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Preface

This doctoral thesis consists of 5 research articles, preceded with a general introduction, and
concluded with a general discussion. The research articles followed the standard scientific IMRAD
structure (Introduction, Materials and Methods, Results and Discussion) and were based on the

following peer-reviewed publications:

Article 1

Gu Y, Ma H, Shujaat S, Orhan K, Coucke W, Amoli MS, Bila M, Politis C, Jacobs R. Donor-and
recipient-site morbidity of vascularized fibular and iliac flaps for mandibular reconstruction: A
systematic review and meta-analysis. Journal of Plastic, Reconstructive & Aesthetic Surgery. 2021
Jul;74(7):1470-9. Doi: 10.1016/j.bjps.2021.03.055.

Article 2

Gu Y, Sun Y, Shujaat S, Braem A, Politis C, Jacobs R. 3D-printed porous Ti64 scaffolds for long
bone repair in animal models: a systematic review. Journal of orthopaedic surgery and research.
2022 Dec;17(1):1-7. Doi: 10.1186/s13018-022-02960-6.

Article 3

Gu Y, Wei L, Zhang Z, Van Dessel J, Driesen RB, Lambrichts I, Jacobs R, Tian L, Sun Y, Liu Y,
Politis C. BMP-2 integrated biomimetic CaP coating functionalized 3D-printed Ti64 scaffold induces
ectopic bone formation in a dog model. Materials & Design. 2022 Feb;110443. Doi:
10.1016/j.matdes.2022.110443.

Article 4
Gu Y, Liu Y, Van Dessel J, Jacobs R, Tian L, Sun Y, Liu Y, Politis C. BMP-2 integrated biomimetic
CaP coating functionalized Ti scaffolds promotes bone formation in a dog model with bicortical

bone defects. Manuscript in preparation for submission.

Article 5
Gu Y, LiuY, Jacobs R, Tian L, SunY, Jahr H, Politis C. Biocompatibility and osteogenic capability
of additively manufactured biodegradable porous WE43 scaffolds: an in vivo study in beagle dogs.

Manuscript in preparation for submission.
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0.1 Bone and maxillofacial bone defects

Bone is a mineralized tissue that is highly vascularized and innervated and is involved in a variety of
critical functions in the human body. The bone tissue is made up of cells, minerals, and the extracellular
matrix, which is made up of collagen fibers and hydroxyapatite [1]. Table 0.1 shows the composition of
natural bone. Bones have properties such as strength, stiffness, as well as the resistance to
compression, tension, and torsion. They give the body the mechanical stability it needs to support
weight and can help protect the interior organs [2]. Bone also plays a significant role in the production
and preservation of blood cells and is the body's Ca and P store [3].

Table 0.1 The chemical composition of bone (wt%)

Inorganic Phase Organic Phase
H2.0=9 Non-collagenous proteins=3
Hydroxyapatite=60 Collagen=20
Citrate=0.9 Traces: cytokines, lipids, and polysaccharides
Carbonate=4 Primary bone cell: osteoblasts, osteoclasts,
and osteocytes
Mg?* =0.5
Na* =0.7
CI

Others: Fe?*,Cu?*,Sr?*, K*, F~, Zn?*, and Pb?*

The structure of mature bone tissue is complicated. There are at least five different hierarchical
levels of bone tissue, as shown in Figure 0.1. These five levels include macro-level (cortical bone
and cancellous bone), micro-level, sub-micro-level (canals of Havers, osteons, and lamellae),
nano-level (collagen fibers), and sub-nano-level (collagen and minerals, etc.) [4].

The bone is made up of two types of tissue: cancellous bone (about 20%) and cortical bone (about
80%) [5]. The cancellous bone is a comparatively soft bone comprising a high-porosity trabecular
bone network (50%-90%). It has a sponge-like structure with many honeycomb-like branches
throughout the inner side of the bone [5, 6]. Furthermore, bone trabeculae grow naturally following
stress distributions, allowing bones to resist the maximum load with the least amount of bone mass
[7]. The cancellous bone contains a variety of organic components, such as blood vessels and
bone marrow, and it transports metabolic wastes and nutrients [7]. The cortical bone has a higher
stiffness and lower flexibility because of its greater mineralized structure and lack of organic
components. The porosity of the cortical bone is normally less than 10% [8]. The harder and
denser structure of cortical bone serves as a protective shell for the spongy-like structure inside.
The combination of cortical and cancellous bone makes bone a unique mechanical structure

capable of withstanding higher levels of loading and deformation than its components alone can



achieve [9]. In addition, natural bone has a high porosity and stiffness, which enables bone matrix

cells to diffuse and adhere to the bone tissue, allowing the formation of new bone matrix.
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Figure 0.1. Different levels of the bone tissue

Maxillofacial bones are among the most functional bones in the human body because they are vital
for chewing, speaking, and swallowing. In addition, the maxillofacial bones provide support for
internal structures such as the eye sockets, nose, cheeks, and lips to maintain aesthetics.
Therefore, due to the complex structure of bone and soft tissue, resection of tumors, trauma, or
deformities in the maxilla and mandible presents considerable aesthetic and functional problems.
In the maxillofacial area, some tiny fractures can heal on their own without the need for surgery
due to the great regenerating ability of bone tissue, especially in young people [7]. Through its

dynamic properties, bone tissue can remain healthy over time, undergo adaptive structural



changes in response to mechanical loading changes, and repair harmed parts of itself through an
uninterrupted remodeling mechanism throughout the lifespan [10]. Osteoblasts and osteoclasts are
two types of cells involved in the physiological process of repairing bone fractures [7]. Typically,
bone healing begins with inflammation, and blood clots form a stable framework for developing
new bone tissue. The blood clot is replaced by fibrous and collagenous tissue, the soft callus. The
callus will harden several weeks after the fracture. Bone remodeling occurs in the months following
the fracture [11, 12].

However, if severe bone tissue injury occurs, such as a result of an accident, autologous
remodeling processes alone may not be adequate to restore maxillofacial bone integrity.
Furthermore, accidents, tumor excision, congenital abnormalities, pathological damage, infection,
and other factors can result in bone abnormalities, osteoarthritis, and other disorders that affect the
human body's normal musculoskeletal system [13, 14]. Currently, there are almost 1.5 million
people who receive bone graft surgery worldwide each year, generating about 1.5 billion US dollars
in market turnover [15]. After blood, bone has become the second most widely used human
transplant tissue. The demand for bone grafts is predicted to increase as the world's population
ages [16].

Although considerable progress has been made in the field of maxillofacial bone repair over the
past few decades, the actual reconstruction of the shape and function of bone defects still poses a
significant challenge since maxillofacial bone repair is technically complex. Different cells, proteins,
and signaling molecules work together to repair bone defects. For adequate fracture healing, four
precise prerequisites must be met: the supply of osteoblasts, the construction of an
osteoconductive scaffold, the addition of appropriate growth factors, and the supply of a stable

environment, which together constitute the necessary conditions for fracture healing [16].

0.2 Clinical procedures for repairing bone defects

At present, autologous bone transplantation remains the gold standard for repairing large-scale
bone defects. During this procedure, donor bone is harvested from a non-weight-bearing part of
the patient. Such bone grafts allow for faster and more complete osseointegration. In addition,
autologous bone has a 3D and porous structure, and also combines all the characteristics
necessary for bone regeneration: including non-immunogenicity, histocompatibility,
osteoconductivity and osteoinductivity [17]. However, autologous bone grafting also has some
disadvantages that cannot be ignored, such as blood loss, longer operative time, infection at the

donor site, and a limited amount of graft material, etc. [18]. The cancellous bone, cortical bone,



bone marrow, and vascularized bone tissue are the most commonly used autologous bone grafts
[19].

Alternatives to vascularized autologous bone grafting include methods such as xenografting and
allogeneic bone grafting. Allogeneic bone grafts (cadaveric or living sources) are the second higher
option for orthopedic surgeons, which is appropriate for cases where the patient cannot provide
their own bone tissue. There are many types of bone grafts that are available, such as cancellous,
cortical, and demineralized bone grafts, and they are widely accessible. They are mainly
osteoconductive and lack osteoinductive properties [20]. Allografts, on the other hand, have a
higher chance of transmitting illness and producing an immune response than autografts. Besides,
because this graft lacks biological components that help tissue regeneration, it does not heal as
well as autologous bone grafts [16, 18].

Synthetic BGS is an alternative to the two procedures mentioned above. The use of BGS in
autologous transplantation minimizes the need for extra surgical sites and reduces operative time.
Simultaneously, it eliminates the risk of disease transmission and immunological issues associated
with allogeneic transplantation [16]. BGS must be biocompatible, bioabsorbable, and have
acceptable mechanical qualities (strength, flexibility, ductility, etc.) to suit clinical needs in clinical
applications. Furthermore, BGS must have an appropriate cost-benefit ratio.

In addition, BGS should meet the following requirements: osteoconductivity, osteoinductivity and
osseointegration ability [21]. The mechanism by which bone and vasculature migrate in-growth
through the surface of the graft is referred to as osteoconductivity, and the ability to induce cells
from various lineages to become bone-forming cells is referred to as osteoinductivity [22].
Osseointegration occurs when bone and implant directly contact each other. Osteointegration rates

are affected by several factors, including bone graft type and implant location, etc. [23].

0.3 BTE: objectives and methods

There has been an enormous amount of research in the area of BTE, focusing on using the
combination of cells, biomaterials, and signals to promote repair and regeneration of tissue. Porous
3D scaffolds of various biomaterials are carriers of cells and signals, and are able to be

manufactured in a wide variety of ways [24]. The BTE strategy is shown in Figure 0.2.
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Figure 0.2. The strategy of BTE

0.4 Therole of porous scaffold in bone defect repairing

Porous scaffolds are a core element of BTE [25]. A bone scaffold is a 3D matrix that allows
osteoinductive cells to attach and proliferate on its surface and has sufficient physical properties to
support bone repair. In the scaffolds, the pore network facilitates cell migration as well as nutrient
and oxygen transport. In addition, these pores facilitate the growth of blood vessels and tissues,
promote angiogenesis, and prevent new tissue necrosis due to inadequate vascularization [26].
Compared with solid metal implants, porous metal implants can achieve more physiological load

transfer, which can avoid the stress shielding effect after implantation [27].

0.5 The basic requirements for porous scaffold

The following issues must be considered when designing bone scaffolds: 1) The scaffold must be
biocompatible for cell attachment and proliferation, and it must be non-toxic and non-inflammatory;
2) The scaffold must be biodegradable, with degradation products that are not hazardous or
poisonous to humans; 3) The scaffold should possess specific mechanical characteristics and be
comparable to the adjacent bones; 4) The scaffold should have an appropriate pore structure (pore
size and porosity) for cell infiltration, nutrient and waste transportation, and blood vessel ingrowth;
5) The scaffold should imitate the physiological structure of bone as closely as possible (the orderly

arrangement of hydroxyapatite and collagen), and facilitate mesenchymal stem cell proliferation



and differentiation; 6) The scaffold must maintain sterility while maintaining biological activity; 7)
The scaffold must be capable of delivering biologically active molecules or medications in a

controlled manner [11, 28, 29].

0.6  Material selection for porous scaffold

According to archeological finds, a variety of materials, including coral, shells, animal bones, and
many different metals, have all been used to replace human bones and teeth [30]. Similarly, over
the years, many synthetic and natural, biodegradable, and non-biodegradable materials have been
used to create bone scaffolds using diverse methods [11]. An ideal biomaterial should be
biocompatible, biodegradable, and easy to manufacture and process. In general, there are two
types of preclinical investigations on scaffold materials: in vitro studies, including culture
experiments with human or animal cells (bone marrow stromal cells, mesenchymal stem cells, etc.)
as well as in vivo experiments using animal models (for example, restoring the integrity of animal
bones).

Biomaterials have been divided into three generations since their appearance during the 1960s
[24]: First-generation biomaterials aim to obtain biomaterial qualities that are similar to those of the
replaced tissue, and they are generally physiologically inert. The first generation of biomaterials
include metals (for example, stainless steel), synthetic polymers (for example, PEEK), and
ceramics (for example, zirconia).

One of the most prominent properties of second-generation biomaterials (including natural and
synthetic materials such as collagen, CaP, calcium carbonate, bioactive glass, etc.) is their
biological activity, as well as the fact that some materials can degrade in vivo. A third-generation
biomaterial consists of the addition of guiding substances (such as biochemical factors and
external physical stimuli) to second-generation biomaterials and/or new biomaterials with

enhanced properties in order to promote a specific biological reaction. .

0.6.1 Scaffold composed of a single biomaterial

The choice of matrix material has a huge effect on how well bone scaffolds work. As a result, we
will describe various biomaterials, discussing their benefits, drawbacks and features.

0.6.1.1 Metals

Common metal biomaterials, including Ti and Ti alloys, nickel-Ti alloys, Mg alloys, and tantalum,
are characterized by excellent biocompatibility and mechanical properties. Under suitable

designing parameters, the elastic modulus of porous metal scaffolds can be similar to that of



human bones.

The most widely utilized metal materials in biomedicine are Ti and Ti alloys. When formed into
porous structures, it is durable, biocompatible, and corrosion resistant, and its elastic modulus is
remarkably comparable to that of trabecular bone [31].

Ti and Ti alloy-printed porous scaffolds have been employed clinically, primarily as artificial spinal
cages or artificial acetabular joints (Figure 0.3). For example, products including Zimmer Biomet's
TrellOss®-TC Porous Ti Interbody System [32] and OsseoTi® Porous Metal Technology [33],
Nuvasive Inc.'s Modulus Ti Technology [34] as well as Spineart's Juliet Ti® TL [35]. These porous
scaffolds have a high mechanical strength and an elastic modulus similar to that of bone, and are
additionally resistant to scratches, cracks, and spalling [36]. However, these implants lack

osteoinductive properties.

Figure 0.3. Artificial spinal cage (left) and acetabular joint (right) from Zimmer Biomet.

0.6.1.2 Natural polymers

Chitosan, hyaluronic acid, collagen, alginate, silk, glycosaminoglycans, elastin, and peptides are
some of the most commonly studied natural polymers for BTE applications. [37]. Natural polymers
have properties that are similar to ECM, such as particular breakdown rates and biocompatibility.
They are, however, difficult to sterilize and handle, and there are concerns about immunogenicity
and supply. In addition, the low mechanical strength makes it difficult for them to be widely used in
BTE [38].

0.6.1.3 Synthetic polymers

Polycaprolactone, Poly(D-lactide), Poly(L-lactic acid), and Poly(L-lactic-co-glycolide) are synthetic
polymers commonly used in BTE [19]. Synthetic polymers degrade at different rates depending on
their chemical structure and crystallinity, and they have a variety of mechanical and physical
properties. On the other hand, their bioactivity and osteoconductivity are reduced if compared to

natural polymers [39].



0.6.1.4 Bioceramics

The range of bioceramics has expanded from amorphous bioactive glass, crystalline ceramics, and
tricalcium phosphate to calcium silicate. Bioceramics have an inorganic composition similar to
bone. These materials share characteristics with bone, including osteoinductivity, osteoconductivity,
acceptable biocompatibility, favorable bioactivity, high stiffness, and hydrophilicity [40]. On the
other hand, bioceramics' limited ductility is a significant drawback, limiting their use in load-bearing
areas, filling bone deformities, and covering metal implants [10].

In the field of BTE, CaP is among the most widely studied and used bioceramics. They were first
incorporated into dental and orthopedic applications in the 1980s [41]. CaP is biocompatible,
similar in structure and composition to that of mineralized bone, osteoconductive, and biologically
active. Although strength is one of the limiting considerations for using CaP in load-bearing
applications, the ultimate limiting factor for CaP may be the material's intrinsic brittleness [42].

Therefore, the brittleness problem of CaP materials remains to be solved.

