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Reconstruction of bone defects of the CMF region is a major and difficult sur-
gical intervention. 3D printing is an ideal biofabrication tool to create patient-
specific tissue engineered bone scaffolds. An appropriate pre-clinical animal
model should be based on the targeted clinical indication. Implementing stan-
dardised guidelines for preclinical studies can improve translation.
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Abstract
Bone tissue engineering is a rapidly developing field with potential for the regen-
eration of craniomaxillofacial (CMF) bones, with 3D printing being a suitable
fabrication tool for patient-specific implants. The CMF region includes a variety
of different bones with distinct functions. The clinical implementation of tissue
engineering concepts is currently poor, likely due to multiple reasons including
the complexity of the CMF anatomy and biology, and the limited relevance of
the currently used preclinical models. The ‘recapitulation of a human disease’ is
a core requisite of preclinical animal models, but this aspect is often neglected,
with a vast majority of studies failing to identify the specific clinical indica-
tion they are targeting and/or the rationale for choosing one animal model over
another. Currently, there are no suitable guidelines that propose the most appro-
priate animal model to address a specific CMF pathology and no standards are
established to test the efficacy of biomaterials or tissue engineered constructs in
the CMF field. This review reports the current clinical scenario of CMF recon-
struction, then discusses the numerous limitations of currently used preclinical
animal models employed for validating 3D-printed tissue engineered constructs
and the need to reduce animal work that does not address a specific clinical ques-
tion. We will highlight critical research aspects to consider, to pave a clinically
driven path for the development of new tissue engineered materials for CMF
reconstruction.

KEYWORDS
animal models, bone, calvaria, CMF, mandibular defect, orbital floor, tissue engineering,
translational medicine
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1 INTRODUCTION

Reconstruction of bone defects of the cranio-maxillofacial
(CMF) region, such as large segmental mandibular defects
resulting from trauma, tumour excision, infections or con-
genital deformities, is a major surgical intervention. To
date, transplantation of an autologous bone graft is the
standard of care (SOC) to restore both the functional
and aesthetic aspects of such defects.1 However, autolo-
gous bone grafting is associated with a number of impor-
tant drawbacks including limited availability, donor site
morbidity,2 a loss of osteogenic potential as the patient ages
and, perhaps most importantly, the fact that autografts
tend to undergo significant resorption over time. Together,
these drawbacks highlight an urgent clinical need for alter-
native effective approaches to optimally restore bone tissue
in the CMF arena.
To replace autologous bone grafts as the SOC, the

replacement should demonstrate equivalent or improved
functional and aesthetic outcomes, with minimal draw-
backs. The bone graft substitute (BGS) should be osteo-
conductive, as well as osteoinductive, unlimited in
supply, andmouldable to adapt to the irregular geometries
frequently encountered in CMF reconstructions. Lastly,
the material should be long lasting, that is, withstand
resorption, and should integrate seamlessly into the
existing bone tissue at a rate equivalent to that of an
autologous bone graft. To date, no BGS has fulfilled all
these functions. Although promising tissue engineering
concepts have passed both in vitro and in vivo safety
assessments,3 the BGS must also demonstrate superior
performance, to effectively replace the current SOC and
ensure wide-scale clinical deployment. This requires
robust preclinical models that closely recapitulate the
features of the corresponding human clinical disease.
In reality, the ‘recapitulation’ aspect has often been
neglected, with many research groups failing to describe
the clinical indication they are targeting, and/or the
particular rationale for choosing a specific animal model.4
Without suitable guidelines that indicate the specific
pathology being addressed, and a rigorous analysis of the
most appropriate animal model, it should come as no
surprise that most BGS fail to achieve the effects observed
in preclinical studies when deployed in the clinical
setting.
Although many technologies and fabrication innova-

tions have been applied to produce such a BGS, the focus of
this review concerns the use of the 3D printing approach,
which is a particularly interesting tool for the CMF area
since it allows for recapitulation of complex architecture
and patient-specific geometry. Given this focus, we dis-
cuss only 3D-printed strategies used in preclinical studies
as representative examples, to narrow the otherwise very

large pool of publications in the field of bone tissue engi-
neering.
This review reports the current clinical scenario of CMF

reconstruction to first discuss the limitations of current
preclinical models, followed by the ethical need to reduce
animal work that does not address a specific clinical ques-
tion and highlight critical research and clinical aspects.
Factors to consider in choosing a preclinical model –
including the anatomical location and type/size of the
defect, as well as the incorporation of critical variables
that affect patient outcomes, such as age and other co-
morbidities that potentially impact bone healing, are also
discussed. To conclude, we propose a clinically driven path
for the development of new tissue engineeredBGS forCMF
reconstruction.

2 CMF BONE STRUCTURE
ANDHEALING

CMF bones (Figure 1A) not only differ in their healing
process,5 but also differ in their structural framework and
function. The macrostructure of CMF bone exists in the
form of compact bone, which is permeated by intercon-
nected canals called the haversian system, and cancellous
bone, which has a porous structure that gives a honeycomb
appearance. The interconnected haversian canals allow for
a highly vascularised and innervated bone tissue. In the
CMF complex, the bone supporting the teeth has a cancel-
lous microstructure until teeth are lost then, concomitant
with the edentulous state, cancellous bone is replaced by
compact bone.6
Bone is a highly dynamic tissue thatmaintains its home-

ostasis through the process of bone remodelling. During
this process, the activity of osteoblasts, osteocytes and
osteoclasts is orchestrated by a multitude of tightly reg-
ulated molecular signalling pathways including canoni-
cal Wnt/β-catenin and receptor activator of nuclear factor-
κB (RANK)/RANK ligand pathways. In the context of the
CMF skeleton, osteoblasts have a dual origin, arising from
either mesoderm (parietal and occipital bones) or the neu-
ral crest (frontal, ethmoid, sphenoid and facial bones),7,8
with neural crest derived osteoblasts possessing a reported
greater osteogenic potential.9
The regenerative capacity of CMF bone healing is often

