believe, this next generation of multitech-
nology biofabrication systems will incorporate real-
time inline monitoring of the printing process through
combinations of machine vision, inspection sensors,
and feedback control systems supervised by artificial
intelligence (AI) algorithms for high-throughput and
truly functional tissue equivalents biomanufacturing
[40].

It is worth noting that the hierarchically organised
bone and connective tissues also present micro-vascu-
larisation and innervation that should be replicated
while generating scaffolds for bone and periodontal tis-
sue engineering. Although mimicking bone microvas-
culature and innervation is usually neglected in
regenerative therapies, recent publications have
directed their focus over to these very sensitive matters
for successful clinical translation of bone tissue analogs
[133,138,140]. For instance, tuning β-TCP scaffolds
with 5% calcium-silicate and loading the 3D constructs
with co-cultures of HUVECs and human bone mar-
row-derived stem cells (hBMSCs) induced vessel for-
mation through the porous structure of the scaffolds
and new bone tissue in rat models [133]. The authors
also highlighted that the revascularisation process con-
tributed to the supply of biomolecules involved in bone
tissue regeneration. Meanwhile, another significant
gain in vascularised tissue during bone regeneration
was achieved by 3D printing PCL-Chitosan-deferoxa-
mine scaffolds [140]. Deferoxamine (DFO) promotes
hypoxia conditions, which apparently plays a role in
themodulation of genes key to angiogenesis and osteo-
genesis. In this way, 3D printed scaffoldsmodified with

DFO led to the upregulation of essential genes related
to vascularisation and mineralisation and induced
high vascular volume and bone formation in femoral
defects [140]. Regardless of the important findings of
vascularisation- and bone regeneration-inductive
mechanisms, these studies printed porous constructs
involving no specific architecture, and the innervation
aspect was not taken into account.

Remarkably, in a recently published work, the
unique architecture of Haversian bone was success-
fully mimicked using 3D printing for multicellular
delivery in bone regeneration [138]. Bioceramic-
based scaffolds were printed by digital laser processing
(DLP) with different pore sizes and arrangements that
replicate cancellous bone, Haversian, and Volkmann
canals within a single construct, as evidenced in natu-
ral bone and by the amount and distribution of the
channels, as the volume of cortical bone determined
the strength of the scaffolds. The co-cultures of osteo-
genic and angiogenic or neurogenic cells were effective
in proliferating and expressing specific markers of
mineralisation, vascularisation, and innervation.
Noteworthy, upon in vivo implantation the fabricated
scaffolds induced new bone formation, following the
design of the construct, and the endothelial cells cul-
tured into the Haversian canals accelerated vessels’
ingrowth through the construct [138]. However, the
proposed co-cultures’ model still needs to be checked
in vivo, including osteogenic, neurogenic, and vascu-
logenic cells in a single model to validate the findings.
Nonetheless, the gradually arranged and highly com-
plex architectures present in that scaffold reinforce
the remarkable advances 3D printing technology has
brought to the dynamics of regenerating bone.

Figure 16. (a) Graphical illustration of the biomimetic coating procedure, the fabrication of the biphasic scaffold, cell seeding,
subsequent in vitro culture and in vivo implantation of the cellular constructs. (b) SEM images of the seeded scaffolds after 6
weeks of in vitro culture under four different conditions. N–N non-coated scaffold cultured in basal medium, N–O non-coated
scaffold cultured in osteogenic medium, calcium phosphate–N calcium phosphate-coated scaffold cultured in basal medium, cal-
cium phosphate–O calcium phosphate-coated scaffold cultured in osteogenic medium. (c) Representative H&E and immunostain-
ing images of implanted biphasic scaffolds. Adapted from [178].
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Latest research 3D printed the stackable minia-
turised microcage modules, resembling the features
of toy interlocking building blocks (e.g. LEGO) loaded
with different growth factors, such as VEGF, PDGF,
and BMP2 to create a concentration gradient within
the microcage scaffold to direct cell migration in
specific fashion. Lithography-based Ceramic Manu-
facturing (LCM) 3D printing technique, was used to
create 1.5 mm microcages with wall thickness of
230–560 µm. Digital Light Processing (DLP) 3D print-
ing was used to build five-pointed flower-like geome-
try loaded with growth factors which was manually
placed inside the microcage. The study found that
the infiltration of cells was 2-fold greater and vascular-
isation was 3-fold higher in microgel-loaded microc-
age modular scaffolds than hydrogel-impregnated
composite scaffold (Figure 17(a,b)) [134].