0.6.2 Scaffolds composed of composite biomaterials

Composite biomaterials are made up of two or more different components. The primary goal of
employing composite materials in manufacturing scaffolds is to increase the scaffolds' processing,
printing, mechanical properties, and biological activities [1]. In addition, the composite scaffolds
containing additives have excellent bone regeneration ability. Composite biomaterials
include ceramic matrix composites, polymer matrix composites, metallic matrix composites, and
functional composites, etc. [1]. Among them, bioactive metal matrix composite materials are widely
used in clinical medical environments due to their corrosion resistance, outstanding biocompatibility,
thermal resistance, and superior mechanical characteristics. Ti alloys are the preferred metal
biomaterial for scaffolds, and Ti64 is an excellent example of metal matrix composites. A suitably
porous Ti64 scaffold's Young's modulus can be comparable to native bone, which reduces stress
shielding risks. To promote osseointegration, the porous Ti64 scaffold can be coated with CaP
coating [43], barium titanate coating [44], TiCu/Ti-Cu-N coating [45], polydopamine coating [46], etc.
In addition, bone regeneration and blood vessel formation can also be promoted by adding BMP-2
and VEGF, respectively [47, 48]. Despite the fact that Ti alloys have numerous advantages, their
non-biodegradable qualities severely limit their potential as perfect materials.

Metal scaffolds and metal matrix composite scaffolds are the focus elements of this doctoral thesis.

Detailed discussion will be provided in the following sections.



0.7 Designing parameters for porous scaffold
The complexity of designing porous scaffolds is that the pore size, porosity, and pore shape are all
intertwined. The ideal pore size and porosity are usually determined by a given pore shape rather

than a general conclusion [49].

0.7.1 Pore size

Osteoblasts range in size from 10 to 50um. However, in order to repair mineralized bone after
implantation, they prefer larger pores (100-200um) [50]. In the literature, scaffolds appropriate for
BTE have pore sizes ranging from 100 to 900um [51]. A scaffold should have a minimum pore size
of 100um (to permit cell proliferation and migration). The ideal pore size was around 300-500um to
facilitate the formation of new bone and blood vessels, according to several tests carried out on the
scaffolds with varying pore sizes in vitro [52-54]. In general, large pores facilitate cell infiltration and
inward growth of capillaries, but at the same time, they reduce mechanical strength and cell
adherence [55]. The enormous surface area of the tiny pore structure encourages cell attachment

and tissue ingrowth, but it also leads to pore occlusion [56, 57].

0.7.2 Porosity

A precise balance between the scaffold's porosity and strength is necessary to promote material
transfer while maintaining a strong supporting framework [58]. A higher porosity scaffold has a
larger overall surface area, allowing for increased cell proliferation and tissue growth [59, 60]. In
addition, the porosity of the porous scaffold can be adjusted to manage its elastic modulus.

The porosity of more than 60% has been proven in studies to enhance bone growth [61].
Furthermore, studies have shown that porosity of 80-90% promotes cell motility and diffusion. The
larger the porosity, the better the scaffold's permeability (facilitating the transport of nutrients and
oxygen) [64]. However, while high porosity is favorable to tissue ingrowth, it compromises the

scaffold's mechanical qualities [53].

0.7.3 Pore structure

Body-centered cubic, rhombic, and rhombic dodecahedral structures are some of the most
prevalent pore units for scaffolds in BTEs. Other pore structures have seen more minor
investigations.

Body-centered cubic structures (Figure 0.4a) are a straightforward design that is simple to produce.

Scaffolds with body-centered cubic structures have extremely predictable dimensions due to their

10



high structure precision [62]. The mechanical characteristics of the scaffold corresponding to the
porosity may be reliably modeled and inferred due to the predictability of the structure. As a result,
body-centered-cubic scaffolds often meet the mechanical qualities predicted [63].

One of the most common pore shapes in BTEs is the diamond-shaped structure (Figure 0.4b).
Ti64 scaffolds with diamond pore structures have an elastic modulus similar to that of natural bone
[61]. The diamond pore sturcture is an excellent alternative for building porous scaffolds [64, 65].
Furthermore, multiple studies have demonstrated that the diamond structure can stimulate bone
ingrowth in degradable and non-degradable scaffolds [61, 66, 67]. It is noteworthy that the
mechanical properties of scaffolds with diamond-shaped components are nearly identical in
different directions. In BTE, the diamond-shaped scaffold can be used in situations where the
scaffold must withstand multidirectional stress [62].

The rhombic dodecahedron (Figure 0.4c) is a centrosymmetric construction with mechanical
properties that are identical in all three dimensions. Furthermore, the highly symmetric structure
gives the rhombic dodecahedron structure lattice stability under multidirectional compressive
stresses, even in the presence of considerable scaffold porosity, making it exceedingly safe for
clinical use [68]. Furthermore, the rhombic dodecahedron-structured scaffolds show outstanding
biological characteristics. This pore structure provides the cells with the nutrition and oxygen they
require, as well as an ideal osteogenic microenvironment for osteoblast integration into the scaffold

[69].

Figure 0.4. The body-centered cubic structure (left), diamond structure (middle) and rhombic

dodecahedron structure (right) in BTE scaffolds.

0.7.3.1 Parametric design of the scaffolds
Scaffolds with simple structures are no longer sufficient for experimental or clinical needs, thanks

to advances in AM technology. AM technology may be used to create scaffolds with a variety of

11



complicated structures. Algorithms are a sophisticated technique for creating porous structures.
The Voronoi-Tessellation approach is the most used way of creating porous structures using the
algorithm [63]. Bone scaffolds with the best porosity design should have complex and anisotropic
porous structures, just like genuine bone [70]. Random-structure BTE scaffolds are better at
allowing nutrients to penetrate than fixed-structure scaffolds, and they are better at allowing bone
formation than fixed-structure scaffolds [71].

The Voronoi structure is morphologically comparable to the microstructure of natural bone. The
Voronoi structure generates a network structure based on random discrete points [72, 73].
Currently, the critical research investigations have concentrated on the reverse reconstruction of
irregular spots from CT images in order to generate a Voronoi model, which is the most
straightforward technique for constructing a bone-like scaffold [74]. The Voronoi design is one of
the most skeleton-like designs known in biomimicry [71]. The behavior of 3D-printed Voronoi

scaffolds in vitro and in vivo has to be studied further.

0.8 Manufacturing of porous scaffold

CAD/CAM technigues can be used to design and fabricate scaffolds with customizable designs.
AM is a layer-by-layer manufacturing technology that allows 3D parts to be manufactured using
CAD/CAM. It can produce unigue and complicated structures in a short amount of time. Today,
there are several metal 3D-printing systems on the market. SLM [75] and EBM [76] techniques are
the most commonly used methods in 3D-printing of biomedical metal implants [77], both of which
have been successfully implemented to produce osteogenic scaffolds.

The primary advantage of AM techniques is the capacity to create porous networks with repeatable
and specified cells. In this way, the inserted implant and the host bone can be perfectly matched
[55, 78]. Pore size and shape are predefined, and pore morphology is placed in a regular pattern
[79]. Additionally, because porosity has an effect on the elastic modulus and compressive strength
of the implant, the mechanical characteristics of the implant can be adjusted so that they closely
resemble those of natural bone. As a result, the stress shielding effect after scaffold implantation

can be prevented by adequately managing the implant's porosity [80, 81].

0.9 Fields to improve porous scaffold
The optimum surface qualities (microstructure and chemical composition) for metal scaffolds are
essential for the scaffold's adhesion to the adjacent bone tissue and extracellular matrix, and can

influence the scaffold's lasting effectiveness [82]. Surface modification of metal scaffolds can be
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used to boost bioactivity and biocompatibility, as well as improve biological performance [83, 84].
Surface modification of metal scaffolds can currently be accomplished in two ways. The first is to
roughen the surface (sandblasting, etching, or sandblasting/etching), and the second is to coat the
scaffold with a bioactive coating [85-87]. The former tries to boost cell adhesion and proliferation by
modifying the scaffold surfaces' structure and roughness, while the latter enhances biocompatibility.
Porous metal scaffolds are typically modified with surface coatings [88]. Different coating materials,
including CaP, hydroxyapatite, zirconia, titanium carbide/titanium nitride, and carbon, have been
used to improve surface qualities [89-94].

One of the bioceramics, named CaP, can be applied to scaffold surfaces to increase their
osteoconductive properties [95]. The CaP coating is chemically comparable to natural bone, and it
promotes proliferation and differentiation of the osteoblasts. Ti implants with CaP coating can
induce bone formation, and inflammation can be reduced if antibiotics are added to the coating [96,
97].

Plasma spraying, sol-gel process, and biomimetic coating processes are all options for producing
CaP coatings [98-100]. The porous metal scaffolds were successfully and uniformly coated in a
biomimetic procedure by submerging the metal implants in simulated body fluids at physiological
pH (7.4) and temperature (37°C) [101]. Furthermore, bioactive chemicals can be carried by the
biomimetic CaP material without altering its biological activity.

BMP-2 is one of the most often used bioactive agents in BTE. It is a topically applied
osteoinductive protein that promotes bone growth around scaffolds [102]. BMP-2 is a growth factor
that can promote the formation of osteoblasts from mesenchymal stem cells and osteoprogenitor
cells [103]. BMP-2 has been shown in studies to encourage the creation of new bone surrounding
Ti scaffolds [80, 104, 105]. Furthermore, BMP-2 can also be used in conjunction with CaP or CaP-

based materials to act as an osteoinductive agent and effectively stimulate bone growth [106-108].

0.10 Aims and hypotheses

The use of autologous bone grafts to correct maxillofacial bone defects currently has a number of
drawbacks. Using AM technology to fabricate porous scaffolds as implants could offer a new
method for repairing maxillofacial bone defects. Metal materials would be an ideal choice for
constructing porous scaffolds. In this doctoral thesis, the aim is to develop 3D-printed metal
scaffolds to repair maxillofacial bone defects and enhance their osteoinductive properties using
surface modification techniques. In addition, we will also test the osteogenic ability of these metal

scaffolds in animal models. Our findings will be a resource for researchers and will help to progress

13



BTE research. This doctoral thesis is divided into four parts, each with its own aim.

Part I: Morbidities in autologous bone grafting

While autologous bone transplantation is the gold standard for BTE, it has a number of drawbacks,
including the risk of complications. The literature lacks a comprehensive review of both donor- and
recipient-site complications associated with VFF and VIF, the most commonly used two autologous
flaps in bone reconstruction. Research into the intra- and postoperative complications related to
these flaps could help surgeons estimate the imminent risks. Within this context, a review of the
complication rate based on the accumulated evidence might enable surgeons to predict in advance

the likelihood of patients developing postoperative morbidities.

The objective is:
To report the post-surgical donor- and recipient-site morbidities following mandibular reconstruction

with VFF and VIF.

Part Il: 3D-printed BTE scaffolds in animal studies

AM technology has advanced significantly and been successfully employed in the medical industry
in the last few decades. Although the benefits of AM-fabricated Ti64 scaffolds have been well
documented, the material is physiologically inert and lacks osteoinductive characteristics. The
animal experiment is the most efficient way to assess the osteogenic potential of functionally
modified Ti64 scaffolds. Therefore, it is necessary to review the state of the existing Ti64 scaffold's

manufacturing and preclinical testing to better understand the osteogenic potential of the scaffolds.

The objective is:
To report the current evidence related to the application of Ti64 scaffolds to repair long bone
defects in animal models and to investigate potential influencing factors that may affect their

osteogenic capacity.

Part Ill: Surface modification of Ti alloy scaffolds
Surface modification of metal scaffolds improves the physical and chemical properties of the
scaffolds and enhances osseointegration. Micro/nanoscale surface roughness has been shown to

aid in bone and scaffold adhesion. CaP is the most common mineral in bone minerals, and its
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degradation products provide rich Ca and P for osteoblasts to promote bone regeneration. BMP-2
is a growth factor that may drive the differentiation of mesenchymal stem cells and osteoprogenitor
cells into osteoblasts, making it one of the most effective growth factors for inducing osteogenesis.
At physiological temperature (37 °C) and pH (7.4), BMP-2 integrated biomimetic CaP materials
were produced, and BMP-2 retained biological activity during co-precipitation with inorganic

components.

The objectives are:

To design and fabricate 3D-printed Ti scaffolds using 3D-printing technology and coat the scaffolds
with a BMP-2 integrated biomimetic CaP coating. Examine the osteogenic capacity of the surface-
modified scaffolds in an animal model.

1. Test the osteogenic property of the scaffold in the ectopic site in the beagle dog models.

2. Test the osteogenic property of the scaffold in the mandibular bicortical bone defect in the

beagle dog models.

Hypothesis: the porous Ti scaffolds coated with BMP-2 integrated biomimetic CaP coating exhibit

excellent osteogenic ability in both ectopic sites and bone defects.

Part IV: Explore the biodegradable WE43 scaffold

To enable complete regeneration of bone defects, an ideal biomaterial should have mechanical
gualities that imitate bone, a fully linked porous structure, and appropriate biodegradation
behaviors, which is not possible with Ti and Ti alloys. Mg alloy implants promote the creation of

new bone. As a result, Mg alloys play an essential role in developing orthopedic implants.
The objectives are:
To design and fabricate porous Mg alloy scaffold made of 3D-printing technique and to test that

scaffold in vivo for its biocompatibility and degradation rate, and its osteogenic ability.

Hypothesis: porous 3D-printed WE43 scaffolds have good biocompatibility, have a reasonable

degradation rate, and are able to induce osteogenesis in vivo.
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1.1  Abstract

The aim of this article is to evaluate the early and late morbidities of the donor- and recipient-site in
patients undergoing mandibular reconstruction using either vascularized VFF or VIF. Electronic
databases, including PubMed, Web of Science, Cochrane Central and Embase, were explored for
literature published until October 2020. A total of twenty-four articles reporting complications
following mandibular reconstruction surgery with follow-up periods ranging from six to 63 months
were selected based on the exclusion criteria. For each research, the JBI Critical Assessment Tool
and the ROBINS-I Tool were used to analyze the methodological quality and the risk of bias. A
single-arm meta-analysis was performed to have a synthesized analysis of the donor- and
recipient-site early and late morbidities. Results showed that the early morbidities in VFF group
ranged from 3% to 12%, and the late morbidities in VFF group ranged from 5% to 67%. In VIF
group, the early morbidities ranged from 3% to 16%, and the donor-site late morbidities ranged
from 6% to 43%. Complications with the top three morbidities in the VFF group were: chronic
sensory disturbances at the donor-site (67%), malocclusion (22%) and chronic lower limb
weakness (20%); and in the VIF group were: chronic sensory disturbances at the donor-site (43%),
chronic pain at the donor-site (26%), chronic gait disturbance (20%). Further controlled clinical

trials are needed to assess the long-term outcome of VFF or VIF grafting.

Keywords: systematic review; mandibular reconstruction; morbidity; postoperative complications;

Head and neck neoplasm
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1.2 Introduction

Mandibular bone defect is often attributed to trauma, surgical removal of benign/malignant tumors
and congenital abnormalities. The loss of jawbone continuity leads to aesthetic, functional and
psychosocial effects which undermine the patients’ quality of life. At present, vascularized
autologous bone grafting is considered as a gold standard for mandibular reconstruction following
tumor resection. The two most utilized autologous grafts for mandibular reconstruction include
vascularized fibula flap (VFF) and vascularized iliac flap (VIF). Both flaps have certain benefits and
limitations. For instance, VFF provides sufficient bone with adequate pedicle length, however it has
less height compared to the native mandibular area and bone straightening require osteotomies for
achieving mandibular curvature which can compromise the perfusion of the flap [1]. On the other
hand, VIF is naturally curved to the hemi-mandibular region with abundant bone height and length
offering adequate osseointegration and higher survival rate of implants [2]. However, VIF is difficult
to harvest with a higher donor-site morbidity compared to VFF.