diminished (Figure 1B), perhaps in part due to limiting
factors such as the relatively thin nature of the perios-
teum and the comparative lack of marrow space. A tem-
poral and spatial coordinated response of numerous cell
types is also required during bone healing.10 During the
initial acute inflammation of bone healing, inflammatory
cells including lymphocytes, macrophages, eosinophils
and neutrophils are recruited to the haematoma of the
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F IGURE 1 Schematic overview of (A) craniomaxillofacial (CMF) defects, (B) CMF bone healing through either intramembranous or
endochondral ossfication and (C) clinically available treatments. rhBMP: recombinant human bone morphogenic protein; rhPDGF:
recombinant human platelet-derived growth factor; FGF-2: fibroblast growth factor 2; HAp: hydroxyapatite; TCP: tricalcium phosphate.
Created with BioRender.com

fracture site.11 Important pro-inflammatory cytokines in
this process include TNFα, the interleukins IL-1 and IL-
6, as well as growth factors such as fibroblast growth
factor (FGF), platelet-derived growth factor (PDGF) and
transforming growth factor β (TGFβ), which initiate
and coordinate the repair process.12,13 The repair also
involves vasculogenic and angiogenic responses driven
by vascular endothelial growth factor (VEGF), and the
recruitment of reparative progenitor cells including mes-
enchymal stromal cells (MSCs).11 These MSCs may then
differentiate to either osteoblasts or chondrocytes, depend-
ing on the nature of the injury and the local mechan-
ical environment, leading to the initiation of bone
formation.14
Bone healing occurs via two distinct processes, termed

endochondral or intramembranous ossification, which is
critically dependent on the stability of the injured bone
and the degree of interfragmentary strain generated dur-

ing the reparative process.15,16 The endochondral route of
bone healing predominantly occurs in response to instabil-
ity of the bone fragments, and is the major route of healing
in long bones and vertebrae,17 as well as flat and irregular
CMF bones without rigid stabilisation,18 as demonstrated
by the presence of a cartilaginous tissue during the healing
of a mandibular defect in a rabbit model19 and in a mouse
mandibular fracture model.20
Intramembranous ossification is characterised by

the direct differentiation of osteoprogenitor cells into
osteoblasts10 and is the primary route for the formation
of the flat bones in the cranium and some irregular bones
such as the mandibles. To achieve direct ossification
during bone healing, a correct anatomical reduction and
a rigid fixation is required to limit movement of the bone
fragments.21 Both bone-healing mechanisms are tightly
connected to angiogenesis and rely on the establishment
of a functional vascularisation.17,22
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3 STANDARD OF CARE AND
CLINICALLY AVAILABLE SOLUTIONS

Clinically available treatments for the reconstruction of
bone defects are numerous and include autologous bone
graft, allograft, demineralised bone matrix, hydroxyapatite
(HAp), calcium phosphate, bone morphogenetic proteins
(BMPs; e.g. BMP-2 and BMP-7), collagen scaffolds and
bone marrow aspirate concentrate (Figure 1C).23
Autologous bone graft is the current SOC for bone recon-

struction, with a 90% success rate, for which the free vas-
cularised fibular flap was concluded to be a reliable source
for the reconstruction of mandibular defects with posi-
tive aesthetic and functional outcomes including mastica-
tion, radiodensity of the bone and bone resorption rate,
as well as minimum failure rate.1 Advantages of using an
autologous bone graft are the availability of osteoprogeni-
tor cells and the presence of a mineralised matrix scaffold
that include desirable osteo-inductive/conductive proper-
ties, thereby allowing the graft to integrate at the site of
transplantation,24 and improved regeneration due to anas-
tomosis of the vital tissue. However, numerous drawbacks
of autologous bone graft use have been highlighted, includ-
ing donor site morbidity issues (e.g. pain or infection);25
limited availability from the host;26 diminished osteogenic
potential in older patients;27 significant loss in volume of
the autologous bone graft over time due to resorption;28,29
potential for increased blood loss due to extended surgical
duration and lack of geometric accuracy for the defect site
compared to its original shape.
Due to their increased availability, cadaveric donor allo-

grafts are also used clinically as an alternative to autol-
ogous bone grafts.30,31 However, allografts are devoid of
osteoprogenitors and pro-osteogenic proteins32,33 and have
a rapid resorption rate,34 which diminishes their clinical
efficacy.35
A tissue engineering alternative to autologous bone

grafts is the scaffold-mediated delivery of proteins such
as rhBMP-2,36 rhBMP-7,37 recombinant human PDGF-
BB38,39 or FGF-2.40 Administration of rhBMP-7 in com-
bination with bovine collagen (OP-1 R©), or rhBMP-2
via a resorbable collagen sponge or HAp/β-tricalcium
phosphate (β-TCP) (INFUSE R© Bone Graft and MAS-
TERGRAFT™ Granules, respectively) are FDA-approved
options. INFUSE R© Bone Graft is approved for lum-
bar spine fusion, open tibial fractures and CMF recon-
struction and is often used off-label for large segmen-
tal defects.41 However, the use of rhBMP has been asso-
ciated with major side-effects including ectopic bone
formation,42 osteoclast-mediated bone resorption,43 post-
operative inflammation and inappropriate adipogenesis,44
as well as increased cancer risk for off-label45 or high
dosage rhBMP-2 administration.46 Given these major

safety issues, an FDA black box warning on high-dose
BMP-2was issued in 2008.36 Although BMP-2 use has been
associatedwith potential carcinogenic effects, this remains
a contentious issue in clinical practice due to a limited
number of high-quality clinical studies on the subject.47
However, since CMF bone reconstruction is frequently
required following tumour resection, further high-quality
and independent clinical studies involving the safe use of
BMP-2 are clearly warranted.
Thus, although autologous bone grafting remains the

SOC in the clinic today due to the inherent limitations
associated with its availability there is an urgent and, as
yet, unmet clinical need for safe and viable alternatives.