Craniofacial bone injuries can occur throughout
the lifetime of a patient. Hence, it is critical to ponder
the age and stage of bone development when planning
a regenerative-based therapy. Also, congenital
anomalies, such as orofacial clefts, imply special
approaches and knowledge regarding tissue develop-
ment and growth. Accordingly, advances in the field
were recently achieved using 3D printed scaffolds as
a concept extrapolation for regeneration at different
stages of bone growth [125,135]. For instance,

β-TCP scaffolds loaded with dipyridamole, an osteoin-
ductive drug, were previously tested in calvaria [115]
and to regenerate long bone defects [137]. The 3D
printed scaffolds coated with dipyridamole [125] led
to bone formation throughout the scaffolds’ porosities,
regardless of pore dimensions, and preserved suture
patency for therapeutic and super-dosages of the
osteoinductive drug [125]. Moreover, dipyridamole-
loaded scaffolds induced native bone-like formation
in vivo [135], and there was neither ectopic bone for-
mation nor scaffold-induced asymmetry, and the bone
sutures were not affected by the bone regeneration
process (Figure 18(a–c)) [135]. Since suture patency
preservation is relevant to maintaining normal devel-
opment of the craniofacial skeleton, these studies
informed an important path on the use of 3D printing
for bone regeneration when considering different
stages of life and bone growth. However, these exper-
iments were not tested in a real craniofacial cleft
defect. Ideally, that type of analyses should map the
real defect based on 3D images to be converted into
defect-specific constructs.

The periodontium forms an important complex
and comprises multiple tissues (i.e. gingival, cemen-
tum, periodontal ligament, and alveolar bone) at dis-
tinct locations that act together to allow the tooth to
be attached to the jaw and to afford a defensive barrier

Figure 17. (a) (A-D) 3D diagram showing the distribution of microgels and impregnation of hydrogel in individual microcage
units. (E-H) Photographs of the microcage scaffolds schematically depicted above after loading with fluorescently labelled micro-
particles embedded with the microgel and monolithic hydrogel. (I-K) Transwell migration assay shows distinct migration toward
the microcages as confirmed by the immunofluorescence staining images (top: 2D view, bottom: 3D view) and Corresponding
quantitative data of cells migration (p < 0.05) (scale bar: 1.5 mm). (b) (A-B) Angled, top, and orthogonal projections of F-
actin-stained samples show the infiltration of cells throughout the microgel-loaded microcage scaffolds in comparison with
the hydrogel-impregnated samples. (C-G) Histology (toluidine blue staining) images, quantification of cell distribution and vessel
diameter show directed cell migration and neovascularisation (indicated by arrowheads) in the periphery and core regions of the
microgel-loaded microcage scaffold, when compared with the hydrogel-impregnated samples, which showed little evidence of
cellularity and vasculature formation in the core regions. Adapted from [134].
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Figure 18. (a) Micro-computed tomographic slices of new bone formation within scaffold at 8 weeks. The osseoconductive infiltra-
tion through the scaffolds (green and yellow arrows on second row) and bone regeneration in immature skeletal calvaria did not
affect the suture patency (red arrows). (b-c) Histological examination showing bone formation is guided by highly osseoconduc-
tive scaffold dimensions as new bone formation is directed from scaffold pore-to-pore while interacting with scaffold struts.
Adapted from [125]. (d) Histological analysis of bone defect site in rabbit mandibles, ×20 (e) Images of the specimens. (f) Radio-
graphs of the specimens. (g) Two-dimensional, 3-dimensional micro-computed tomography (CT) images of the scaffolds
implanted in the rabbit alveolar defects with different time separately. Adapted from [117].
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for the underlying structures from the oral microflora.
In order to overcome the challenges in regenerating
multiple tissues, hydrogel-based scaffolds must con-
tain a heterogeneous cell population at predesignated
sites with a high degree of spatial organisation [183]
to allow the fabrication of a multitissue structure com-
prising bone and mineralised cementum-like core
enclosed within a periodontal ligament (PDL)-like tis-
sue. An innovative approach, with significant potential
in periodontal tissue regeneration, was successfully
deployed using a multi-head tissue/organ building
system (MtoBS) with 6 dispensing units for the biofab-
rication of cell-laden constructs for osteochondral tis-
sue regeneration. The multilayered living constructs
containing human turbinate-derived mesenchymal
stromal cells (hTMSCs) and growth factors was
printed in the empty cavity of a predesigned biode-
gradable polymer (PCL) framework. The hTMSCs
were embedded in a hydrogel comprised of atelocolla-
gen and supramolecular hyaluronic acid to give rise to
subchondral bone, and a superficial cartilage layer,
respectively [37]. In addition, transforming growth
factor (TGF)-β and rhBMP-2 were added to atelocol-
lagen and supramolecular hyaluronic acid, respect-
ively. PCL fibres were extruded from a heated nozzle
of MtoBS, an in-house-developed 3D printing system.
A cell-rich cylindrical 3D construct 5 mm in height
was divided into a 4 mm subchondral bone layer
and a 1 mm cartilage layer and was implanted into
the osteochondral defect in the knee joint of a rabbit.
Macroscopically, the defect was fully covered after 8
weeks with neo-tissue, exhibiting a smooth surface,
and the cartilage-like neo-tissue was whiter than the
adjacent native cartilage. However, cell-seeded PCL
scaffolds partially covered the defect, and neo-tissue
was primarily found in the interface between the
native tissue and the defect [37].