Several intra-operative, immediate and delayed donor- and recipient-site complications have been
reported following mandibular reconstruction with either VFF or VIF. These complications might
vary depending on the reconstructive technique or the patient cohort resulting in reduced quality of
life. Most of the previous systematic reviews have either focused on short and long-term aesthetic/
functional outcomes, quality of life or only donor-site morbidities. We believe a gap exists in
literature related to the comprehensive review of both donor- and recipient-site complications
associated with VFF and VIF. Research into the intra- and post-operative complications related to
these flaps could help surgeons estimate the imminent risks, prevent occurrence of complications if
possible and further facilitate their management. Within this context, a review of complication rate
based on the accumulated evidence might enable surgeons to predict in advance the likelihood of
patients developing post-operative morbidities. Therefore, the current systematic review and meta-
analysis was conducted to report the post-surgical donor- and recipient-site morbidities following

mandibular reconstruction with VFF and VIF.

1.3  Materials and Methods

The protocol was registered at PROSPERO (CRD42018117322). PRISMA guidelines were used to
guarantee the clarity and comprehensiveness of this systematic review. Two researchers (GYF,
MHY) individually conducted a search of electronic databases in PubMed, Embase, Cochrane, and
Web of Science for relevant studies published before October 2020. A search strategy containing a

broad range of strings was performed using the following keywords: (“fibula” OR “llium”) AND
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(“Mandibular reconstruction”). The detailed search strings can be found in Appendix 1. Reference
lists and citation indices of the studies chosen in the selection phase were manually checked for
additional related publications. Identified items were imported into Endnote online software
(Thompson Reuters, Philadelphia, PA, USA) to remove duplicates.
The full texts of the relevant articles were obtained against the following inclusion criteria: 1)
studies reporting on mandibular reconstruction in humans with VFF or VIF; 2) studies with follow-
up time of at least six months; 3) studies with more than ten patients; 4) articles in English. Non-
English articles, cadaver or animal studies, reviews, case reports and letters to the editors were
excluded. To reduce the confounding impact related to variant underlying pathophysiology and
remaining bone stock quality, patients requiring grafting following trauma were also excluded. Two
researchers (GYF, MHY) examined the article titles, abstracts and full-text documents based on the
eligibility criteria, and the decision for inclusion was made based on consensus. Joanna Briggs
Institute Critical Appraisal of Systematic Reviews tool [3] was used to determine the
methodological quality of articles and to decide on the inclusion of the article. Each study was
required to meet five or more items from the checklist to be included. The risk of bias was
assessed by the ROBINS-I risk of bias tool. A judgment was expressed in terms of ‘no information,’
‘low risk,” ‘moderate risk,’ ‘serious risk’ or ‘critical risk’ for different domains of bias. Two observers
(GYF and MHY) independently completed the quality and risk of bias assessment. Any
disagreements during the screening process were resolved by a third researcher (RJ).
The key characteristics of the included articles were extracted independently by two authors (GYF
and MHY) following the “PICOS principle” [4].

Population: sample size (during surgery and during follow-up), mean age and age range,
smoking habit, comorbidity.

Intervention/exposure: flap type (VIF or VFF), flap number, mean flap size, mean defect size,
primary/secondary reconstruction, follow-up time, radiation, restoration processes.

Comparison: not applicable.

Outcome: morbidity, which was defined as “the incidence of a certain group of complications
following autologous bone grafting surgeries.”

Studies: all controlled clinical trials, observational clinical studies (either prospective or
retrospective), and case series with ten or more patients were included.
A single-arm meta-analysis and the heterogeneity test were conducted with meta-library from R,
version 3.5.1 to combine across studies the number of the donor- and recipient-site complications

and to calculate the proportion of each complication with a 95% confidence interval. The
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heterogeneity was calculated using 12 statistics, and we considered a heterogeneity of more than

50% as an indicator of substantial heterogeneity. A p-value of <0.05 was considered as statistically

significant.

1.4 Results

1.4.1 Study selection

Figure 1.1 describes the process of study selection based on PRISMA guidelines. The search

through PubMed, Embase, Cochrane, and Web of Science databases provided a total of 7114

studies and following removal of the duplicates 2652 studies were yielded. 1923 papers were

excluded after the screening of the titles and abstracts. The full text of the remaining 729 articles

was examined, and 705 studies were further excluded. Eventually, 24 studies were included in the

guantitative synthesis and 23 in the qualitative synthesis. In total, 13 case series, ten non-

randomized retrospective cohort studies, and one prospective study were included. The

characteristics of the selected studies are outlined in Table 1.1.
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Figure 1.1. the process of study selection in the systematic review.
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1.4.2 Risk of bias

All selected studies were evaluated to have an acceptable methodological quality, and the risk of
bias of the comparative studies was assessed using the ROBINS-I tool (Table 1.2). Nine out of
eleven comparative studies were determined to have a moderate risk of bias, one had a serious
risk, and one was assessed to have a low risk of bias. One study [20] (Rogers, et al., 2003)

showed a serious risk of bias and was excluded from the meta-analysis.

1.4.3 Participant characteristics

The selected articles included a total of 872 patients (599 males and 273 females), who underwent
mandibular reconstruction with either VFF (n=737) or VIF (n=140). The mean age of all patients
was 51.4 years old (range: 5-96 years). The indications for reconstruction included malignant
tumor resection (75%, n= 654), benign tumor resection (15%, n=126), osteoradionecrosis,
osteonecrosis or osteomyelitis (5%, n=45), mandibular atrophy and vasculopathy (1%, n=9), and
unknown reasons (4%, n=38). In VFF group the follow-up time ranged from six to 63 months, and

in VIF group ranged from six to 29 months.

1.4.4 Surgical characteristics

The mandibular defect in seven studies was classified based on HCL system suggested by Jewer
et al., one articles utilized Urken classification, whereas 16 studies failed to classify the defect.
Seven articles [5-7, 9, 15, 17, 26] measured the mean length of the defect to be reconstructed. The
mean defect length in VFF group ranged from 5.2 to 11.2cm, while that of the VIF group was 6 to
8.5 cm. Eight studies [8, 12, 13, 16, 18, 19, 25, 27] measured the mean length of the graft utilized
for the reconstruction ,where the mean length of VFF ranged from 7.1 to 18.3cm and VIF ranged
from 6.3 to 7.6cm. In VFF group, seven studies [6, 12, 21, 24-27] described donor- and recipient-
site wound closure. 54.8% (74/135) of the donor-site wound and 45.7% (32/70) of the recipient-site
wound were closed with skin grafts. Fourteen articles [1, 8, 10, 14-18, 21, 23-27] described the
type of the reconstructive surgery. In VFF group 89.9% patients (461/513) underwent primary
surgery, and in VIF group 71.9% patients (41/57) underwent primary surgery. The final restoration
process was mentioned in ten articles [1, 6, 7, 11, 15-17, 22-24]. Oral rehabilitation was carried out

with wither dental implant or conventional partial/complete denture.
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1.4.5 Complications

All the complications were evaluated either subjectively or objectively by the patient or surgeon. In
the subjective evaluation, patients were interviewed and evaluated with a point evaluation system
or through self-administered questionnaires. Based on happening frequency, complications graded
as “never” or “rarely” happened and evaluations graded by severity and graded as “not at all” or
“acceptable” were excluded. The complications from each study were extracted and categorized
into four groups separately for patient who underwent VFF and VIF reconstruction: early/late
donor-site complications and early/late recipient-site complications. Early complications were
defined as complications that occurred during the immediate postoperative period and required
intervention. Late complications included those reported by patients or examined by surgeons
during the follow-up. It should be noted that only complications that have been mentioned in two or
more studies were involved in the following review and meta-analysis. A single-arm meta-analysis
was performed, and forest plots (Appendix 2) were generated for assessing the rate of each
complication in VFF and VIF group.

The synthesized morbidities in VFF and VIF groups are shown in Table 1.3. The early donor-site
morbidities in VFF group ranged between 3% to12%, and in VIF group 3% to 8%. The late donor-
site morbidities in the VFF group ranged between 5% to 67%, and in the VIF group 6% to 43%.
The early recipient-site morbidities in the VFF group were between 4% to 10%, and in the VIF
group 16% (only delayed wound healing was reported). The late recipient-site morbidities in the
VFF group were between 8% to 22%, whereas no late recipient-site morbidities were observed in
the included studies in the VIF group. Donor-site chronic sensory disturbance had the highest
morbidity in both VFF and VIF groups. The top three morbidities in the VFF group were donor-site
chronic sensory disturbance (67%), malocclusion (22%) and chronic lower limb weakness (20%);
in VIF group were donor-site chronic sensory disturbance (43%), donor-site chronic pain (26%)
and gait disturbance (20%). Substantial heterogeneity was detected with four complications and
were all from the VFF group: limited walking or stair climbing ability (1?=75%, p=0.05), limited toe
mobility (1>=52%, p=0.08), recipient-site cosmesis problem (1>=73%, p<0.01), reconstruction plate

exposure or fracture (1>=57%, p=0.03). Rest of the data was found to be homogenous.
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Table 1.1. Articles included in final review.

Author, Year Study Sample Sampl Mean age Smoking Comorbidit Flap (N) Mean Mean Pri/Sec Radiation Restoration  Follow-
(Reference) design size e size andrange habit (N)  y(N) defect flap size reconstr (N) method (N) up
during during (Year) size (cm) uction (month)
surgery( follow- (cm) (N)
N) up(N)
Al-Bustani etal., Retro 25 25 47.3 (18-74) 7 M(25) VFF(25) 7.4 N/A N/A 6 N/A 27
2016 [5]
Chiapasco etal.,, Cs 46 46 48.7 (13-69) N/A M(34),B(5), VFF(46) N/A N/A Pri(33) N/A Implant (11) 55
2006 [1] o(7) Sec(13)
Crosby et al., Cs 11 11 10 (5-14) N/A M(5),B(6) VFF(11) 9.0 N/A N/A Pre (2) Implant(1) 40.8
2008 [6] Post (1)
Dean et al., 2012 Retro 51 51 66.5 (31-96) N/A M(49),B(2) VFF(51) 5.2 N/A N/A Pre (15) Denture(4) 20.2
[7] Post (24)
Gazyakan etal., Retro 121 121 51.4 (20-85) 82 M(121) VFF(121 N/A 8.9 Pri(121) 121 N/A 29
2016 [8] )
Ghassemietal., Retro 54 52 49 (12-81) N/A M(37),B(7), VIF(54) >6 N/A N/A N/A N/A 12
2013 [9] 0(9), A1)
Hoezle et al., Cs 54 54 54 (17-78) 30 M(38),0(8), VFF(54) N/A N/A Pri(29) Pre (4) N/A 63
2007 [10] A(4), V(4) Sec(25) Post (7)
Both (3)
Katsuragietal.,  Cs 12 12 56.3 (14-80) N/A M(11),B(1)  VFF(12) N/A N/A N/A Post (2) Implant(1) 16
2010 [11] Denture(7)
Kuo etal., 2010  Cs 20 20 48.7 (30-74) N/A M(20) VFF(20) N/A 7.3 N/A N/A N/A 12
[12]
Ling etal., 2013  Retro 19 19 53.1 N/A N/A VFF(19) N/A 8.6 N/A N/A N/A 6
[13] 15 15 37.6 N/A N/A VIF(15) N/A 7.6 N/A N/A N/A 6
Lyons et al., 2005 Cs 18 18 49.9 (12-72) N/A M(13),B(2), VIF(18) N/A N/A Pri(18) N/A N/A 6
[14] 0(2),U(1)
Ooi et al., 2014 Cs 30 26 27.3(12-59) N/A B(30) VFF(32) 8.2 N/A Pri(32) N/A Implant(3) 59
[15] Denture(15)
Parbo et al., Cs 36 36 54 (9-77) N/A M(28),B(3), VFF(36) N/A 7.1 Pri(36) Pre (10) Implant(16) 22
2013 [16] 0(2),U(3)
Politi et al., 2012  Retro 12 12 N/A N/A M(19),B(5) VFF(12) 9.5 N/A Pri(12) N/A Implant(12) 12
[17]
Politi et al., 2012 Retro 12 12 N/A N/A M(19),B(5) VIF(12) 8.5 N/A Pri(12) N/A Implant(11) 12
[17]
Rashid et al., Cs 18 18 12 (8-16) N/A B(18) VFF(18) N/A 12 Pri(18) N/A N/A 48
2012 [18]
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Rendenbach et Retro 14 14 54 N/A M(8),B(5),0( VIF(14) N/A 6.3 N/A 2 N/A 29
al., 2018 [19] 1)

Rogers et al., Retro 16 16 61 (45-74) N/A M(16) VFF(16) N/A N/A N/A 12 N/A 27
2003 [20]

Schardt et al., Retro 19 19 N/A N/A M(28),B(9), VFF(19) N/A N/A Pri(14) N/A N/A 14
2017 [21] 0(9) Sec(5)

Schardt et al., Retro 27 27 N/A N/A M(28),B(9), VIF(27) N/A N/A Pri(11) N/A N/A 14
2017 [21] 0(9) Sec(16)

Sieg etal.,, 1999 Cs 53 53 51 (15-81) N/A M(48),B(5)  VFF(53) N/A N/A N/A Pre (15) Implant(8) 21.5
[22] Post (23)

Van Gemert et Cs 76 76 61.3 (26-81) 50 M(76) VFF(79) N/A N/A Pri(79) Post (67) Implant(7/76) 27
al., 2018 [23]

Wolff et al.,, 1996 Cs 24 24 64 (37-77) N/A M(23),0(1) VFF(24) N/A N/A Pri(22) N/A Implant(8/24) 29
[24] Sec(2)

Xu et al., 2017 Pros 30 30 45.7 (20-66) N/A M(10),B(20) VFF(30) N/A 18.3 Pri(30) N/A N/A >12
[25]

Zavalishina et al., Cs 17 11 52.3 (15-77) 4 M(13),B(2), VFF(17) 11.2 N/A Pri(17) 5 N/A >12
2014 [26] 0(2)

Zimmermannet  Retro 42 38 48(15.5-70.1) N/A M(32),B(6), VFF(42) N/A 9.7 Pri(35) N/A N/A 35
al., 2001 [27] 0®4) Sec(7)

Indications: N/A= not applicable; Retro= retrospective cohort study; Pros= prospective study; Cs= case series; M= malignant tumor; B= Benign tumor; O= osteoradionecrosis,

osteonecrosis or osteomyelitis; A= atrophy; V= vasculopathy; U= Unidentifiable; Pri= primary reconstruction; Sec=secondary reconstruction; Pre=pre-surgical; Post= post-surgical.
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Table 1.2. Risk of bias analysis based on the ROBINS-I tool

Author, Year Bcl)malns(D) D2 D3 D2 D5 D6 D7 Overall
Al-Bustani et al., 2016 [5] 2 3 1 1 1 2 1 Moderate
Dean et al., 2012 [7] 1 2 2 1 1 2 1 Moderate
Gazyakan et al., 2016 [8] 2 3 1 1 1 2 1 Moderate
Ghassemi et al., 2013 [9] 2 2 1 1 1 2 1 Moderate
Ling et al., 2013 [13] 2 3 1 1 1 1 1 Moderate
Politi et al., 2012 [17] 2 2 1 1 1 2 1 Moderate
Rendenbach et al., 2018 [19] 2 2 1 1 1 2 1 Moderate
Rogers et al., 2003 [20] 2 3 3 1 1 2 1 Serious
Schardt et al., 2017 [21] 2 1 1 1 2 1 1 Moderate
Xu et al., 2017 [25] 1 1 1 1 1 1 1 Low
Zimmermann et al., 2001 [27] 2 2 1 1 1 1 1 Moderate

Indications: Domain 1: confounding; Domain 2: selection of participants; Domain 3: classification of intervention; Domain 4: deviation from interventions; Domain 5: missing outcome

data; Domain 6: measurement of outcomes; Domain 7: selection of reported result; Overall. Risk of bias assessment: 0—No information; 1—Low; 2—Moderate; 3—Serious; 4—

Critical.
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Table 1.3. Synthesized morbidities in VFF and VIF group

VFEF group

Complications

Number of studies

Synthesized morbidity (95% CI)