4 TISSUE ENGINEERING AS A
PROMISING ALTERNATIVE

Tissue engineering is a rapidly developing field that has
been applied in multiple research disciplines, including
the musculoskeletal realm. Tissue engineered constructs
for bone applications are typically composed of a bio-
compatible, resorbable material with specific architec-
ture, often combined with progenitor or differentiated
cells and/or osteogenic/angiogenic growth factors to pro-
vide the biomolecular cues that mimic the complexity of
bone tissue. While biological factors are crucial for the
initial host cell invasion of the tissue engineered con-
struct, it is evident that mechanical stability and poros-
ity of the material play also an important functional role.
A tissue-engineered product targeting the restoration of a
large bone defect must act as a place holder, promote the
ingrowth of native tissue, and degrade over a suitable time-
frame to allow regeneration of the defect area.
Modern tissue engineering increasingly relies on biofab-

rication technologies to design and manufacture complex
biomimetic materials. Of particular interest for the regen-
eration of CMF defects is the process of additive manu-
facturing, also known as 3D printing, which allows the
creation of complex patient-specific solutions. 3D printing
now refers to more than merely thermal-based extrusion
of polymers. The choice of material ranges from materi-
als such as calcium phosphate pastes or metals to hydro-
gels and may also include cells, referred to as bioprinting.
The use of 3D printing for CMF bone repair is summarised
in a recent systematic review, which includes human and
animal studies, with a focus on the scaffold’s fabrication
process and properties, as well as its combination with
growth factors and cells.48 Different types of 3D print-
ing technologies are also described, which encompasses
inkjet printing, laser-assisted printing and extrusion-based
printing.48 In further developments of 3D printing, novel
4D printing materials can be produced, which can change
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shape through the application of an external stimulus post-
printing.49
Commonly used materials in bone tissue engineering

can be divided into calcium phosphate based materi-
als, such as β-TCP, HAp or calcium phosphate cement,50
and polymer-based materials, such as polylactic acid,
poly(lactic-co-glycolic acid: PLGA) and polycaprolactone
(PCL),51 which are often combined to obtain an osteo-
conductive and/or -inductive engineered material. Several
advanced approaches have been undertaken to improve
material properties such as implementing piezoelectric
materials, for example poly(vinylidene fluoridetrifluo-
roethylene) tested in the rat calvarial defectmodel52; incor-
porating magnetic components, for example magnetite
nanoparticles into a nano-HAp/chitosan/collagen mix-
ture, tested in a rat calvarial defect model53; or exploiting
further advanced strategies like biomimetic 4D printing54
or shape memory polymers, evaluated in a mouse femoral
defect model,55 to name but a few examples. Addi-
tional advanced and smart biomaterials, and strategies
to improve bone healing, have been covered in detail in
numerous reviews.3,56
Encapsulation of MSCs (derived from bone marrow,

adipose tissue, or perivascular MSCs57) within the scaf-
fold is another approach to improve the osteo-conductive
and -inductive properties of the construct by exploiting
the secretome of the embedded MSCs, which has been
shown to successfully heal a mouse calvarial defect when
osteogenically pre-differentiated MSCs were implanted in
combination with a chitosan collagen microtissue,58 as
well a rat calvarial defect with a dental pulp stem cell-
laden collagen gel scaffold.59 Incorporation of endothelial
cells in co-cultures with MSCs has also been used to cre-
ate pre-vascularised constructs to improve nutrient deliv-
ery, as shown by incorporating peripheral blood-derived
MSCs in combination with endothelial colony-forming
cells intro a PLGA/fibrin construct.60 Further strategies
have been developed to create such a vascularised implant,
for example, by perfusing HUVECs through a channelled
biomaterial to create functional vessels,61 or via apply-
ing a flow bioreactor to a HUVEC-laden biomaterial.62
Osteogenic factors can be chemically bound to the scaf-
fold (biofunctionalisation), or the scaffold may be used
as a carrier to deliver osteogenic and/or angiogenic fac-
tors, as demonstrated by creating a HAp complexed
with BMP-2 and VEGF peptides, tested in a diabetic rat
femoral model.63 Increased delivery of these factors can be
achieved by genetically engineering cells via gene delivery,
as reported for hBM-MSCs transfected with hBMP-2 using
a lentiviral vector system implanted into a intramuscular
mouse model,64 and the implementation of hBM-MSCs
co-transfected with hBMP-2 and FGF-2 via a polyethylen-
imine complex into a rabbit radial defect model.65

It is increasingly realised that the immune system
plays a crucial role in the efficacy of tissue regenerative
approaches. As such, the material of choice should pre-
vent undesirable inflammatory responses and preferably
promote favourable reparative immunological responses,
such as the induction of reparative macrophage popula-
tions capable of secreting cytokines, TGFβ and interleukin
10, which have been shown to enhance bone formation.66
Furthermore, a specific population of periosteum-resident
macrophages (osteomacs) have been shown to play critical
roles in bone homeostasis and the healing response follow-
ing fracture.67 Thus, it is likely that successful bone repara-
tive responses will require consideration of effects on such
cell populations.
In addition, extracellular stimuli such as the stiffness,

roughness and porosity of the material can also affect cell
proliferation, migration and differentiation. Increased sur-
face roughness of the material results in enhanced pro-
tein adsorption, thus improving cell attachment68 and
osteogenic differentiation of MSCs.69 Effective invasion
of cells is also dependent on the pore size of the mate-
rial, as demonstrated in calcium-based ceramic materials
within which bone and blood vessel ingrowth requires a
minimum pore size of 150 μm, with 400 μm being the
upper limit for vascularisation.70 Material stiffness also
affects cell morphology and differentiation. Fibroblasts
acquire a round morphology on soft materials (180 Pa)
while they flatten on stiffer ones (16 kPa),71 with similar
effects observed with MSCs.72 Materials with a stiffer elas-
tic modulus (25–40 kPa) also induce osteogenic differenti-
ation of MSCs when compared to softer materials.73 Opti-
mal biomaterial design strategies have been discussed by
Dewey andHarleywith specific insights on the importance
of immune responses, as well as the interaction ofmultiple
cell types for CMF bone healing.74