Over the last decade, promising steps to realise tis-
sue-specific and geometrically complex constructs
have been possible through the combination of high-
resolution images from 3D computed tomography
(CT) and computed software available for 3D printing,
which has fostered new horizons on the development
of personalised scaffolds for regenerative medicine.
This combination has been used for many years by
prototyping bone implants. Now, the conversion of
CT images into defect-specific scaffolds has also insti-
gated novel therapies and biofabrication approaches,
for craniofacial bone and periodontal tissue regener-
ation [117,184]. For example, mineralised collagen-
loaded porous titanium scaffolds were designed
based on CT images of rabbits’ large bone defects
[184]. The porous structure of titanium and the col-
lagen embedded in the scaffolds not only induced
new bone formation and osseointegration, but also
stimulated the expression of angiogenesis markers
through the porosities [184]. Despite osseointegration

and biocompatibility properties, titanium constructs
are not degradable. Thus, this type of construct is
directed to weight-bearing and large bone defects’
reconstruction. Regarding craniomaxillofacial bone
defects, digital images from 3D microfocus CT were
used to obtain defect-specific bioceramic constructs
for repairing mandibular defects [117]. Wollastonite
scaffolds modified 10%Mg induced bone regeneration
throughout the entire defect after 16 weeks and a
reasonable degradability ratio. These scaffolds were
also more efficient as a regenerative material than
other CaP-based constructs (Figure 18(d–g)) [117].
These bone-regeneration outcomes were achieved in
controlled defects from sound tissue models, without
infection, which makes this type of construct suitable
for treating fractures and resections. However, it is
hard to predict the behaviour of these constructs as
facing possibly infected niches like it can occur in per-
iodontal defects. Therefore, while printing cells and/or
personalised constructs, drugs can also be incorpor-
ated into the system to minimise inflammation of sur-
rounding tissue to allow for healthier bone growth
[185]. For instance, osteoblasts-laden alginate-based
hydrogels containing diclofenac, an anti-inflamma-
tory drug, were bioprinted using a pneumatic system.
The alginate scaffold was coated with 1% chitosan
scaffold to control release of diclofenac from the bio-
printed construct. Taken together, the study
confirmed that diclofenac suppressed secretion of
inflammatory compounds and resulted in enhanced
cell proliferation and calcium secretion [124].