Heterogenity (p-value)

Early donor-site Wound infection 4 6% (3%, 11%) 0% (p=0.27)
Wound dehiscence 2 12% (6%, 22%) 2% (p=0.17)
Skin graft loss 4 9% (5%, 16%) 0% (p=0.47)
Compartment syndrome 2 3% (1%, 10%) 0% (p=0.81)
Late donor-site Pain 7 18% (13%, 24%) 49% (p=0.06)
Sensory disturbance 5 67% (59%, 75%) 0% (p=0.33)
Lower limb weakness 3 20% (13%, 29%) 0% (p=0.47)
Gait disturbance 3 14% (8%, 24%) 0% (p=0.63)
Limited walking or stair climbing ability 5 17% (12%, 23%) 75% (p=0.05)
Limited toe mobility 9 16% (11%, 22%) 52% (p=0.08)
Cosmesis problem 6 5% (2%,9%) 0% (p=0.64)
Early recipient-site Wound infection 11 8% (6%, 12%) 42% (p=0.09)
Wound dehiscence 7 8% (6%, 12%) 0% (p=0.84)
Hematoma 5 6% (3%, 11%) 0% (p=0.38)
Compromised circulation 7 10% (7%, 13%) 12% (p=0.52)
Fistula 4 6% (3%, 10%) 45% (p=0.10)
Partial flap necrosis 9 8% (6%, 11%) 21% (p=0.34)
Flap loss 17 4% (3%, 6%) 0% (p=0.94)
Late recipient-site  Pain 2 17% (10%, 28%) 0% (p=0.09)
Cosmesis problem 2 14% (2%, 52%) 73% (p<0.01)
Contour deformity 2 18% (12%, 26%) 0% (p=0.42)
Malocclusion 2 22% (9%, 43%) 0% (p=0.54)
Plate exposure or fracture 6 8% (4%, 15%) 57% (p=0.03)
VIF group Complications (N) Number of studies Morbidity Heterogenity
Early donor-site Wound infection 3 4% (2%, 10%) 0% (p=0.53)
Wound dehiscence 2 8% (4%, 17%) 0% (p=0.62)
Hernia 6 3% (1%, 7%) 11% (p=1.00)
Late donor-site Pain 3 26% (18%, 36%) 43% (p=0.09)
Sensory disturbance 4 43% (32%, 55%) 25% (p=0.19)
Gait disturbance 3 20% (12%, 32%) 0% (p=0.52)
Limited walking or stair climbing ability 2 6% (3%, 14%) 0% (p=0.23)
Early recipient-site  Delayed wound healing 2 16% (7%, 32%) 31% (p=0.11)
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1.5 Discussion
This systematic review aimed to provide comprehensive evidence related to the donor- and
recipient-site complications in patients who underwent mandibular reconstruction with VFF and VIF.
Donor-site wound dehiscence and infection were higher in the VFF group, which was mostly
related to the skin graft loss. The loss of skin graft increases the risk of delayed wound healing and
wound dehiscence, which may result in wound contamination and infection [28, 29]. Several
techniques, including negative pressure wound therapy over skin grafts and the harvest of a fat-
fascia-only flap, have been proposed to reduce the wound healing problems following skin grafting
[30, 31]. Nevertheless, controversy exists related to the wound dehiscence rate between primary
closure and skin graft, where some studies show a lower complication rate with primary closure [28,
32] while others recommend skin graft [33, 34]. Skin graft should only be applied in cases where
primary closure is not possible with modest tension as high tension might lead to tissue ischemia
or compartment syndrome [35]. Although the incidence of compartment syndrome was relatively
low compared to other morbidities, it cannot be ignored. Surgeons should pay attention to whether
the patient has shown unexplained pain or decreased nerve sensitivity to prevent the occurrence of
compartment syndrome [36]. Similarly, herniation was observed in only 3% of the cases with VIF,
nevertheless, a careful closure of adjacent muscle tissue can further reduce the incidence of this
complication [37].
Neurosensory disturbance showed the highest morbidity in both VFF and VIF group. This could
have resulted due to peroneal nerve damage during the dissection and harvesting of VFF
proximally at the fibular neck level where the nerve is most prone to injury. In the VIF group, the
sensory disturbance could be mainly related to the damage of the lateral femoral cutaneous nerve
or the superior cluneal nerve [38]. Our findings were consistent with a previous study which also
suggested a higher morbidity of sensory disturbance in VFF group compared with VIF group, since
the superficial peroneal nerve was more prone to damage because of the surgical exposure [20].
Furthermore, the high disturbance rate related to both flaps could be attributed to the surgical
technique, volume of graft harvested or method of evaluation. Chronic donor-site pain was also a
commonly seen complication in both VIF and VFF group, and it is one of the reasons driving a
sustained search for an alternative to autograft [39]. The reason for chronic donor-site pain
remained uncleatr, it is suggested that the chronic donor-site pain may be caused by the adhesion
of detached muscles to the adhesive tissue, or it might occur secondarily to sensory nerve injury
[40]. Psychosomatic disorder also attributes to this problem and therefore may not be entirely
controlled [41]. Technical modifications as well as the use of post-operative regional anesthesia
have been suggested to overcome this problem [42].
Gait disturbance and limited walking or stair climbing ability were interrelated and were seen in
both VFF and VIF groups, with higher morbidities found in VIF group. It was suggested that VIF
harvest usually leads to worse mobility after surgery due to the excessive stripping of the hip
abductors during exposure as well as the loss of anterior superior iliac spine [13, 19, 43]. In VFF
group, the patients' gait would not be adversely affected unless the muscle groups such as soleus
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muscle and gastrocnemius muscle fail to function [44]. A previous study showed a higher incidence
of late donor-site complications with VIF than VFF [45], which was consistent with our findings.
The highest recipient-site early morbidity in VFF group was compromised circulation, which
included arterial / venous thrombosis and dysfunction due to damage to the blood vessels. The
high prethrombotic activity in the irradiated blood vessel is an important cause of thrombosis. In the
VFF group, three articles reported on the radiotherapy rate of patients (193/213) [8, 23, 26], which
could adversely affect the circulation. Two articles in the VIF group that reported delayed wound
healing at the recipient-site did not give a specific reason. Delayed wound healing might have
happened due to inflammation, dehiscence, hematoma, and other single or mixed factors.
Postoperative malocclusion is rarely reported in the literature and is easily neglected, but it had a
morbidity of 22% in the VFF group. The most likely reason could be inadequate contouring or
improper positioning of the temporomandibular joint following osteotomy could result in
malocclusion [46]. We believe that virtual 3D planning of the osteotomy, utilization of 3D-printed
surgical guides and adopting aggressive postoperative physiotherapies can further help minimize
both donor- and recipient-site complication rate.

The study had certain limitations. Firstly, the recipient-site late complications could only be
collected in the VFF group due to the lack of reported data. Secondly, most of the studies were
retrospective in nature. Thirdly, medium-high heterogeneity was observed for some complications
(limited walking or stair climbing ability, limited toe mobility, recipient-site cosmesis problem and
reconstruction plate exposure or fracture) which would have influenced the statistical pooling and

misled interpretation.

1.6 Conclusion

Amongst all the complication, delayed neurosensory disturbance at the donor-site was the most
frequently reported in both VFF and VIF groups. Furthermore, this review provided accumulated
evidence for surgeons to estimate the likelihood of the occurrence of post-surgical complications

which can further guide to improve the informed consent and decision-making process.
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2.1 Abstract

Ti and its alloys have been widely employed for bone tissue repair and implant manufacturing. The
rapid development of 3D-printing technology has allowed fabrication of porous Ti scaffolds with
controllable microstructures, which is considered to be an effective method for promoting rapid
bone formation and decreasing bone absorption. The purpose of this systematic review was to
evaluate the osteogenic potential of 3D-printed porous Ti64 scaffold for repairing long bone defects
in animal models and to investigate the influential factors that might affect its osteogenic capacity.
Electronic literature search was conducted in the following databases: PubMed, Web of Science,
and Embase up to September 2021. The SYRCLE's tool and the modified CAMARADES list were
used to assess the risk of bias and methodological quality, respectively. Due to heterogeneity of
the selected studies in relation to protocol and outcomes evaluated, a meta-analysis could not be
performed. The initial search revealed 5858 studies. Only 46 animal studies were found to be
eligible based on the inclusion criteria. Rabbit was the most commonly utilized animal model. A
pore size of around 500-600um and porosity of 60-70% were found to be the most ideal
parameters for designing the Ti64 scaffold, where both dodecahedron and diamond pores
optimally promoted osteogenesis. Histological analysis of the scaffold in a rabbit model revealed
that the maximum BA/TA reached 59.3+8.1% at week 8-10. Based on micro-CT assessment, the
maximum BV/TV was found to be 34.0+6.0% at week 12. Ti64 scaffold might act as a promising
medium for providing sufficient mechanical support and a stable environment for new bone

formation in long bone defects.

Keywords: Ti alloy, Ti64, 3D-printing, animal study, BTE
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2.2 Introduction

Since the early 1970s, Ti and its alloys have been widely incorporated in the biomedical field for
manufacturing implants and repairing bone defects. These alloys offer a lower Young’s modulus
compared to other materials, such as stainless steel, cobalt-chromium alloys and tantalum.
Nevertheless, an elastic modulus mismatch still exists between Ti and bone tissue which could
lead to bone atrophy, fracture, osteoporosis and early implant failure due to the stress shielding
effect. To overcome this limitation, porous Ti scaffolds have been designed for reducing the
modulus and mimicking the strength of natural bone. Thereby, allowing prevention of the stress
shielding [1, 2] and promotion of scaffold fixation into the surrounding tissues [3, 4]. The
interconnected pores of the scaffold also offer a shorter healing time with an improved
vascularization and exchange of nutrients. At present, porous Ti scaffolds have been employed in
the manufacturing of 3D-printed implants such as, artificial lumbar fusion cages and acetabular
joints [5-8]. These implants offer high compressive strength, bone-like elastic modulus, and
promote long-term bone ingrowth. Furthermore, they have an optimal wear resistance for resisting
scratches, cracks, and peeling [9]. These characteristics make porous Ti-based implants an
excellent candidate for repairing bone defects.

Currently, porous Ti64 scaffold is one of the most commonly used material for manufacturing load-
bearing implants and repairing bone defects owing to its superior mechanical properties and
osseointegration compared to commercially pure Ti and other alloys [10]. Many conventional
material processing methods have been employed for fabricating porous Ti64 scaffolds, which
include sintering [11], solid-state foaming [12] and polymeric sponge replication [13]. In comparison,
recent introduction of AM technology and processes, such as, SLM and EBM, have allowed the
fabrication of customizable Ti64 scaffolds which offer predictable and predetermined unit cells.
Both the aforementioned technologies belong to the powder bed fusion category, where the heat
generated from an energy source (SLM: fiber laser, EBM: electronic beam) is used to selectively
melt and fuse powder layer-by-layer based on the CAD model. When one layer of powder has
been selectively melted, the build platform is lowered to a predetermined distance and the next
layer is deposited. The process is repeated with each successive layer until the desired part is
entirely constructed [14].

These 3D-printed porous scaffolds have the potential to replace other BGS (allograft, autograft) for
treating long bone defects, which are prone to certain risks such as restricted blood supply,
disease transmission and high morbidity rate. The key to reducing these risks is to utilize a porous

Ti64 scaffold with interconnected pores having sufficient pore size (>100um), which has the ability

46



to promote cell proliferation and migration, as well as allow generation of new bone and capillaries
[15]. Additionally, these scaffolds have a high coefficient of friction against cancellous bone
(M=1.09), which ensures a stable environment for new bone formation [16]. At an early stage
following implantation, porous scaffolds also provide mechanical support to the damaged hard
tissue [17].

Although the advantages of Ti64 scaffold have been well documented, it is biologically inert and
lacks osteoinductivity. Consequently, it allows new bone formation only from the edges where it is
in contact with the pre-existing bone, which leads to a delayed complete fill-up of the defect. Ideally,
the new bone should start forming at the center of the scaffold. Many studies have attempted to
improve the osteogenic effect and fixation of Ti64 scaffold to the surrounding bone for increasing
its long-term success rate, which include surface modification techniques (etching, nano-
structuring, coating) and addition of growth factors [18]. However, clinical trials involving the
implantation of a functional Ti64 porous scaffold are still rare, owing to the technique sensitivity and
high costs.

Animal models are the most effective method for confirming the osteogenic potential of these
modified functional Ti64 scaffolds by investigating the macroscopic and microscopic changes of the
bone environment during osseointegration [19]. While testing the modified Ti64’s osteogenic
performance, it is common to use pristine Ti64 scaffold as a control group [4, 20-22], which allows
exclusion of any inherent impact from other scaffold modifying materials. However, no data exists
confirming the osteogenic properties of a pristine Ti64 scaffold, which in turn could impact the
testing process with biased outcomes. It is also crucial to design the experiments more efficiently.
For instance, if an experiment time period is set for too long, then both the control and
experimental group might show equally distributed bone formation due to overgrowth, making it
difficult to analyze the osteogenic differences between both groups without any discernible contrast.
Furthermore, there is still room for improvement in AM technology for reducing excessive residual
stress and surface roughness of the scaffold. Therefore, it is necessary to review the state of
existing Ti64 scaffold’s manufacturing and preclinical testing to better understand its osteogenic
potential and yield more effective strategies for improving its clinical applicability.

The following systematic review aimed to report the current evidence related to the application of
Ti64 scaffold for repairing long bone defects in animal models and to investigate the potential
influential factors that might affect its osteogenic ability. The scope of this systematic review is

shown in Figure 2.1.
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Figure 2.1. The scope of the systematic review.

2.3  Materials and Methods

The study protocol was registered in the PROSPERO database under the number
CRD42020194100. The systematic review followed the PRISMA guidelines. Two researchers (GYF,
SY) searched the electronic databases of PubMed, Embase, and Web of Science for relevant
studies published till September 2021. Search keywords were ("Bone/bone regeneration/bone
reconstruction") and ("Ti alloy") and ("3D-printing"). The detailed search strings are presented in
Appendix 1. Grey literature and references within the selected studies were also screened.
Identified studies were imported into Endnote online software (Thomson Reuters, Philadelphia, PA,
USA) for removing duplicates.

Table 2.1 describes the inclusion and exclusion criteria. All animal studies which reported on the
application of Ti64 scaffold for long bone defect repair were included. “Long bone” was defined as
a bone consisting of a tubular shaft (diaphysis) and two extremities (epiphyses) and “Ti64 scaffold”
referred to a 3D-printed structure with a network of fully interconnected pores [23].

Two researchers (GYF, SY) independently screened the relevant articles based on the titles and
abstracts, and then read the full text of the included studies. Any disagreement was resolved
through consensus. If an agreement could not be reached, a third researcher (RJ) was consulted.

Risk of bias was assessed according to the SYRCLE's tool [24], and the CAMARADES Iist
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(www.camarades.info) was used for determining the methodological quality of the included articles.
The extracted data included scaffold characteristics (scaffold size and shape, fabrication method,
pore size, porosity), study characteristics (animal model, implantation time, bone defect) and the
reported osteogenic outcomes (BA, BV).

The PICO (Population, Intervention, Comparison, and Outcome) criteria were follows [25]:
Population: animals with long bone defect.

Intervention/exposure: application of Ti64 scaffold for repairing long bone defect.

Comparison: not applicable.

Outcome: quantitative assessment of the new bone tissue formation.

Table 2.1. Inclusion and exclusion criteria used in this study

Inclusion criteria Exclusion criteria
1. Non-English papers
2. Descriptive studies, in vitro studies, and
clinical trials.
3. Studies used materials other than Ti64.
4. Partially porous Ti64 implant or Ti64 implant
with only a textured surface layer.
5. Animal models with comorbidities
(hypertension, diabetes, etc.)
6. Not a long bone defect (defect in cranial
bone, jaw bone, etc.)

All In vivo studies which reported
on the application of Ti64 scaffold
for long bone defect repair.