5 FROMA PROMISING TISSUE
ENGINEERING CONCEPT TO A
CLINICALLY JUSTIFIED PRODUCT

In vitro studies have identified a variety of promisingmate-
rials of differing degrees of complexity and yet, with the
exception of a scaffold-based delivery of factors previously
mentioned, most of the tissue-engineered products identi-
fied to date have failed to demonstrate equivalent efficacy
when compared to autologous bone grafts.
It is therefore important to consider the typical routine

behind the development of a new material and discuss
the reasons why the multitude of promising materials fail
to translate into the clinical setting. Currently, the most
widely used model for assessing material efficacy is the
calvarial defect model in rodents. However, the specific
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features of the calvaria raise the question as to the wider
applicability of findings from efficacy testing for other sites
in not only theCMF region but also other parts of the skele-
ton, with their specific anatomical andmechanical loading
environments. Thus, it is important to tailor a specific ani-
mal model according to the bone tissue of interest, to more
faithfully recapitulate the appropriate clinical scenario in
which the material will ultimately be deployed.

6 PRECLINICAL STUDIES
TARGETING THE REGENERATION OF
CMF BONE DEFECTS

In this section, we provide a series of recently reported
applications of preclinical animal models to test the safety
and efficacy of materials claimed to target CMF bone
reconstruction. For clarity, the examples will be divided
into calvarial, mandibular and orbital floor models. The
presented studies are representatives from a large pool of
preclinical studies using these models. Since 3D printing
is a crucial technology for patient-specificity, an inevitable
direction for future CMF bone repair strategies, only stud-
ies that use a scaffold-based tissue engineered approach
fabricated using additive manufacturing printing have
been included, with the aim to regenerate critical sized
bone defects and using a CMF bone model. We did not
focus on all biomaterials as these have been well described
and discussed in other recent reviews.74–76 Further inclu-
sion criteria are that the studies are being recent, being
published between 2015 and 2021, and need to contain an
animal study in which the 3D-printed tissue-engineered
construct has been evaluated. Studies that involve 3D
printing indirectly as a support system have also been
excluded. Forty-eight out of 75 paperswere identified using
PubMed for the calvarial defect model with the keywords
‘calvarial defect 3D printing’, 17 out of 123 for themandibu-
lar defect model with the keywords ‘mandibular defect
3D printing’ and 1 out of 1 for the orbital floor defect
model with the key words: ‘orbital floor defect additive
manufacturing’. The search was conducted on the 8 Octo-
ber 2021.Multiple implant strategies (surfacemodification,
drug and cell delivery) specifically aimed for bone tissue
restoration were taken into consideration.

6.1 Calvarial defect model

Preclinical models involving calvarial bone defects are one
of the most widely employed approaches to assess safety
and efficacy of biomaterials due to their relative simplic-
ity and reproducible nature. A sagittal incision is made
to expose the calvarium and circular defects are created

using a trephine burr.77 The anatomical location allows for
easy surgical access and intraoperative handling without
the need for internal or external fixation of the material.78
Reproducibility of the created defect and bone formation79
can be easily assessed radiologically and histologically78
but, due to the unloaded nature of the calvaria, the impact
of mechanical stimulation cannot be routinely assessed in
this model.78 Studies using the calvarial model to validate
tissue engineered constructs are presented in Table 1. Com-
mon strategies include the delivery of drugs, biofunction-
alisation of the construct, incorporation of MSCs, and the
use of endothelial cells to create a prevascularised con-
struct. Rats, followed by rabbits, are the most used pre-
clinical animal models for this CMF region. The defects
are generally created using a trephine burr and have a
diameter ranging from 2.7 to 4 mm in mice, 4 to 9 mm
in rats, 8 to 15 mm in rabbits and 11 mm in sheep, which
are considered critical sized (and are therefore unable to
heal naturally without intervention). The duration of the
study typically ranges from 4 weeks up to 72 weeks, with
time points typically starting after 2–4 weeks. Histologi-
cal analysis (48 out of 48) is the prevailing method used
to assess bone healing, together with CT scanning (35 out
of 48) and immunohistochemistry (13 out of 48). Although
the technique is relatively standardised and reproducible,
care must be taken to avoid injuring the dura mater that
leads to reduced healing.80 As previously mentioned, the
periosteum is a critical tissue for bone repair, being a valu-
able source for regenerative cells, blood vessels for nutrient
supply,81 but also contains sensory neurons. As a source of
the neuropeptides substance P and calcitonin gene-related
peptide, sensory neurons appear to play important roles
in the bone healing process,82 and fracture repair in long
bones has recently been shown to require nerve growth fac-
tor expression in periosteal cells and tropomyosin recep-
tor kinase A signalling in skeletal sensory nerve fibres.83
Therefore, damage to the periosteummay limit bone heal-
ing by interfering with these reparative processes and/or
cell populations and should therefore be avoided where at
all possible.