From a detailed dental perspective, periodontium
comprises protective and supportive structures, and
its interactive function is important for maintaining
oral health. Furthermore, periodontal structures
involve hard (alveolar bone and cementum) connec-
tive tissues (periodontal ligament) and their interfaces,
which makes the design of personalised and defect-
specific 3D constructs a challenge for the simultaneous
and coordinated growth of hard and soft tissues.
Theoretically, ideal constructs for periodontal tissue
regeneration should present a certain level of com-
partmentalisation, because of differences in size,
arrangement, type of cells, and structural properties
of the three (i.e. cementum, periodontal ligament,
and alveolar bone) components of the supportive per-
iodontium. At the same time, the system works as a
bundle that cannot be dissociated, and their interfaces
micron-scale organisation and transitions are more
complex to replicate and demand very accurate 3D
printing technologies. Therefore, over the last decade,
the development of scaffolds to guide periodontal liga-
ment fibres’ alignment and proper insertion is a rel-
evant approach to mimic the native conditions of
periodontal tissues has been systematically investi-
gated. For instance, the periodontal ligament (PDL)
attaches to bone and cementum and plays an
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important role in biomechanical load distribution and
proprioception. Each group of fibres of the PDL has a
specific alignment contributing to masticatory and
bite force dissipation, while it controls tooth move-
ment and stability. Thus, controlling the fibre depo-
sition and space between layers has fostered the
development of 3D printing methods that can fabri-
cate accurate scaffolds that replicate not only the
micron-scale, but also the geometries of specific peri-
odontal defects.

From this viewpoint, it is noteworthy that different
3D printing techniques have been purposed to
develop scaffolds for PDL regeneration, but feasi-
bility and clinical translation of these methods are
still limited [126,136,186,187]. Initial achievements
were mostly based on the use of CT images to aid
accurate size and orientation, while designing the
constructs. For instance, cone-beam CT (CBCT)
images from the periodontal defects of rats were
used to create 3D designs with structural integration
among components of supportive periodontal tis-
sues, and, subsequently, freeze-casted PCL constructs
were synthesised from those designs to guide regen-
eration and PDL fibres’ orientation [186]. The con-
structs had a high adaptation ratio to the defect,

while the same constructs loaded with human PDL
cells (hPDL) and fibrin gel induced PDL fibres’
regeneration and proper orientation, and the bone
part of the construct induced new bone formation
(Figure 19(a–c)).

Another interesting aspect about the PDL is that it
presents different micron-scale organisation accord-
ing to the region of the root where it attaches. To
address that specificity, micro-grooved 3D patterns
were developed to guide PDL fibres formation
[126,136]. The freeze-casted PCL micro-grooved con-
structs induced PDL cells’ alignment at different
angles (0°, 45°, and 90°) (Figure 20(a,b)) [136]. Also,
these studies reinforced that the scaffolds and polymer
nature-related factors, such as depth and roughness of
the constructs, influence the organisation of newly
formed tissue in vivo [126,136]. On one hand, design-
ing angulated micropatterns for guiding PDL regener-
ation encourages further research. On the other hand,
removing the construct from the mould when using
this more simplistic casting-assisted approach is a
very sensitive procedure and minimal errors in that
step could compromise the integrity of the scaffold.

Fortunately, other 3D printing technologies have
been identified to design and print these complex

Figure 19. (a) Micro-CT images of a periodontal defect and the design and adaptation ratio of a site-specific scaffold for regen-
eration. (b) SEM images evidencing dense formation of fibrous tissue for the fibre-guiding scaffolds and collagen-like fibres ancho-
rage on the dentin structure. (c) Histological analysis (H&E) comparing tissue morphologies and organisation of random and fibre-
guiding scaffolds. Adapted from [186].
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periodontal tissue constructs. In this way, it is necess-
ary to combine the most relevant findings of different
research groups to develop prime 3D printed scaffolds
for clinical translation. To date, there is a single clini-
cal report in the literature that uses CBCT images to
create a defect-specific 3D printed polymeric (PCL)
scaffold for periodontal regeneration [14], designed
using a selective laser sintering (SLS) approach to
treat a large periodontal osseous defect [14]. Specifi-
cally, SLS was utilised to fabricate a HAp-modified

PCL-based composite scaffold according to the ana-
tomical configuration of the defect. The scaffold was
designed to display perforations for fixation, an
internal port for delivery of recombinant human plate-
let-derived growth factor (PDGF-BB), and pegs per-
pendicularly oriented to the root to guide PDL
formation. The adaptation ratio based on the method-
ology for PDL fibre guidance was defined based on
micro-CT data. Before implantation, the scaffold was
immersed in rhPDGF-BB, filled with autologous