2.4  Results

Figure 2.2 illustrates the screening flow diagram based on the PRISMA guidelines. The PRISMA
checklist can be found in Appendix 2. The search strategy retrieved 5858 articles. Following
removal of duplicates, title and abstract screening and full-text reading, 46 studies were eligible to
be included in the review ranging from year 2013 till 2021, with the majority articles being

published in 2020 (Figure 2.3).
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Identification of studies via databases and registers

Figure 2.2. Screening flow diagram based on the PRISMA guidelines.
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2.4.1 Quality of the included studies
2.4.1.1 Risk of bias

Figure 2.4 shows the findings of the SYRCLE's risk of bias analysis. The allocation sequence of
animals was adequately generated in 41 studies (89%), and the baseline characteristics of
experimental animals were similar in all studies. No study mentioned whether the allocation was
adequately concealed. Only one study stated that the animals were housed randomly. There was
no explicit description of blind intervention or outcome evaluation. Most studies (45 articles, 98%)
did not randomly select animals for outcome assessment due to the high cost of animals. In
addition to the items mentioned above, many other items in the questionnaire were rated as
"unclear", implying that reporting of these animal studies (mainly experimental designs) should be

improved.

SYRCLE's risk of bias analysis

100
M Yes
80+ No
" Not clear

Percentage (%)

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

Figure 2.4. The results of SYRCLE's risk of bias analysis.

2.4.1.2 Methodological quality

Figure 2.5 illustrates the CAMARADES checklist-assisted methodological quality assessment. The
outcomes of evaluating items such as animal allocation, allocation concealment, and blind
operation assessment were similar to those of the "risk of bias" assessment. Animals in all the
studies were healthy and a neuroprotective anesthetic was administered in some studies (12

articles, 26%). Only one article mentioned the sample size calculation method. Most studies (34
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articles, 74%) clarified the adherence to relevant operating guidelines during animal experiments.
Furthermore, the rest of the items were rated as "unclear" which matched the description as in "risk
of bias" assessment.

CAMARADES list of methodological
quality assessment

100
™ Yes
3 804 No
S ™ Not clear
o 60
S
c
8 407
(]
o
20+
0_

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

Figure 2.5. The results of CAMARADES list of methodological quality assessment.

2.4.2 Characteristics of the included studies
2.4.2.1 Scaffold design and animal study setup
Table 2.2 summarizes the design of the included articles and Figure 2.6 represents an example
illustrating a schematic workflow of a typical animal experiment. If the author’s last name was the

same in different articles, a number was used after the last name to distinguish the authors.

Micro-CT analysis

-
\K\ 4 and 12 weeks

Femoral epiphysis Sample harvesting '
)l (bilateral) and fixation L Histologigil analysle

Scanning electron
microscope analysis

o Ti64 scaffold + Quantitative and qualitative
(HA / pDA) coating analysis of new bone

Figure 2.6. Schematic workflow of a typical animal experiment (Li4 et al. [41]).
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A total of 29 studies (63%) mentioned the type of Ti64 powder for 3D-printing, with particle sizes
ranging from 15 to 100pm. In 16 studies, Grade 23 Ti64 powder was incorporated. The 3D-printing
technique was mentioned in 44 studies (96%), which included SLM, (26 studies, 59%), EBM (16
studies, 36%), and SLS (2 studies, 5%). Post-processing of the Ti64 scaffold with ultrasonic
cleaning, sandblasting, or acid treatment for removing the excess powder was mentioned in 30
studies (65%).

A cylindrical Ti64 scaffold was the design of choice in most studies (40 studies, 87%) with the size
variation depending on the animal model and reconstruction method. The strut size varied between
60 to 3600um, mostly ranging between 200-400um (20 studies, 77%). The reported pore size (in
41 studies) was 100-1500um, with the size of 500-700um in majority of the studies (23 studies,
56%), followed by 300-499um (16 studies, 39%). The porosity of the Ti64 scaffold ranged from 25%
to 90% in 40 studies, however 60-70% was applied in most of the studies (22 studies, 55%).
Various pore shapes could be observed depending on the unit cell for designing the lattice
structure, where some studies reported on more than one pore shape. Rhombic dodecahedron (8
studies, 27%) and diamond (8 studies, 27%) were the most applied unit cell shapes. Others
included octahedron, tetrahedron, cube, spiral tetrahedron, hexagon and TPMS-based cells. Most
studies (42 studies, 91%) adopted a regularly arranged lattice structure, while others adopted a
randomly generated or arranged irregular pore structure [16, 22-24]. In this review, the randomly
distributed pore structures were divided into the following categories: 1. Pore structure designed
based on the Voronoi tessellation method [22]; 2. Pore structure designed using TPMS models [25];
3. Randomly generated pore structure with varying pore sizes and shapes [16]; 4. Pore structure
with regular-shaped and regular-sized but randomly arranged pores [23, 24].

The mechanical strength of the Ti64 scaffold was reported in 15 studies, ranging from 14 to
606MPa, where 10 studies (66%) described its strength between 30-200MPa. The elastic modulus
varied from 0.32 to 7.56GPa, with the majority falling between 0 to 3GPa (12 studies, 63%).

Rabbit was the most commonly utilized animal model (25 articles, 54%). Other animal models
included rat, sheep, dog, goat and pig. Femur was the preferred implantation site in the majority of
studies (36 studies, 78%, femoral diaphysis: n=15, femoral epiphyses: n=21), while other sites
included tibia and radius. Non-segmental bone defects accounted for most cases (35 studies,
76%). The experiment duration ranged from 4 weeks to 12 months, and the follow-up time period
for most articles was less than 12 weeks (36 studies, 78%). Additionally, half of the studies

assessed outcomes at two or more time points (26 papers, 57%).
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Table 2.2. List of Ti64 scaffolds and animal study designs.
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n

[Hla65a etal, 2016 gy C(5*12) / 501-933 6570 Diamond | Rabbit ~ Femur 4 and 12

Huang et al., 201 g\ C(10*20) 238 514 69 Diamond Hydroxyapatite o~ ., F-epi  8and16

7 [20] coating

Kelly et al., 2021 SLM C(4.5%8) / 739-1076 70 TPMS-based / Rat Femur 12

[38] cell (s)

Koolenetal., 202 ¢ g C(5*6) 211 244 79 Rhombic dod Aoy reatment  Rat Femur 4y

0[39] ecahedron (s)

Liletal, 2019[4 g\ C(5*6) / 400 45 Cubic Polydopamine ¢ pappit  F-epi 5

0]

oating
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Li2 et al., 2019 [2

TPMS-based

o) SLM C(8+10) / 100-700 50 . / Pig Tibia 5
Lis et al,, 2016 gy C(10*30) 200 315 34 Diamond / Goat Metatar 12, 24 and
(3] sus(s) 48
. Polydopamine-a
'ﬂ“ etal, 2015[4 ppy C(5+10) / 710 68 / ssisted hydroxy Rabbit  F-epi 4 and 12
apatite coating
. Addition of simv
'[-L{‘é]l etal, 2016 gy C(5*16) 400 640 76 / astatin and hydr Rabbit  Tibia  4and8
ogel
'[;{‘;]2 etal, 2020 g C(10*10) | 600 65 / / Rabbit ~ Fepi %5102
[L4“4"’]‘” etal, 2019 gpy C(5+4) / 334-402 5578 |/ / Rabbit ~ Femur 12
Addition of bone
g}’ etal, 2015 [4 ppy C(5%6) / 640 / Hexagonal ~ BMP-2, VEGF Rabbit  F-epi 4
and fibringel
I[_XE;J] et al., 2020, C(2*5) 320 650 70 / / Rabbit ~ F-epi 12
Mal et al., 2018 SLM C(5%6) / 400 76 / Ad_dltlon of mine Rabbit Radius 4 and 12
[47] ralized collagen (s)
Ma2 et al., 2021 SLM C(15*20) / 400 76 / Addition of gelati Rabbit Radius 4 and 12
[48] n methacrylate (s)
Hydroxyapatite
coating, silicon-s
Mumith et al., 20 . ubstituted or str .
50 [49] SLS C(8*14.5)  300-750 700-1500  70-75 | ubstiluted o 5 Sheep  F-epi 6
ed hydroxyapatit
e coating
Palmquistl et al,, g C(5.2* 350 0 70 Diamond / Sh Fec;n ibi 24
2017 [50] (5.2*5) 5 55 iamon eep and tibi
a
F;"E‘)'qu[“éi;z etal, pgy C(5.2*7) 00100 500700 6570 / Sheep  F-epi 26
Femur
Eg%e etal, 20 g C(6.2*11) 200 450-1200  75-90 Iprézgular-sha / Sheep  and tibi o 1021
a
Ran et al, 2018 g, \y C(4*13) 300-400 401-801 |/ Circle / Rabbit  F-epi 4 and 12

[52]
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Shahl et al., 201

6 [53] EBM C(5.2*7) 583 / 63 / / Sheep F-epi 24
§T§2]2 etal, 201 gpy C(5.2*5) 341 470-545 70 Diamond / Sheep  F-epi 26
song etal., 2019 g C(3*6) 200-400 6586  Diamond Hydroxyapatite  ponnit  Femur 12 and 24
[55] coating
Tanzer et al., 201 SLM C(5.2*10) / 450 50-65 Irregular-sha Hyd_roxyapatlte Dog Femur |
9[19] ped coating
. Mg-calcium silic
[ng‘]' etal, 2019 g C(6.5410) | 350 / Cubic ate and chitosan Rabbit ~ Femur 6
coating
AlAcH surface tr
van der Stokl et Femur-shap Rhombic dod eatment and ad Femur
al., 2015 [57] SLM e 165 ST 85 ecahedron dition of BMP-2 Rat (s) 12
and fibrin gel
. AlAcH surface tr
van der Stok2 et Femur-shap Rhombic dod Femur
al., 2015 [58] SLM e 120 500 88 ecahedron eatment and_ ost Rat (s) 12
eostatin coating
van der Stok3 et g Femur-shap 150.230 490 68-gg  Rnombic dod ,aciyreatment Rat Femur 4 gand12
al., 2013 [17] e ecahedron (s)
Wangl etal, 201 g C(4.8+8) 410-449 427-458 6166  Diamond / Rabbit ~ Femur 4and8
8 [27] Tetrahedron
Strontium ion in
g"%@?z etal, 201 C(8*10) / 200 / / corporated zeolit Rabbit ~ F-epi 4
e coating
Hybrid micro-arc
Xiul et al., 2017 N Rhombic dod oxidation and h , .
[60] EBM C(6%5) 400 640 73 ecahedron ydrothermal trea Rabbit F-epl 8
tment
Xiu2 et al., 2017 . Rhombic dod Hybrid micro-arc . .
i61] EBM C(6*5) 400 640 73 ccahedron oxidation Rabbit F-epi 8
Acid-alkali treat
. . ment, AlAcH tre
Yavari et al., 201 g \, Femur-shap 160180 577.596  85-89  Rnombic dod  ioht and ano Rat Femur 4 gand 12
4[62] e ecahedron o (s)
dizing-heat treat
ment
Yuetal.,, 2020 [2 SLM Cone-shape 200 650 90 Rhombic dod Rabbit Femur 4and8
8] ecahedron
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Bioactive glass
and mesoporou
s bioactive glass
coating

Zhang et al., 202

1[63] Rabbit F-epi

SLM C(5*10) 300 / 68 Diamond

6and9

Zhong et al., 202

0 [64] SLM C(6*10) / / / / / Rabbit F-epi

6 and 12

* C: cylinder; HA: hydroxyapatite; AIAcH: alkali-acid-heat; F-epi: femoral epiphysis; s: segmental bone defect; wk: weeks; m: months.
* Data are all average values, and parameters were reserved for integers.

* If multiple Ti64 scaffold design parameters have been applied in a single article, the parameters are expressed in ranges
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2.4.2.2 Bone tissue outcomes

Quantitative evaluation of the new bone tissue formation was performed by either
histomorphometric analysis, SEM or 3D micro-CT assessment. The most reported outcomes
included BA/TA (new BA over scaffold pore area) as a 2D parameter and BV/TV (new BV over
scaffold pore volume) as a 3D parameter. An overview of these outcomes is summarized in Table
2.3 and Table 2.4. As the addition of coating material, surface treatment, or other additives might
significantly alter the osteogenic performance of Ti64 scaffold, these conditions were not
considered. Furthermore, segmental bone defects have been excluded from the BA/TA and BV/ITV
analyses as well, as in this case new bone can only grow inward from both scaffold ends. This
results in a relatively low bone ingrowth, which cannot reliably be compared to the case in which
most of the scaffold surface is covered by bone. Due to the heterogeneity in protocols and reported

outcomes amongst the included studies, no meta-analysis could be performed.

2.4.2.2.1 BA/TA analysis (Table 2.3)

The majority of BA/TA data were obtained from rabbit models (12/19 articles, 63%). In five of these
studies, Ti64 scaffold was implanted in the femoral diaphysis and seven in the femoral epiphysis.
The BAJ/TA in rabbit models ranged from 1.5+0.1% to 46.3+13.7% at week 4-6, 8.2+2.3% to
59.3+8.1% at week 8-10, 2.4+0.4% to 51.6+6.4% at week 12-14, and 35.6+5.3% at week 24-26
(only reported by Song et al. [51]). The maximum BA/TA at weeks 4 and 8 were only reported by
Yu et al. [24]. In addition, Hara et al. [12] observed that the depth of new bone ingrowth at week 12
exceeded 1.5mm in a rabbit model.

Four studies provided BA/TA data in sheep models, and only Palmquist2 et al. [47] found that
BA/TA reached 44.7+4.4% in femoral epiphysis at week 26. The remaining three studies calculated
the BA/TA in different scaffold regions (central part vs. peripheral part; cortical bone vs. cancellous
bone). The new bone formation was significantly higher in the cortical and peripheral region of the
Tie4 scaffold compared to cancellous bone and central area [22, 46, 50].

Three studies assessed BA/TA in the femoral or tibial diaphysis of beagle dog models. It was within
the range of 11.9+2.2% to 41.5+8.2% at week 4-6, 41.3+4.3% to 56.9+4.0% at week 8-10 (only
reported by Arabnejad et al. [27]), and 64.4+2.8% at week 12-14 (only reported by Tanzer et
al.,2019 [16]).
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2.4.2.2.2 BVITV analysis (Table 2.4)

As BA/TA is limited to 2D sections, BV/TV from micro-CT analysis provides a more comprehensive
guantification of bone ingrowth. Rabbit model was applied in the majority of studies (11/14 studies,
79%). Eight studies implanted Ti64 scaffold in femoral epiphysis and three in femoral diaphysis.
The BV/TV in rabbit model ranged from 4.3+1.0% to 27.3+8.4% at week 4-6, 16.6+2.18% to
29.8+2.2% at week 8-10, and 8.6+2.7% to 34.0+6.0% at week 12. Similar to the BA/TA data, the
maximum BV/TV at week 4-6 and week 8-10 are also reported by Yu et al. [24].

The BV/TV results in the pig, goat, and rat models are also reported [17, 26, 29]. The maximum
BV/TV in pig models reached 12.8+3.9 at week 4-6, 23.4+1.6% in rat models at week 12, and

6.31£2.2% in goat models at week 16.
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Table 2.3. Summary of reported BA/TA for pristine Ti64 scaffolds in the reviewed studies.