6.2 Mandibular defect model

Mandibular defects can be distinguished in continuity
and non-continuity defects. Non-continuity defects have
a circular or rectangular geometry without the loss of the
mandibular unity so that an additional mechanical fixa-
tion is not required. These defects are more often used
in small animal models that can provide information on
both biocompatibility and efficacy of tested constructs,
but often fail to adequately mimic the clinical setting
such as load-bearing and size, as previously described for
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F IGURE 2 CMF augmentation techniques. Created with BioRender.com

calvarial defects.84 A clinical example for using non-
continuity defects in a preclinical model is bone heal-
ing following tooth extraction. Continuity defects are typ-
ically segmental resections with loss of mandibular con-
tinuity, such as those seen clinically following tumour
resection, and therefore require internal fixation to provide
adequate mechanical stability, illustrated in Figure 2A.
Due to the complexity of the procedure, this type of defect
is more often used in large animal models, with which
the clinical condition is more accurately resembled84 and
the load-bearing capacities of BGSs can be adequately
assessed.78
Preclinical studies using the mandibular defect model

are shown in Table 2. In addition to small animal mod-
els, such as rats and rabbits, large animal models such as
minipigs, beagle dogs and sheep are also used. Most of the
created defects are semi- or completely segmental and are
therefore created using a saw instead of a burr. Semi- or
completely segmental defects have a high range of sizes
used across different species, with 30 mm3 in rats, 240–
750mm3 in rabbits, 105–2000mm3 in beagle dogs and 2800

to 12 000mm3 in pigs. Typically, cylindrical defects are cre-
ated using a burr and have a diameter of 4–5 mm in rats
and 8 mm in rabbits. As described for the calvarial defect,
histological-based assessment (17 out of 17) is the main
method to assess healing, and most studies also include
CT scanning (15 out of 17) and some include immunohis-
tochemistry (3 out of 17) or mechanical testing (2 out of
17) as additional approaches. Study duration is typically 8
or 12 weeks, with longer studies up to 24 and 32 weeks.
Complications associated withmandibular defects include
microbial infections when using intra-oral approaches,85
and also plate failure in continuity defects.86 In addi-
tion, the choice of suitable animal species for mandibu-
lar defects is complicated due to confounding effects of
the long, continuously erupting incisors present in small
animal models (e.g. mice, rats, rabbits). Such mandibu-
lar defects typically cut into the tooth in such species,
with resulting injury to the tooth, periodontal ligament,
cementum, dentine and pulp. As such, these mandibular
defects in small animals are markedly different to equiva-
lent defects in large animal models and patients.
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6.3 Orbital floor model

Common materials utilised to clinically reconstruct the
orbital floor following injury includemetal alloy, titanium,
polylactic acid and HAp composites. These reconstruction
strategies target the replacement rather than regeneration
of bone, illustrated in Figure 2B. Only one preclinical study
with the aim to regenerate the lost bone in the orbital floor
was chosen according to the criteria and is presented in
Table 3. The described sheep study involved an irregular
shaped defect created using a retractor and pean forceps,
being 6 × 9 mm2 in size.87 Histological analysis is, again,
the main evaluation method used, in addition to CT scan-
ning. Specific for this model, the restoration of the normal
position of the eyeball within the socket is often assessed.
The duration of the animal study is 12 weeks. Complica-
tions arising from the surgical approach in this model have
not been reported.

6.4 Vertical ridge augmentation and
sinus augmentation

Additional CMF-relevant issues include dental reconstruc-
tive approaches such as vertical ridge augmentation and
sinus augmentation in combination with dental implant
placement. Main reasons for tooth loss are periodontal
disease and dental caries, and the osseointegrated dental
implant is one of the most used biomaterials to replace
missing teeth with long term outcome success.88 The lack
of supporting bone due to atrophy, trauma, failure to
develop or surgical resection prevents implant placement
and can be repaired via vertical ridge augmentation, illus-
trated in Figure 2C.89 Autologous bone grafting used as
the BGS is considered the SOC for bone augmentation in
this context.89 Dental implant placement in the posterior
region of the maxilla is prone to implant failure caused
by trauma, atrophy in the alveolar process or sinus pneu-
matisation, or the development of air-filled cavities, which
can be minimised by applying a sinus augmentation prior
to implant placement.90 Sinus augmentation, illustrated in
Figure 2D, enables the reduction of the sinus cavity and the
filling of bone material, mostly in the form of autologous
bone graft, to maximise bone area for improved implant
stability.91

7 TOWARDS CLINICALLY DRIVEN
ANIMALMODELS

The previous section has demonstrated that numerous
studies investigating regeneration of CMF bone defects use
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a variety of different materials, fabrication technologies
and animal models. Only 18 out of 48 studies employing a
calvarial model clearly state the CMF application to be tar-
geted with the developed material (Table 1). Conversely, 15
out of 17 studies using a mandibular model define a CMF
application as their clinical target (Table 2). Only 7 out of
66 of the presented preclinical studies justify the use of a
specific animal model (Table 3). Two examples of preclini-
cal studies from Guillaume et al.87 and Konopnicki et al.92
can be highlighted in which both studies not only target
a specific CMF application including employment of the
appropriate defect site, but also use a large animal model
with justification of its usage (Figure 3). While there are
some obvious similarities in the approaches used, there
remain important differences in the size/geometry of the
defects, the surgical procedures, study durations and out-
come assessments, which makes conclusive judgements
regarding efficacy challenging, and also raises questions
on the relevance of multiple animal models targeting the
same CMF application. In addition, there are a number
of further highly relevant clinical CMF indications that
lack appropriate model systems. As an example, temporo-
mandibular joint (TMJ) reconstruction is a particular clin-
ical challenge, which, given the complex mechanical envi-
ronment of the TMJ, poses additional concerns about how
to faithfully recapitulate such an environment in a pre-
clinical model to investigate the efficacy of regenerative
approaches. Established solutions and key developments
for targeting the reconstruction of TMJ have been pre-
sented in a review by Imola and Liddell93 and the use of
preclinical models for TMJ tissue engineering has been
reviewed by Almarza et al.94
Preclinical safety and efficacy testing of bone implants