Figure 20. (a) Micro-groove pattern designs to guide PDL orientation (0°, 45°, and 90°). SEM and confocal microscopies illustrates
surface morphology and topography of the constructs according to the micro-groove orientation. (b) Fluorescence images and
quantitative data for the cell and nuclear angulation of hPDL cells being influenced by the 3D micro-groove patterns after 7
and 21 days of culture. Adapted from [136]. (c) 3D printing using polycaprolactone was made to fit the periosseous defect
based on the patient’s cone beam computed tomography scan. The implanted 3D scaffold filled the periodontal osseous defect
without clinical signs of chronic inflammation or rejection of the polycaprolactone-based material during the first year. After 14
months, due to postoperative exposure (i.e. soft tissue dehiscence over the scaffold), the patient-specific 3D printed scaffold was
retrieved. Histologic analysis of the retrieved scaffold with Masson’s trichrome staining indicates small islands of new bone for-
mation within a milieu of primarily granulomatous tissue (yellow arrowheads). Scale bar = 50 μm. Adapted from [14].
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blood, and stabilised over the defect with resorbable
pins. No clinical signs of chronic inflammation or
rejection associated with the presence of the scaffold
was seen during the first 12 months. A burst release
of rhPDGF-BB was observed within the first 3 h in
an in vitro drug release study. From a clinical stand-
point, the scaffold remained covered for 12 months,
revealing a 3-mm gain of clinical attachment and par-
tial root coverage. Regrettably, scaffold exposure was
noticed at 13 months and, though palliative measures
were completed to save the treatment, the implanted
scaffold (∼ 76% of its original molecular weight) was
removed (Figure 20(c)) [14]. While the success of
that clinical study was far from ideal, given that com-
plete regeneration of the periodontium was not
observed, it provided key information to drive the
field forward, particularly regarding the aspects associ-
ated with scaffold design and fabrication.

Future outlook

Although 3D (bio)printing has been identified as a
paradigm-shifting platform technology with real
potential in delivering patient-specific and functional
regenerative therapeutics in dentistry, it still remains
in its infancy. Undoubtfully, future work in the devel-
opment of personalised and functional scaffolds for
craniomaxillofacial (CMF) bone and periodontal
regeneration will continue to encompass high-resol-
ution imaging (computed tomography) combined
with printing technologies and biomaterials to recapi-
tulate not only the tissue-specific architecture and func-
tion, but also to address the very challenging objective
of rebuilding the different tissues and tissue interfaces
found in the periodontium. To address these chal-
lenges, great efforts have been made to engineer
defect-specific scaffolds mimicking the hierarchical
and complex architecture of the periodontium.

Up to now, extrusion-based (bio)printing systems
have shown great potential to design, using a variety
of biomaterials, personalised scaffolds for CMF bone
and periodontal tissue regeneration. Although this
printing technology has been successfully applied to
fabricate scaffolds/constructs loaded with tissue-
specific cell types and/or biomolecules to amplify the
predictability of the regenerative outcome; little atten-
tion has been given to antimicrobial and immunomo-
dulatory strategies. Future work on the integration of
antimicrobial drugs and/or biomaterials with immu-
nomodulatory capability to enhance the regenerative
response upon 3D (bio)printed scaffold implantation
should be also explored.

In addition, ongoing improvements in 3D (bio)-
printing of engineered vascularised and innervated
analogous bone tissues are outlining as the future
of regenerative oral and orthopaedic bone regener-
ation therapies. These developments will lay the

groundwork for designing improved scaffolds and
implants both from an anatomical and biological
fidelity viewpoint. Nonetheless, concerns about suc-
cessful and expeditious translation of 3D bio(print-
ing) technologies for regenerative dentistry is
dependent on the careful development of guidelines
and standardisation of clinical protocols to accelerate
the required approval from regulatory agencies, such
as the FDA and CE. To reach this goal, future studies
should broaden the concept of technology conver-
gence by leveraging the fast-evolving 3D (bio)print-
ing technologies (multimaterial bioplotters) and
materials/bioinks to build physiologically relevant
tissues and tissue interfaces to suitably reconstruct
CMF bones and periodontal tissues. The successful
translation of these concepts to clinics will support
multiple possibilities of regenerative therapies and
quotidian patient care.
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