Author, date Animal and bone Group BA/TA (%)
defect 4-6 weeks 8-10 weeks 12-14 weeks 24-26 weeks
Arabnejad et al.,2016 [30] Beagle dog, femur Tetrahedron cell 28.6+11.6 41.3+4.3 / /
Octet truss cell 35.5+1.9 56.9+4.
Chenl et al.,2019 [31] Beagle dog, tibia / 11.942.2 / 15.9+4.9 /
Guol et al.,2020 [36] Rabbit, f-epi / 11.6+1.9 12.2+2.0 24.1+3.0 /
Guo?2 et al.,2018 [22] Rabbit, f-epi / 13.2+2.7 35.6+2.7 55.9+2.0 /
Han et al.,2016 [37] Rabbit, f-epi Pore size 600um 2.320.4 / 3.5+0.5 /
Pore size 800um 1.5+0.1 / 2.410.4 /
Hara et al.,2016 [16] Rabbit, femur Pore size 500um 34.946.8 / 50.1+8.3 /
Pore size 640um 37.04£5.0 / 50.946.7 /
Pore size 800um 27.2+£7.2 / 51.6x£6.4 /
Pore size 1000um 34.7+8.4 / 35.1+2.7 /
Li4 et al.,2015 [41] Rabbit, f-epi / 5.8+2.2 / 12.2+42.2 /
Lv et al.,2015 [45] Rabbit, f-epi / 7.8+2.8 / / /
Palmquistl et al.,2017 [50] Sheep, femur and tibia Scaffold in femur / / / Central:26.5+9.

2
Peripheral:57.2
+10.9

Scaffold in tibia

Central:
45.6+19.5
Peripheral:
8.0+10.4

Palmquist2 et al., 2017 [51]

Sheep, f-epi

/

/

/

44.7+4.4

Ragone et al.,2020 [26]

Sheep, femur and tibia

Cortical:75.0+13.5
Cancellous:27.0+
15.0

Cortical:82.0+5.0
Cancellous:36.0+
10.5

Cortical:82.0+9.0
Cancellous:51.0+
14.0

/

Shah2 et al.,2016 [54]

Sheep, f-epi

/

/

Central:
32.9+4.8
Peripheral:60.0
+4.6

Song et al.,2019 [55] Rabbit, femur / / / 6.8+£2.9 35.6%5.3
Tanzer et al.,2019 [19] Beagle dog, femur / 41.5+8.2 / 64.4+2.8 /
Tsai et al.,2019 [56] Rabbit, femur / 2.510.8 / / /
Wangl et al.,2018 [27] Rabbit, femur Diamond cell (r) 34.04£5.9 36.3£1.0 / /
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Diamond cell (ir) 33.7+5.0 36.8+2.3 / /
Diamond cell (g) 30.2+3.3 32.3£4.9 / /
Tetrahedron cell 20.5+3.0 24.3+1.9 / /
Xiul et al.,2017 [60] Rabbit, f-epi / / 8.2+2.3 / /
Xiu2 et al.,2017 [61] Rabbit, f-epi / / 10.8+3.4 / /
Yu et al.,2020 [28] Rabbit, femur / 46.3+£13.7 59.3+8.1 / /

* F-epi: femoral epiphysis; r: regularly distributed pores; ir: irregularly distributed pores; g: gradient distributed pores.

* The data are all represented as means + standard deviations, and reserved for one decimal point.
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Table 2.4. Summary of reported BV/TV for pristine Ti64 scaffolds in the reviewed studies.

Author, date Animal and Group BV/TV (%)
bone defect 4-6 weeks 8-10 weeks 12 weeks 16 weeks
Chen2 et al., 2020 [32] Rat, f-epi Porosity 60%, pore size 500um / / 23.4+1.6 /
Porosity 60%, pore size 600um / / 21.0+£2.1 /
Porosity 60%, pore size 700um / / 12.8+2.1 /
Porosity 70%, pore size 500um / / 23.2+1.8 /
Porosity 70%, pore size 600um / / 22.3x1.0 /
Porosity 70%, pore size 700um / / 18.3t1.4 /
Guol et al., 2020 [36] Rabbit, f-epi / 11.6£1.8 17.1£1.6 25.51£2.6 /
Han et al., 2016 [37] Rabbit, f-epi Pore size 600um 8.4+1.3 / 16.2+3.6 /
Pore size 800um 4.3+1.0 / 8.6+2.7 /
Huang et al., 2017 [20] Goat, f-epi / / 5.1+1.8 / 6.3+2.2
Lil et al., 2019 [40] Rabbit, f-epi / 13.7 / / /
Li2 et al., 2019 [29] Pig, tibia Pore size 300-500um 12.7+£3.6 / / /
Pore size 200-600um 12.0+£3.6 / / /
Pore size 100-700um 12.8+£3.9 / / /
Li4 et al., 2015 [41] Rabbit, f-epi / 5.9+2.2 / 11.0+2.6 /
Liul et al., 2016 [42] Rabbit, tibia / 26.7+1.0 28.9+1.4 / /
Luan et al., 2019 [44] Rabbit, femur Porosity 55%, pore size 334um / / 21.4+£2.2 /
Porosity 65%, pore size 383um / / 24.6+2.0 /
Porosity 78%, pore size 400um / / 26.7£0.9 /
Lyu et al., 2020 [46] Rabbit, f-epi / / / 34.0+6.0 /
Wang?2 et al., 2018 [59] Rabbit, f-epi / 6.0+0.2 / / /
Yu et al., 2020 [28] Rabbit, femur / 27.3+8.4 29.8+2.2 / /
Zhang et al., 2021 [63] Rabbit, f-epi / 13.4+1.0 16.6+2.18 / /
Zhong et al., 2020 [64] Rabbit, f-epi / 13.9+1.5 / 16.0+1.3 /

* F-epi: femoral epiphysis.

*The data are all

represented as means

standard deviations, and reserved for one decimal
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2.4.2.3 Variables affecting the osteogenic capacity of Ti64 scaffold

From the selected studies and the data presented in Table 2.3 and Table 2.4, some variables have
been summarized below, which might impact the osteogenic ability of Ti64 scaffold:

Implantation site: Ragone et al. [22] found that the new bone formation of Ti64 scaffold in the
cortical bone region was significantly greater than that of the cancellous bone and the
osseointegration of Ti64 scaffold was almost complete after 2 months.

Implantation time: The maximum BA/TA values in rabbit models peaked at week 8-10. The
maximum BV/TV values in rabbit models and the maximum BA/TA values in beagle dog models
increased from week 4 to week 12.

Pore size and porosity: Hara et al. [12] proposed that the pore size of 500-800um was optimal for
new bone growth. Similarly, Ran et al. [48] observed that Ti64 scaffold with pore sizes of 600-
800um had greater osteogenic ability compared to Ti64 scaffold with pore sizes of 400um.
Furthermore, Chen et al. and Han et al. found that Ti64 scaffold with pore sizes of 500-600um have
more osteogenic capability compared to 700-800um [29, 34]. In terms of porosity, Luan et al.
suggested that Ti64 scaffold with 78% porosity had a higher osteogenic capacity than Ti64 scaffold
with 65% and 55% porosity.

Pore shape: Within a Ti64 scaffold with high porosity(>50%), Arabnejad et al. [27] observed that
new bone formation in the octagonal pore structure was more prominent compared to tetrahedral
structure. Furthermore, Wangl et al. [23] discovered that bone formation in the tetrahedral pore

structure was smaller than in the diamond pore structure.

2.5 Discussion

Over the past few years, animal experimentations for confirming the osteogenic potential of Ti64
scaffolds have gradually gained attention in the biomedical field. Therefore, the following review
was conducted to accumulate evidence and report on the osteogenic ability of Ti64 scaffold for
repairing long bone defects and to investigate influential factors which might impact its
effectiveness. Meta-analysis could not be performed due to the presence of significant
heterogeneity amongst the selected studies related to the scaffold design and size, defect type,
and observation time. However, the qualitative evidence synthesis suggested certain critical
commonalities and limitations associated within the methodologies of the included studies for
fabricating Ti64 scaffold with optimal osteogenic potential, which could act as a reference guide for
future comparative studies.

When considering the animal model for the validation of scaffold, it is essential to understand the
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bone healing capacity of different animal species. Bone remodeling in small rodents is much faster
than larger species [65]. Additionally, rabbits and dogs have a higher bone remodeling rate
compared to humans. Therefore, it might be difficult to extrapolate the osteogenic response in
these animals for a possible similar response in humans [66]. However, sheep, goat, and pig offer
a similar bone remodeling rate to that of humans, making them a better choice for generating
osteogenic responses and translating those findings to humans [67, 68].

In terms of the bone healing process, rats are considered less suitable based on the lack of
haversian system. However, their bone remodeling is similar to the haversian remodeling in large
animals [69]. Thereby, the absence of the haversian system should not be the sole reason for
excluding rodents from studies where bone healing assessment is required. Furthermore, the bone
healing process of dog, rabbit, sheep, and pig models is remarkably similar to that of humans [70,
71].

The studies using a rat model in this review created segmental bone defects and the scaffold size
was very small. We believe that rats should not be considered for assessing the performance of
Tie4 scaffolds due to their size limitation and inability to insert multiple implants. Based on the
International Organization for Standardization (1SO10993-6:2016(E)), the recommended implant
size for biological evaluation in rabbits should be 2x6mm and 4x12mm in larger animals, such as
sheep, goat, and dog. The guidelines also recommend an observation time of 1 to 4 weeks’ for
assessing short-term outcomes and 12 weeks or more for long-term assessment. Additionally, the
long-time follow-up time points for the animal models except rats should be 13, 26, 52, 78, and 104
weeks. However, the findings of the current review revealed that the experimental design in the
majority of studies did not follow the international standards and had a follow-up period of less than
12 weeks. Hence confirming a lack of evidence related to the standardized long-term outcome
evaluation of Ti64 scaffold.

Rabbit was the most applied animal model and only a few studies assessed the osteogenic
capacity of the scaffold with a large animal model such as sheep, goat, dog, and pig. In contrast to
large models, small animals are easier to handle, less expensive and appropriate for screening
implant materials before testing in larger models. Unlike small animals, the large animal models
have similar bone healing capabilities to that of humans. At the same instance, it should be kept in
mind that every large animal model also has its pros and cons. For instance, dogs offer an optimal
model for assessing Ti64 scaffold’s effectiveness, however, due to ethical concerns and increased
public scrutiny their application in animal research has been declining [72]. An adult sheep has

similarities in weight, metabolism and bone remodeling rates to that of humans, and could be
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considered ideal for testing the scaffold and transferring the findings to a clinical setting [73].
However, researchers tend to use young animals due to financial constraints, which might
underestimate the effectiveness of the scaffold as their bones have not fully matured.

In this review, most included studies adopted the femoral condyle defect model or the transcortical
defect model. The femoral condyle defect model is most relevant to plastic surgery applications
[74]. When there are many groups of scaffolds to be tested on the same animal model at the same
time (for example, in the paper of Arabnejad et al. [30], there are four groups of scaffolds to be
tested on the same animal model at the same time), the use of transcortical defects is a viable
option for achieving greater consistency within the animal. Segmental bone defects were excluded
from the review as they are more prone to failure due to bending or breaking of the fixation plate,
screw failure, infection and muscular and neurovascular damage. Additionally, inclusion of
segmental defects would have led to bias within the findings of the review, as their mechanical
integrity differs from that of a single defect which could negatively impact the osteogenic efficiency
and functional recovery of the bone defect.

Based on the findings of the review, Ti64 scaffold induced remarkable osteogenesis in the cortical
region compared to cancellous bone. A possible explanation could be the penetration of a lower
mechanical stimulus into the cancellous bone surrounding the scaffold [49]. Additionally, the
cancellous bone has a randomly distributed pore structure, which cannot be replicated by the
regularly distributed simple pattern. In contrast, the randomly distributed pore structures
demonstrated higher permeability allowing optimal bone ingrowth [19, 28]. The newly formed bone
continues to grow over time with the maximum BA/TA and BV/TV peaking at both week 4-6 and
week 8-10 due to the osteogenic effect of the randomly distributed pores which outperform a
simple topological distribution [19].

The osseointegration of Ti64 scaffold is primarily determined by the pore size, structure, porosity,
and interconnectivity [19]. The pore size in the included studies ranged from 100 to 900um [75]. A
large pore size promotes the growth of blood vessels but reduces the mechanical properties and
cell adhesion. On the contrary, a small pore size improves cell adhesion and tissue growth,
however the likelihood of pore blockage increases [76]. The findings of the review suggested that
the pore sizes ranging from 500-600pum were found to be most optimal for an in vivo fabrication of
Tie4 scaffold. Furthermore, an ideal porosity for porous scaffolds should be around 80-90% [76].
The majority of Ti64 scaffolds included in the review had a porosity of 60-70% for ensuring optimal
mechanical strength. Furthermore, their compressive strength (33-193MPa) and elastic modulus

(0.02-3GPa) were equal to that of human cortical bone for avoiding the stress shielding effect [75].
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A higher porosity than the aforementioned limit should be avoided to inhibit weakening of the
scaffold's mechanical properties.

The pore shape of the Ti64 scaffold varied amongst studies without any consensus on which
shape offered the most optimal outcomes. The most commonly applied shapes were diamond and
rhombic dodecahedron. The diamond lattice is isotropic in nature with evenly distributed
deformation, which helps to reduce stress concentration. Its structure is closely similar to that of
cancellous bone and has a large curvature radius which induces higher tissue amplification [27].
Based on these benefits, a diamond lattice is widely incorporated in porous scaffolds [77]. On the
other hand, rhombic dodecahedron lattice has a higher yield stress and is stable under multi-
directional compression forces. Thereby, making it an ideal choice for manufacturing load-bearing
implants [28, 78]. However, care should be taken that the dodecahedron shape is designed with
only obtuse angles, as acutely angled pores are easily damaged during the melting stage of
printing. Other designed pore shapes in the review involved tetrahedral, octahedral, gyroid and
TPMS lattices which are beneficial for improving the scaffold’s strength and rigidity, isotropy, load
resistance and surface area and permeability, respectively [30, 32, 33, 38].

In this review, all Ti64 scaffolds were implanted immediately following the creation of bone defect,
which is clinically applicable for procedures where sufficient preoperative time is available for
treatment planning such as lumbar intervertebral fusion and acetabular joint reconstruction. An
immediate insertion allows for a reduction in potential complications and cost of the procedure.
However, autologous bone graft and bone lengthening with external fixation still remain the
standard for treating trauma-related bone defects, where immediate 3D-printing is not possible due
to a long scaffold designing and printing time.

The review only reported the osteogenic outcomes of unmodified Ti64 scaffold, which could act as
a guide for comparison with other porous biomaterials in future studies. However, the impact of
scaffold’s surface modification for improving its biological activity and osteogenic capacity cannot
be ignored. Surface maodification techniques such as anodic oxidation and micro-arc oxidation
increase the surface area of the bone in contact with the oxidized scaffold, leading to a quicker and
firmer integration of the implant [60, 61]. Hydroxyapatite coating has also been widely used as a
coating agent which demonstrated improved osseointegration and bone ingrowth compared to an
uncoated Ti64 scaffold [20, 41]. Furthermore, ion substituted hydroxyapatite coatings (strontium
and silicon substituted hydroxyapatite coatings) also offer an increased bone growth compared to
pure hydroxyapatite [49]. Other coatings that have also shown to improve bone ingrowth, wear

resistance and osteogenic capacity of the scaffold, include polydopamine coating [40], Mg-calcium
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silicate composite coating [56], osteostatin coating [58], Sr-incorporated zeolite coating [59] and Ti-
Cu/Ti-Cu nitride multilayer [36]. Apart from surface modifying techniques and coatings, the Ti64
scaffold has also been tailored with growth factors such as, BMP-2 and VEGF for inducing
osteogenesis and angiogenesis, respectively [41, 45, 57]. In summary, all the aforementioned
factors should be considered when designing a Ti64 scaffold to allow for optimal performance.
Based on the findings of the review, future in vivo studies are warranted using large animal models.
Although small animals are acceptable for proving general principles, repeated experiments with
larger animal models are necessary for translating the results to humans. Furthermore, as the
mechanism of bone regeneration is also dependent on the size of the bone defect, it constitutes a
need for creating large sized defects that can only be set in large animal models. Future research
should also be conducted with a long-term follow-up period for assessing the precise osteogenic
capacity of a Ti64 scaffold. It is also recommended to follow the ISO guidelines for designing
experiments and standardized parameters such as BA/TA, BV/TV, and BIC should be assessed for
guantifying bone ingrowth. These proposed recommendations can greatly reduce data
heterogeneity and improve study comparability.