is initially performed in vitro prior to in vivo assessment.95
Regulatory agencies demand the validation of a preclini-
cal animal model prior to clinical investigation, but select-
ing the appropriatemodel can be challenging.96 Stating the
selection criteria or justification of the relevance of the cho-
sen animal to humans is rarely included.97 Current ISO
requirements (ISO 7405:2018) dictate thatmedical and den-
tal implants should be tested in their final human form
and, consequently, large animals must be employed for
such pivotal preclinical efficacy testing. Thus, the choice
of an appropriate experimental animal model is essential
to obtain clinically justifiable preclinical data on which
to base subsequent trials in humans. An animal model
should guarantee minimal morbidity and maximal repro-
ducibility but, most importantly, should faithfully repro-
duce the clinical condition for which the material will be
employed.4,98 From a regenerative point of view, critical
size defects of CMF bones such as segmental mandibu-
lar defects pose the biggest challenge,99 because of their
poor intrinsic healing capacity100 and the additional com-

plications posed by the use of internal plate fixation in
animals that may frequently fail during the time course
of the study. In addition, the definition of what consti-
tutes a critical sized defect in different species remains an
important consideration in order to standardise preclin-
ical models.101 This is further compounded by the addi-
tional variability also arising from the choice of specific
animal species/strain, the location, size and type of defect,
the choice of appropriate control groups, the time points
assessed and the experimental outcome evaluation.

7.1 Size animal/species/strain

Small animals remain the preferred choice for most
research laboratories due to the lower costs associatedwith
animal purchase and housing, and the surgery skills are
widely available.102 However, there are potential species-
specific differences in bone remodelling, composition and
healing responses that require careful consideration to
assess material efficacy between species. This is espe-
cially challenging for the CMF bone, due to the limited
knowledge about the reproduction of the human condi-
tion using particular models97 and the lack of evidence
that appendicular bone can appropriately represent CMF
bone.95 A review on differences in large animal appendic-
ular bone remodelling suggested human, pig, dog, sheep
and goat were moderately similar, while the rabbit was
least comparable.103 Aerssens et al. in 1998 compared
the composition, density and mechanical competences of
appendicular bone in human, dog, pig, cow, chicken, rat
and sheep and showed distinct interspecies differences,
with the dog and rat being the most and least compara-
ble, respectively, to human bone properties.104 Specifically,
femoral bone samples from seven species were compared
and reported that rat bones differed from human bones in
terms of their ash, collagen and IGF1 contents.104 However,
studies using more modern analysis methods have chal-
lenged the relevance of these differences. A 2011 study util-
ising CT analysis concluded that smaller animals are a use-
ful tool, depending on the specific research question being
asked.105 Furthermore, other researchers provide evidence
that rodent remodelling is similar to humans, thereby sug-
gesting that rodent models are justified since the relevant
cellular and molecular cues for remodelling are consistent
with humans,106 and regulation of the process via growth
factors, chemokines and cytokines is also comparable.107
In a 2020 study specifically investigating alveolar bone
morphology, Pilawski et al. did not find evidence to con-
clude the superiority of pig models over rodent mod-
els in an interspecies comparison study using histology,
immunohistochemistry and vital dye labels.95 One known
biological discrepancy between rodents and humans is
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F IGURE 3 The use of large animal models for CMF application: (A) general workflow and study involving pre-operative phase and
surgery phase using an orbital floor sheep model. (B) Results of time-lapse CT scans of the implanted 3D-printed scaffold show increased
mineralisation over time. Reproduced from Guillaume et al. with permission.87 (C) Left column: intraoperative images of a pig mandibular
reconstruction surgery using a 3D-printed porous scaffold. Right column: results of histology images (stained with hematoxylin and eosin)
show increased bone formation in the experimental group (lower image) compared to the empty defect (upper image). Reproduced from
Konopnick et al. with permission.92

the reduced efficacy of rhBMP-2 in human orofacial bone
regeneration, including tooth extraction socket healing,
sinus augmentation or reconstruction of alveolar clefts.108
Thus, this is a particularly contentious area and the lim-
ited number of in-depth, comparative interspecies analy-
ses, particularly in relevance to alveolar bone and CMF
applications, make conclusive statements difficult. Given
the fact that none of the animal models under evaluation

perfectly resembles the human situation, aspects such as
quantifiable differences in bone mechanical strength, size
of the testmaterial and the potential biologicalmechanism
of action should all be considered when choosing the cor-
rect animal model.
A further issue arises concerning the predominant

use of young, healthy animals in preclinical models,
which does not typically reflect the increased age and
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potential comorbidities, such as impaired vascular func-
tion and reduced angiogenic responses,22 present in
human patients. For example, young rabbits are often used
for preclinical studies but, due to their high rate of cortical
bone remodelling compared to humans, they can be a poor
representative of such a process.109 Furthermore, aging is
increasingly realised as influencing numerous cellular pro-
cesses including immune responses, potentially impacting
on fracture healing outcome.110 Until more representative
preclinicalmodels, such as those involving aged or diabetic
models,22 the predictive nature of such studies will con-
tinue to frustrate researchers regarding clinical translation.
Studies involving the implantation of human cells use

immunocompromised small animal models, thereby cre-
ating an additional issue for subsequent extrapolation
to human physiology, leads to a major challenge: what
is a suitable animal model to study the bone healing
potential of a cell-based therapy? It is established that
immunocompetent mice have differences in bone regener-
ative potential compared to immunodeficient mice within
the same strain.111 Even within species, different mice
strains are known to have differences in bone mechan-
ical properties,112 immune responses,113 rates of fracture
healing114 and healing capacities overall.115 Thus, it is
important to consider different strain types and include
strain information in each study.115 Even in large ani-
mal models, immunological differences are evident, with
different breeds of sheep shown to have altered disease
susceptibilities,116 highlighting the need for this informa-
tion to be routinely provided.