At present, Ti64 scaffold is still a black box for researchers and further exploration is required to
unravel its full potential. For instance, a more advanced functional Ti64 scaffold hierarchical design
could be fabricated by combining different techniques such as topology optimization, CAD, and
minimal surface formulation [9]; Furthermore, surface nano-topography modification could endow
Tie4 scaffolds with additional biological functions such as antibacterial properties and enhanced
osteogenic differentiation [79]. Another avenue of investigation could be the improvement of the
AM processes to address the issues of unmelted powder particles and pores in the scaffold
trabecula, which would negatively impact the scaffold's mechanical properties.

The review had certain limitations. Firstly, no standardization existed related to the pore size,
porosity, strut size and pore shape amongst different studies. As all the parameters are correlated,
thereby it was difficult to determine the best combination for designing the Ti64 scaffold. Secondly,
most studies used rabbit’s femoral epiphysis as the implantation site and a 5mm diameter scaffold,
which is too large for a rabbit model and also it does not represent the functional Ti64 scaffold used
in humans. However, it should be noted that a scaffold with a smaller diameter is difficult to
manufacture by the available 3D-printing techniques. Finally, the longest follow-up time-point
reported by majority of the studies was 12 weeks, hence, it was difficult to predict whether and

when the new bone would outgrow the Ti64 scaffold.
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2.6 Conclusion

Ti64 scaffold could be regarded as a promising medium for providing mechanical support
and a stable environment for new bone formation in long bone defects. The rabbit model is
the most relevant animal model, and the pore size of 500-600um with 60-70% porosity and
rhombic dodecahedron or diamond unit pore shape could be considered as the most
optimal designing parameters for manufacturing Ti64 scaffold. Further studies are required
using large animal models and standardized protocols for extrapolating the results of

animal studies to humans for potential clinical applications.
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3.1 Abstract

The use of Ti64 in bone engineering is limited, due to the biological inertia of the surface. In this
study, a porous Ti6AI4V scaffold with mechanical properties similar to cancellous bone was
designed and 3D-printed. Under physiological conditions, the scaffold was immersed firstly in a 5-
fold-concentrated simulated body fluid, then in a supersaturated CaP solution containing BMP-2, to
form a bone-like porous micro/nano structured biomimetic coating on the surface. Scaffolds were
implanted in the muscle pouches created in six beagle dogs and were retrieved four weeks later for
histologic and histomorphometric analysis. Results showed that BMP-2 integrated biomimetic CaP
coating induced ectopic bone formation, which was absent in other two groups. Soft tissue
infiltrated the scaffold's outside 1 mm layer, while the new-formed bone was evenly distributed in
the longitudinal and horizontal directions within the rest of the scaffold based on BA/TA, BIC and
BA measurements. In conclusion, the BMP-2 integrated biomimetic CaP coating creates a
micro/nano surface structure on the Ti64 scaffold, which helps to increase biocompatibility. The
integrated BMP-2 is capable of inducing ectopic bone formation in vivo. The proposed combination
may have the potential for bone reconstruction, but further studies are needed to explore its clinical

applicability.

Keywords: biomimetics; 3D-printing; Ti alloy; BMP-2; CaP; bone substitutes
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3.2 Introduction

The porous scaffold of different materials is one of the core elements in BTE [1]. The
interconnected pores in the scaffold provide channels for cell migration and the transportation of
nutrition and oxygen. These pores also ensure the space for the formation of blood vessels and
prevent necrosis of the new tissue due to insufficient vascularization [2].

Ti and Ti alloys are widely used to manufacture scaffolds for their high strength-to-weight ratio,
good biocompatibility, corrosion resistance and durability, strong osteointegration capability, and
low cost [3, 4]. However, disadvantages also exist: the elastic modulus of Ti and Ti alloy is 4 - 10
times than that of the human skeleton, and the mismatched mechanical properties between the
material and the surrounding host bone are easy to cause the stress shielding effect; also, the low
surface bio-recognition ability of Ti and Ti alloys has restricted their applications [5]. There is room
for improvement in scaffold design, AM technique, and surface modification.

In the medical field, 3D porous scaffolds have been produced through the AM technique (or 3D-
printing technique) [6]. Interconnected porous constructs with predictable and predetermined unit
cells were manufactured. The structure allows osteoblasts and mesenchymal stem cells to migrate
and proliferate, as well as extramedullary tissues to infiltrate [7]. Moreover, the mechanical
properties of the scaffolds can be modified by AM to approach those of human bone to relieve the
stress-shielding effect [8].

Surface modification of metal scaffolds improves the physical and chemical properties of the
scaffold and enhances osseointegration [9]. Surface roughness at the micro/nanoscale has been
shown to aid in the bonding of bone and scaffold [10]. CaP is the most abundant mineral in bone
minerals, and its degradation products provide abundant Ca and P to osteoblasts and promote
bone regeneration [11]. Scaffolds coated with CaP show enhanced angiogenesis and bone
formation based on its biocompatibility and osteoconductivity [12-14]. BMP-2 is one of the most
potent growth factors that induce mesenchymal stem cell and osteoprogenitor cell differentiation
into osteoblasts [15]. The BMP-2 integrated biomimetic CaP or CaP-based composites were
fabricated under physiological temperature (37 °C) and pH conditions (7.4), and the biological
activity of BMP-2 can be preserved during its coprecipitation with the inorganic components [16,
17].

In previous studies, BMP-2 integrated biomimetic CaP coating with micro/nano structure was
produced, and the excellent osteoinductive effects of this composited coating have been
demonstrated in in vivo studies [16]. However, no research has ever attempted to combine the

BMP-2 integrated biomimetic CaP coating with a 3D-printed porous Ti scaffold, which is designed
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in line with the biomechanical property of human bone. The advantages of the porous Ti scaffold
mentioned above make it more conducive to repairing bone defects. More importantly, the 3D-
printed Ti scaffold can be customized for clinical applications and is more worthy of investigation.
The present study aimed to manufacture Ti64 scaffolds via the AM technique. Biomimetic CaP
coating (OCP) and BMP-2 were deposited on the scaffold surface simultaneously to promote the
osteoconductive and osteoinductive properties of the scaffolds in an ectopic model in dog’s back
muscles. The objective is to see whether this combined fabrication is beneficial to new bone

formation after four weeks of implantation.

3.3  Materials and Methods

3.3.1 Design and 3D-printing of the scaffold

Porous cylindrical models were designed in 3-Matic software (Materialise, Leuven, Belgium), and
STL files were created. The designed 3D model is shown in Figure 3.1a. Porous cylinder Ti64
scaffolds (diameter 10 mm, length 10 mm) were fabricated using a 3D Metal printer (ProX DMP
320, 3D Systems, Inc.) with a minimum feature size of 100um. Table 3.1 shows the scaffold
designing parameters as well as the Ti64 powder details. Ti64 powder (LaserForm Ti Gr23 (A), 3D
Systems, Inc.) was melted layer by layer in an argon atmosphere at a scanning speed of
1000mm/s. According to previous numerical simulations [18, 19], under this scanning speed, the
instantaneous temperature within the molten pool during the selective laser melting of Ti64 can
reach approximately 3.5 * 103K, with a heating rate of around 4.6 * 107K/s and a temperature
gradient of about 5.6 ~ 104K/cm. A rapid solidification process was recorded (cooling rate of up to
5.5 A 105K/s) after the laser beam left the Ti64 molten pool.

In total, 42 samples were printed, and 15 samples were randomly selected for the mechanical test,
and the other 27 samples were randomly distributed to three groups (nine samples per group):
Group 1 (G1): Ti64 scaffold without any coating (Ti64, Figure 3.1b).

Group 2 (G2): Ti64 scaffold with biomimetic CaP coating (CaP-Ti64, Figure 3.1c).

Group 3 (G3): Ti64 scaffold with BMP-2 integrated biomimetic CaP coating (BMP-2/CaP-Ti64).
The distribution of scaffolds and the design of the experiment were shown in a flow chart (Figure

3.2).
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Table 3.1 Designing parameters of the scaffold and information of the Ti64 powder

Pore shape Rhombic dodecahedron
o Pore size 438 - 825um -
Designing parameters (Randomized distribution, average 638 pum)
Porosity 88%
Strut size 300um
) ) . Ti: Balance; N <0.03; Al;: 5.5-6.5; C <0.08; V:
Information of Ti64 Composition 3.-4.5:H <0.012;: O <0.13: F <0.25: Y <
powder (wWt%)
(manufacturer’s data) : : 0.005
Particle size 100% <1mm

¢

Crystalline CaP

%4

Amorphous CaP

Figure 3.1. designed 3D model (a), uncoated Ti64 scaffold (b) and Ti64 scaffold with biomimetic

CaP coating (c); (d) illustration of the fabrication process of biomimetic CaP coating. The lighting

symbols in (d) indicate the direction of ion deposition.
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Total sample printed Mechanical test
(n=42) (n=15)

In vitro and in vivo test
(n=27)

(Same with G2) § & (Same with G2)
In vitro characterization In vivo study

(n=23) (n =6)

Figure 3.2. The flow chart showing the distribution of scaffolds and the design of the

experiment.

3.3.2 Procedures to perform coating

Samples in G2 and G3 were coated by biomimetic CaP using a well-established protocol (Figure
3.1d) [20, 21]. Briefly, the substrate coating of biomimetic CaP coating was deposited by
immersing the Ti64 scaffolds into 5-fold-concentrated simulated body fluid (5L, 684mM NacCl,
13.5mM KCL, 9mM CacCl,.2H,0, 2.1mM Na;HPO4.2H,0, 59.5mM NaHCO3, 5mM MgCl..6H-0) for
24 hours under physiological condition (37°C, pH=7.4). This treatment yielded a layer of
amorphous CaP onto the scaffold surface. Then the scaffolds were sterilized using a standard
steam autoclave procedure. Subsequently, the outside layer of biomimetic CaP coating was
deposited onto the initial amorphous CaP substratum by immersing the scaffolds into
supersaturated CaP solution (75ml, 40mM HCI, 137mM NaCl, 4mM CaCl,.2H,O, 2mM
Na;HPO..2H.O, 50mM TRIS, PH:7.4+0.05) for 48 hours under physiological condition (37°C,
pH=7.4). This treatment yielded a layer of crystalline CaP onto the scaffold. In G3, recombinant
human BMP-2 (rhBMP-2, Shanghai Rebone Biomaterials Co., China) was added into
supersaturated CaP solution at a concentration of 5mg L™ and was deposited simultaneously with
the outside biomimetic CaP layer. The Ca/P ratio of the coating was determined by ICP-OES. The
amount of BMP-2 integrated into the coated scaffolds was determined by the ELISA technique [22].

Scaffolds were then dried and kept at room temperature. The entire procedure was performed
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under sterile conditions.

3.3.3 In vitro characterization

3.3.3.1 Mechanical test

The mechanical properties of the scaffold, including compressive strength and elastic modulus,
were assessed by compression testing using a universal testing machine (Instron 4467, Instron
Corp., USA) with a 5kN load cell and a crosshead speed of Imm min™at room temperature. The
ASTM E9-89a standard was followed for the compression test [23], and the tension-strain curves
of the scaffold were recorded.

3.3.3.2 Micro-CT scan

Three scaffolds were randomly selected from each group (total n=9, three in each group) and
scanned with a micro-CT scanner (SkyScan 1172; Bruker-microCT, Kontich, Belgium) to calculate
the porosity. The scanning parameters were set as: Pixel size =10x10um; Step size =0.25° per
image; Filter =1mm thick Cu; Voltage =100kV; Current =100uA; Rotation =360°. The scanning time
for each step was approximately 1.6s. The scanned images were then reconstructed with Bruker
NRecon software (version 1.7.3.0) and the reconstructed axial images were analyzed by Bruker
CTAN software (version 1.18.4.0). The porosity of the printed scaffolds was calculated within a
selected region of interest (height: 3mm, diameter: 8mm, threshold: 128-255) in the middle of the
scaffold.

3.3.3.3 SEM and EDX scan

After micro-CT scanning, the scaffolds (n =3 in each group) were scanned with SEM (Philips XL-30,
FEI company, The Netherlands) to observe the surface morphology of the scaffold. Then, they
were embedded with epoxy resin (Epofix resin, Struers, Copenhagen, Denmark) in cylindrical
containers. The upper half (5mm) of the scaffolds were removed by polishing and the middlemost
cross-sections of the scaffolds were shown. The surface morphology of these cross-sections was
characterized using SEM.

For each cross-section, a field of view was chosen at random, and three struts were chosen
randomly within the field of view. The thicknesses of the struts were measured twice or three times
in different locations, and the average strut thickness in each scaffold group was calculated. To
observe the difference in coating thickness from the inside to the outside of the scaffold, three
coated surfaces on the outer side of the scaffold and three coated surfaces in the center of the
scaffold were randomly selected for each cross-section in G2 and G3, and the average coating

thickness was measured and compared. The chemical composition of the biomimetic CaP coatings
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was characterized by an EDS attached to the SEM apparatus.

3.3.4 In vivo study

3.3.4.1 Study design

The research protocol was submitted to and approved by the Ethical Committee for Animal
Experiments in The Fourth Military Medical University, China (No. 2018(K9-023)). Six adult male
beagle dogs with normal health status were selected and housed separately. The animals were
provided with adequate diet and water, and the indoor environment was constant: temperature 18-
19°C; humidity 40-70%; routinely maintained air change 10-20 times per hour. Six scaffold samples
from each group were used in the animal study.

After two weeks of adaptation and 12 hours of fasting, the animals were fixed in prone position
under general anesthesia (3% pentobarbital sodium solution 1ml kg, Intravenous injection). 8x108
Units of penicillin potassium were administered preoperatively. The backs of the animals were
shaved and the skin was disinfected with iodophor and sealed with a hole towel. Incisions were
firstly marked by methylene blue, then performed with a scalpel. The connective tissues were fully
separated until the erector spinae showed. Three muscle pouches were made by separating the
muscle fibers along the spine, and an about 3mm distance was kept between every muscle pouch
and the spine to prevent potential nerve injuries. For each animal, one scaffold from each group
was randomly selected and implanted into the three muscle pouches. After implantation, the
muscle pouches, perimysium, subcutaneous tissues and skin were closed with suture in order, and
the wound was cleaned with 75% ethanol and dressed tightly. The animals were given five days of
anti-inflammatory drugs after surgery. At week 4 after implantation, the animals were anesthetized
and fixed with the same method described above. The muscle pouches were opened again, and
the scaffolds were harvested and kept in 10% formaldehyde solution, followed by storing in 4°C
refrigerator. The processes of suturing, disinfecting and dressing were the same as described
above, and the animals were observed and taken care of properly. The dressing was removed
three days after the surgery.

3.3.4.2 Histological and histomorphometrical analysis

Retrieved scaffolds were rinsed with ultrapure water at room temperature for 24 hours and
dehydrated by graded ethanol (70%-100%) for 48 hours. The samples were then vitrified with
dimethylbenzene and embedded with PMMA. Five sections of 200pm in thickness were vertically
cut from the scaffold (Figure 3.3a). The cut sections were polished into 30-50um thick sections

with sandpapers, and then stained with McNeil's Tetrachrome, basic Fuchsine and Toluidine Blue
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O. The images of each slice were obtained using a light microscope (Axio-Imager M2, Carl Zeiss
Microscopy, Jena, Germany) to observe new bone induction.

On each section, the most top, bottom, left and right points of the scaffold were marked using
Image J software, and the center of the section was determined by crossing the top-bottom line
and the left-right line. Five concentric circles, centered at the center of the scaffold and with
diameters of 1 to 5mm, were drawn and called circle 1 to circle 5 respectively (Figure 3.3b). Based
on these circles, five ROIs were set: ROI1= range of circle 1; ROI2= ring-shaped area of circle 2
minus circle 1; ROI3= ring-shaped area of circle 3 minus circle 2; ROI4= ring-shaped area of circle
4 minus circle 3; ROI5=ring-shaped area of circle 5 minus circle 4.