7.2 Location/size/type of defect

‘The rat calvarial defect is generally used to evaluate bone
regeneration in an orthotopic model and to screen bio-
materials or tissue engineering constructs before mov-
ing to larger animals for potential translation to human
applications’.77 This is a typical statement to justify the use
of a calvarial defect model after some preliminary in vitro
tests. We would argue that the validation of a biomate-
rial/construct when tested in a single unloaded site as the
calvaria does not justify efficacy in the vast field of bone
regeneration, or to all CMF clinical implications. The cal-
varial model is a relevant model indeed, but mainly to tar-
get a cranial bone defect. Of note, the location within the
cranium can also potentially alter the healing capacity, as
demonstrated by the superior healing of the frontal bone
compared to the parietal/temporal bones in a human cal-
varial study.117 Due to intrinsic differences between loca-
tion sites (e.g. the loadbearing status of a segmental defect
compared to a non-loadbearing calvarial defect), the appli-
cability of the results obtained with a calvarial model to

any CMF site is diminished. It is known that the recon-
struction of a loadbearing bone is dependent on the mag-
nitude and frequency of loading,118 making a segmental
loadbearing defect in an animalmodel clinicallymore rele-
vant. So far, the clinical indication for CMF reconstruction
has not been appropriately addressed, andmost of the pre-
clinical studies use predominately cylindrical defects with
a 2.7–15 mm diameter in small animal models. Cylindri-
cal defects mimic the non-continuity mandibular defects,
but a segmental defect should be used to reproduce a con-
tinuity defect. The orbital floor requires a separate inves-
tigation, even though it is not a loadbearing site, since it
varies in shape, size and geometry compared to other CMF
bones.87 Only limited studies have reported implanting tis-
sue engineered constructs into the orbital floor.
The CMF defect models discussed in this review are

the calvarial, mandibular and orbital floor defect models.
In most cases, a trephine119–152 is used to create cylindri-
cal defects in the calvaria and the mandible. Other bone
cutting devices for cylindrical defects include a circular
knife,153 a biopsy punch,154 a drill126,155–159 and rongeurs.160
The most used cutting device for creating segmental
defects in the mandibular is the reciprocating bone saw,
which is mainly used for large animals.92,161 The spheri-
cal burr,162 diamond burr163 and surgical drill164 are also
used for segmental defects in small animals. However, it
is crucial that care must be taken to limit additional soft
tissue damage during the procedure (e.g. the dura mater
in the calvarial model) to allow effective comparisons of
efficacy between groups. Hence, the bone-cutting device
should always be reported, as well as the surgical proce-
dure applied to all the animals included in the study.
As previously stated, it is an important consideration

that the chosen animal model adequately reflects the
clinical problem, particularly in the CMF realm, and we
encourage the use of segmental defects for the mandibular
site, since they are known to be a significant issue in the
CMF field. In addition, the surgical procedure should ide-
ally be performed by the same person following extensive
practice, and excluded animals should be included in the
study, along with the relative reasons. To ease the compar-
ison across studies, a standardisation of the cutting device
for each animalmodel should also be encouraged. Detailed
reporting of in vivo findings, as stipulated in the ARRIVE
guidelines 2.0, should now be considered mandatory in
modern publishing, to further improve reproducibility of
preclinical studies.165

7.3 Control groups

In most of the reported studies mentioned here, an empty
defect is used as a negative control, but only very rarely
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(3 out of 66 studies)126,142,166 is a positive control, such as an
autologous bone graft, used as a comparator to assess ulti-
mate efficacy of the tested material. This creates a knowl-
edge gap in the current literature: how does the bone-
mimetic material perform in a preclinical model against
the SOC? And what are the underlying biological mecha-
nisms making bone autologous bone grafts the SOC?
To decrease costs and more importantly the number

of animals used, it is common practise to create multi-
ple defects within the same animal and, in some cases,
to have control defects in close proximity to tested mate-
rials/constructs. The potential confounding effects, both
local and systemic, of such an approach is difficult to assess
but should be carefully considered depending on the exper-
imental context. Indeed, the risk of systemic inflammatory
responses increases during surgeries with injuries of the
dura mater,80 or during microbial infections from intra-
oral surgical sites.85 Furthermore, the potential systemic
effect of drug-loaded scaffolds and the possible influence
on the other defect sites should be first carefully evaluated
in a pilot study.
We encourage scientists in this field to consider the

effect of local and systemic inflammatory responses to the
experimental outcome but, more importantly, to imple-
ment a positive control such as the autologous bone graft,
in addition to empty defect controls, in future studies.

7.4 Study duration including time
points and analysis strategy

In the presented studies, the endpoint and time points
appear to follow an overall trend, with typical endpoints
ranging from8–12weeks,which resembles the typical bone
healing process of 6–8 weeks (and in some cases, 12 weeks)
in humans and also to make use of appropriate endpoints
to validate the outcome. The size of the animal model has
an impact on the additional intermediate time points as
demonstrated by the fact that 1 to 4 additional time points
are included for small animal models while for large ani-
mal models typically only include 1 or 2 time points, likely
due to the increased costs associated with large animal
studies.
Unlike histology and immunohistochemistry analyses,

which require euthanasia of the animal, radiographical
imaging such as 3D image acquisition (CT, μCT) or
2D radiographs can be used to longitudinally assess
bone healing in the same animal over time, which is an
attractive means to reduce animal usage. Nevertheless,
histology remains the main analysis method, and it is
used in all presented studies. Histology is a powerful
tool to assess the infiltration of native tissue within the
construct, which makes it one of the most important

outcome assessments. This is closely followed by CT/μCT
(55 out of 66 studies), immunohistochemistry (16 out
of 66 studies) and 2D radiography (3 out of 66 studies).
Mechanical testing of regenerated areas is also used as an
evaluation strategy (6 out of 66). To quantify the amount
of repaired bone from histological and/or immunohisto-
chemical analysis, either image analysis software is used
(mostly ImageJ,92,125,127,132,142,143,150,161,167–169 Image-Pro
Plus119,122,157,170–172 or i-solution120,133,136), or a scoring
system173 is applied. Approximately 50% of studies do
not show quantification of the histological and immuno-
histochemical images leading to potential biased and
subjective analyses. New bone regeneration quantified
from radiographical imaging is mostly expressed in
the form of ‘bone volume/total volume (BV/TV)’, bone
mineral density, new bone formation or Hounsfield
Units. A variety of software are used to quantify radio-
graphical images including Nrecon,136,139,140,148,150,151,169,174
Amira,87,142,152 Skyscan,123,137,164 AsanJ-Morphometry
software,138 InVesalius 3166 and many more.
To improve consistency across studies, we would

strongly encourage that the study endpoint, time points
and analytical methods be standardised based on individ-
ual species. We strongly suggest to at least include his-
tology to assess the native tissue infiltration capacity, as
well as CT scanning to measure the newly formed bone
volume (BV/TV) in any pre-clinical study. The parame-
ter outcome of BV/TV measurements based on CT scan-
ning is the most important outcome evaluation, because
the clinical evaluation of newly formed bone is also based
on CT scanning, and it is therefore highly recommended
to be included in the preclinical study. Additional assess-
ments such as immunohistochemistry or mechanical test-
ing are welcome additions. The minimum recommended
number of timepoints are two, the first time point being
after 4weeks, to assess the performance of bone repair dur-
ing the earlier stage of the healing process, and the second
time point after 8 weeks when the healing process is typi-
cally viewed as sufficient to adequatelywithstandmechan-
ical loading etc. (with the caveat that additional longer-
term studies would be required to assess the remodelling
process and ultimate integration of the construct, where
this is applicable). More timepoints are encouraged only if
necessary, to prevent unnecessary use of experimental ani-
mals. Summarised suggested guidelines to improve the use
of clinically driven animal models is shown as a schematic
overview in Figure 4.

7.5 Selection of the material

There is a large selection of possible materials and
combinations to choose from that ranges from natural
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F IGURE 4 Towards clinically driven animal models: suggested guidelines. uCT: micro-computed tomography, BMD: bone mineral
density, BV/TV: bone volume/total volume; HU: hounsfield units. Created with BioRender.com

polymers such as collagen, gelatin, silk or alginate; syn-
thetic polymers such as PLGA, poly(propylene fumarate)
and PCL; bioceramics such as HAp, TCP and bioactive
glass; biodegradable metals such as magnesium and its
alloys; and carbon-based nanomaterials such as carbon
nanotubes and graphene.175 To name a few novel combi-
nations: PCL functionalised with deferoxamine,176 mag-
nesium incorporated into a PLGA/TCP scaffold,177 meso-
porous bioactive glass for the delivery of growth factors178
and chemically synthesised phosphate graphene.179 How-
ever, these materials require further evaluation for effi-
cacy in CMF-specific contexts. A cyclic pathway on how to
design a material for bone tissue engineering, specifically
in terms of strategy, optimisation cycle and evaluation is
proposed in a review by Koons et al., which also presents
recent advances and development strategies in this field.175
Advances in tissue-engineered bone technology and future
aspects are also discussed in a review by Tang et al.180
The choice of thematerial must be based on the applica-

tion. In this review, the focus lays in 3D-printed scaffolds
for CMF application. Due to non-loadbearing nature of
the calvarial defect, a suitable material does not require to
have high stiffness and resilience. Conversely, these prop-
erties might be essential for materials used to regenerate
loadbearing segmental mandibular defects. We have pre-

viously highlighted the importance of material properties
and vascularisation for a successful initial interaction with
the host tissue. The implanted construct should lead to an
early invasion of immune cells, bone cells, progenitor cells
and vascular cells. To test the native ability of a material
for integration with the host tissue, it should be addition-
ally assessed in the absence of cell encapsulation.
We propose a clinically driven guideline path for the

development of a new TE material for CMF repair pur-
poses, as well as guidelines for selecting the suitable CMF
animal defect model (Figure 5).
The clinical translation of a TE material requires a step-

by-step approach that starts from a medical need and
ultimately ends with a product on the market. Its suc-
cess depends on clear communication, constant collabora-
tion and teamwork across multidisciplinary expertise (Fig-
ure 6). Without such an approach, we fear that the field
of bone tissue engineering may continue to frustrate, with
a continued lack of viable BGS for replacement of auto-
grafts. Indeed, a search via ‘ClinicalTrials.gov’ using the
search terms ‘3D printing, 3D-printed bone graft, substi-
tute, or scaffold’ for the efficacy testing of 3D-printed BGS
in patients demonstrates that only a limited number of 3D-
printed constructs have entered early clinical trials, with
no published findings to date.
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F IGURE 5 Left schematic: guideline path for the development of a new tissue-engineered material repair purposes. Right schematic:
guide for selecting the suitable CMF animal defect model. Created with BioRender.com

F IGURE 6 Ideal translation based on a multidisciplinary approach. Created with BioRender.com
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8 CONCLUSIONS

Tissue engineering has the potential to revolutionise the
field of CMF bone regeneration but, so far, the implemen-
tation of promisingmaterials/constructs into the clinic has
been very limited. The provision of scientific evidence jus-
tifying the clinical translation of a tissue engineering prod-
uct is a major undertaking and, in this respect, preclini-
cal animal models are a critical resource necessary to test
safety and efficacy. Although an experimental preclinical
model cannot fully replicate the human disease, we should
aim to maximise the quality of the experimental data gen-
erated to increase the translation potential of the material
in question. With this aim in mind, the clinical scenario
should be used as main driver of the choice of the model
and a rigorous scientific rationale should be applied, to jus-
tify the decision. The challenging nature of bone repara-
tive approaches, requiring a thorough appreciation of both
biological and mechanical processes involved, requires a
multidisciplinary approach. Improvements to standard-
ised assessment protocols across studies is encouraged, as
well as sharing the knowledge and experiences of engi-
neers, scientists, veterinarians and CMF surgeons, to ulti-
mately establish a series of robust guidelines supporting
the development of a new tissue engineered material and
to facilitate comparisons between results from different
research groups.
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