To observe the distribution of the new bone, the following tests were performed in horizontal and
longitudinal directions:

In the horizontal direction, in each ROI, the parameters of observed new bone around the scaffold,
including TA (mm2), BA (mm2) and BIC(%) were quantitatively evaluated using Image J software.
The BA/TA and BIC values were compared between different ROl groups.

In the longitudinal direction, BA, BA/TA and BIC values were calculated and compared between
different slice groups to evaluate the longitudinal distribution of new bone.

In the end, five regions with new bone were randomly selected in the slice 2 and slice 4 of every
scaffold, respectively. The area of bone (mm?), as well as the number of cells in the new bone
(osteocytes, osteoblasts and osteoclasts) were measured and counted using Image J software,

and the cell density was calculated by cell number/BA.
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Figure 3.3. schematic diagram for slice 1-5 and ROI 1-5 in each scaffold. Slice 1-5 and ROI 1-5

were used to assess the longitudinal and horizontal distribution of new bone, respectively.

3.3.5 Statistical analysis

The data obtained from the in vitro characterization and animal study were analyzed and
expressed as mean * deviations. The statistically significant difference (p-value) was calculated
using the SPSS statistics software (SPSS 26.0). Statistical method was selected based on whether
the calculated data follows a normal distribution. A p-value lower than 0.05 was considered to be

significant.

3.4 Results

3.4.1 In vitro characterization

The scaffolds were successfully printed and coated, and the samples remained intact without any
fractures throughout the entire experimental process. The amorphous layer had a Ca/P ratio of
1.78, while the crystalline layer had a Ca/P ratio of 1.63. The loading of BMP-2 (266+41 ug per
scaffold) was further confirmed by ELISA technique.

3.4.1.1 Mechanical test

With respect to the mechanical properties of Ti64 and CaP, it is unlikely that the mechanical
properties of the scaffold will be changed due to the addition of biomimetic CaP coating. The

mechanical test revealed that the compressive strength and elastic modulus of the tested Ti64
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scaffolds were 17.4+0.7 MPa and 1.64+0.12 GPa, respectively.

3.4.1.2 Micro-CT scan

The total porosity of the scaffolds in the three groups was determined by micro-CT: G1, 84.8%; G2,
83.8%; G3, 83.8%. The presence of the biomimetic CaP coating slightly reduced the total porosity
of the scaffold. Moreover, the actual porosity of the Ti64 scaffold was lower than that of the
designed porosity (88%) because of the existence of unmelt pools formed during sintering.

3.4.1.3 SEM and EDS scan

Figures 3.4-3.6 show the SEM images of the surface and cross-sectional characteristics of three
groups of scaffolds, respectively. SEM pictures demonstrate the rough metal surface induced by
the sintering of alloy powder particles (Figure 3.4b) and the coated scaffold surface completely
covered with micro/nanostructures (Figure 3.4d and f). The high magnified SEM image contrasts
the rough surface of the Ti scaffold with the crystallized coating surface, which is composed of
vertically stacked plate-like nano-thick crystallites (Figure 3.5). On cross-sections, a clear
boundary can be observed between the base layer of the amorphous CaP and the outer layer of
the crystalline CaP (the yellow dotted line in Figure 3.6). In addition, clear boundaries can also be
observed between the whole CaP coating, the scaffold and the epoxy resin under the BSE mode
(Figure 3.6e and f). According to the previous research [24], the amorphous layer is a dense and
homogenous CaP film made up of spherical CaP pellets with a diameter of about 100nm that
serves as seeds for the crystalline layer's secondary nucleation. Previous studies have also proved
that the crystallites possess the features typical of an OCP crystal structure through the X-ray
diffraction and the Fourier transform infrared spectroscopy examinations [20, 21], irrespective of
the absence or presence of BMP-2 [20]. Moreover, the form of the coating was not affected by the
incorporation of BMP-2.

Results of strut thickness and coating thickness measurement are shown in Figure 3.7. The mean
strut thicknesses of scaffolds in G2 (316.8 £ 19.1um) and G3 (322.31 + 12.9um) were shown to be
significantly higher than that of the scaffolds in G1 (293.17 + 27.2um, p < 0.05). No significant
difference was observed in the mean strut thickness between G2 and G3. The average coating
thickness was significantly higher on the outer part of the scaffold than in the center of the scaffold
in G2 (17.20 £ 2.03um vs. 7.12 £ 1.24um, p < 0.05), and the same result was observed in G3
(17.52 £ 2.35um vs. 6.76 + 0.84um, p < 0.05). No significant difference was observed in the mean
coating thickness between G2 and G3. EDS results confirmed that chemical elements including C,
O, Na, Mg, Si, P, Cl and Ca could be observed in the biomimetic CaP coating. There was no

apparent change in the elemental composition of the coatings between G2 and G3 (Appendix 1).
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Mg?* is used to inhibit crystal growth and promote the formation of an amorphous CaP layer, and it
only exists in the amorphous layer, not the crystalline layer [16].

Figure 3.4. SEM images of the surface characteristics of scaffold in G1 (a and b), G2 (c and d) and
G3 (e and f). The images in the right column are the magnified images of the yellow boxes in the

left column.
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Figure 3.5. SEM images contrasting the coarse scaffold surface with the coating surface, which is

made up of nano-thick plate-like crystals.

88



Ti6Al4V Ti6AI4V

Figure 3.6. SEM images of the cross-sectional characteristics of scaffold in G1, G2 and G3. (a) to
(c) are pictures viewed in the SE mode, and (d) to (f) are pictures viewed in the BSE mode. The
yellow dotted line represents the boundary between the amorphous CaP coating (A) and the

crystalline CaP coating (C).
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Figure 3.7. measurement results of strut thickness and coating thickness. * in (a) means the strut
thickness of scaffolds in G2 and G3 was significantly different from that in G1; * in (b) means the
coating thickness in the center of the scaffold was significantly different to that on the outside part

of the scaffold in G2 and G3.
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3.4.2 In vivo study

All animals remained alive by the end of the study. The wounds of two animals were not healed
one week after the surgery and the scaffolds were rejected from the surgical site due to the
inflammatory reactions. Consequently, these two animals were excluded from the subsequent
study. The experimental sites in the remaining four animals healed uneventfully without significant
complications. In total, there are four valid samples for our analysis in each group.

3.4.2.1 Histologic observation

Figure 3.8 showed that in G1 and G2, only loose connective tissues were observed in the scaffold.
Bone induction is seen only in the BMP-2 integrated biomimetic CaP coating (G3, Figure 3.8c).
The formed trabeculae were separated from the muscle tissue by a layer of infiltrated soft tissue
(Figure 3.8f).

Figure 3.9 showed the details of the new bone in G3. The new bone was either attached to the
scaffold surface, or grew free in the space between the scaffold struts, and the bone islands were
interconnected to form a trabecular network. Around the trabeculae is the loose connective tissue
full of new-forming blood vessels (Figure 3.9a). Direct BIC can be found (Figure 3.9b and c).The
new-formed bone was normal in appearance, and the mineralized bone matrix, osteoblasts,

osteoclasts, and osteocytes were visible (Figure 3.9d).
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Figure 3.8. Histological images of scaffold in G1 (a and d), G2 (b and e) and G3 (c and f). The
images in the bottom row are the magnified images of the yellow boxes in the top row. (f) indicates

that the infiltrated soft tissue functions as a boundary between the muscle tissue and the new bone.
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Figure 3.9. details of the new bone in the histological images of scaffold in G3. (a) shows the free
bone islands and those attached to the scaffold surface (marked by *), and the interconnected
trabecular network (arrows). The surrounding loose connective tissue is full of forming blood
vessels (BV). (b and c) show the direct BIC between new bone and the scaffold. (d) shows the new

bone with osteocytes, and the aligned osteoblasts and osteoclasts.

3.4.2.2 Histomorphometrical analysis
Histomorphometrical analysis was only performed in G3 (sample n =4, slice n =20) since no new-
formed bone was observed in other two groups. The cell density in the new bone was 1274 + 307

/mm?2. Results of BA/TA, BIC and BA measurements are shown in Figure 3.10.
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In the horizontal direction of the scaffold, ROI5 was mostly filled with muscle fibers and soft tissues
grown from the surrounding muscle tissues, so new bone formation has hardly been observed in
ROI5. Normal distribution detection revealed that, except for ROI5, the BA/TA and BIC values of
the other four ROI groups were consistent with normal distribution characteristics. The Kruskal-
Wallis H test results showed that the distributions of BA / TA and BIC values between ROI1 to 5
groups were not all the same, and the differences were statistically significant (p <0.05). The post-
hoc pairwise comparison revealed that the distribution of BA/TA and BIC values in ROI5 were
significantly different from that in each of the other four ROI groups (p <0.05), between which there
was no significant difference (p >0.05). To improve the analytical precision, the ANOVA test was
further applied between ROI1 to 4 groups, and no significant differences in mean BA/TA (F =2.71,
p =0.05) and BIC (F =2.51, p =0.06) values were found between these four groups. The results
revealed that the new bone expanded uniformly within a range of 4mm from the center of the
scaffold, and the soft tissue could only penetrate around 1mm into the scaffold.

In the longitudinal direction of the scaffold, The BA/TA and BA values in slices 1 to 5 groups all
followed a normal distribution, but not all of the BIC values did. ANOVA test showed no significant
difference in the mean BA/TA (F =0.72, p =0.58) and BA (F =0.89, p =0.49) values between slice 1
to 5 groups. Kruskal-Wallis H test showed that no significant difference was found in the
distribution of BIC values between slice 1 to 5 groups (p =0.81). These results indicate that the

new bone develops uniformly along the scaffold's long axis.
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Figure 3.10. BA/TA, BIC and BA measurements in five ROl groups and five slice groups. *means
the BA/TA value in ROI 5 group was significantly different from that in ROI 1 to 4 groups in BA/TA

and BIC measurements.

3.5 Discussion

At present, research on AM scaffold focuses primarily on mechanical properties in vitro. factors,
including design parameters, printing techniques and selection of coatings, are closely linked to the
biological characteristics of the scaffold, which can be most effectively verified by in vivo studies.
Our research is the first study combining BMP-2 integrated biomimetic CaP coating with porous
Tie4 scaffold, and our result has shown that this combination promotes ectopic bone formation.
One of the findings in our study is that the addition of BMP-2 determines the ectopic bone
formation, and the new bone tissue was observed only in G3. Only loose connective tissue was
observed around the scaffold struts in G1 and G2, meaning that the biomimetic CaP coating alone
was unable to stimulate bone regeneration in the muscle pouches made in beagle dogs. Another
interesting finding is that in G3, although the coating thickness on the center and the outside of the
scaffold was not uniform, the BA/TA,BIC and BA values were not significantly different between five
slice groups in the longitudinal direction. Besides, in the horizontal direction, there were no
significant differences in BA/TA and BIC values between five ROI groups. This implies that the

apparent new trabeculae in the scaffold were evenly distributed both longitudinally and horizontally.
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We assumed that the infiltrated soft tissue ‘wrapped’ the released BMP-2 and allowed it to spread
in limited space within the scaffold, resulting in the new trabeculae spreading evenly throughout the
scaffold.

BMP-2 belongs to the transforming growth factor-beta family and induces ectopic bone formation
[25]. BMP-2 integrated biomimetic CaP composites have been prepared and coated to various
materials (including Ti64) in previous in vitro and in vivo studies. The coated composite preserves
the biological activity of the rat bone marrow stromal cells while also increasing their ALP activity
[17]; and in another study, increases the proliferation and promote the osteogenic differentiation of
MC3T3-E1 cells [26]. In addition, the long-term sustainable osteogenic differentiation capacity of
the BMP-2 coating has been demonstrated at both ectopic [27-29] and orthotopic [30] sites in vivo.
In addition, the long-term sustainable osteogenic differentiation capacity of the BMP-2 coating has
been demonstrated at both ectopic [27-29] and orthotopic [30] sites in vivo. However, a previous
study revealed that a single, rapid uptake of high dose BMP-2 stimulated resorption of newly
formed bone [28]. Therefore, ensuring a long-term effect of BMP-2 on osteogenic differentiation
and limiting extensive bone resorption requires a drug loading system (carrier) which permits a
steady and sustained release of BMP-2.

Biomimetic CaP coating was used as a carrier of BMP-2 in this study. The micro/nano hybrid
structure has been shown in studies to improve osteoblast adhesion, proliferation, and
differentiation. Moreover, the micro/nano structure can provide a larger specific surface area, which
can improve protein anchoring and adsorption effectiveness and ability [31]. The first precipitated
amorphous CaP particles in the biomimetic coating act as nucleation sites for the subsequent
crystal growth, and OCP crystals grow epitaxially on the surface of this seeding layer [32]. The
morphology of the amorphous CaP particles changes when they come into contact with the
supersaturated CaP solution, which was manifested as an increase in particle size and partial
dissolution, which then initiates the nucleation and growth of OCP crystals perpendicular to the
seeding layer [33].

It is hypothesized that the BMP-2 was liberated from the inorganic matrix based on the synergistic
resorptive activities of the foreign body giant cells and the osteoclasts [20]. Moreover, this cell-
mediated release process for BMP-2 is supposed to be similar to the physiological bone
remodeling process by virtue of growth factors being released from the bone matrix during its
degradation [16, 17]. In addition, the surmise is supported by previous studies showing that the
bone induction performance of the coating-integrated BMP-2 depot was markedly higher than the

utilization of a surface-absorbed BMP-2 depot [20, 34].
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BMP-2 is released in a slow MC3T3-Eland sustained mode since the distribution density of BMP-2
is fixed in the supersaturated CaP solution [17, 34, 35]. The release mechanism of coating-
integrated BMP-2 was determined in vivo previously by using a radiolabeled osteogenic agent (**11-
BMP-2) [36]. Results showed that 50% of the BMP-2 loaded was released over five weeks (5% to
10% weekly), and a stable and effective osteogenic response was obtained with a low
pharmacological dose of BMP-2. Apart from being a carrier, the integration of BMP-2 also
strengthens the CaP coating by surrounding the brittle CaP crystals and enhances the coating's
binding to the underlying Ti alloy substrate [37]. This kind of mutual benefit grants biomimetic CaP
coating a distinct advantage over other BMP-2 carriers in bone reconstruction. However, in the
current study, we must admit that the low concentration ratio of BMP-2 to CaP makes it difficult to
judge the strengthening effect of BMP-2. To maximize coating strength and biocompatibility, further
research is required to optimize the amount of protein integrated into the coating.

We hypothesize that BMP-2 was slowly released from the progressively degraded CaP coating in a
cell-mediated manner and induced an even distribution of new bone formation within the scaffold.
Osteoblasts and osteoclasts around the trabeculae help to expand and reshape the trabeculae into
the cancellous bone. New blood vessels around the trabeculae carry the bone progenitor cells,
nutrients, and oxygen. New bone trabeculae were formed through a direct ossification mechanism
instead of the enchondral mechanism, which was also identified in some previous in vivo studies
[20]. Direct ossification occurs in a mechanically stable environment provided by the porous
scaffold [20]. The surface of the scaffold had a thicker biomimetic CaP coating and a higher
amount of integrated-in BMP-2. However, we observed that the 1 mm-thick outer rim of our
scaffolds was occupied by only soft tissue. The absence of direct ossification could be explained
by continuous exposure of the outer rim to a mechanically unstable environment. The latter would
be induced via the frictional contact between the scaffold surface and the beagle dog's back
muscles during movement.

In this study, the Ti64 scaffold was designed to meet the optimal pore size (100 to 1200um) [38]
and porosity (80% to 90%) [39] for cell proliferation and migration, as well as the smooth delivery of
oxygen and nutrients. In addition, the scaffold mimicked the cancellous bone's mechanical
characteristics, that is, an elastic modulus of 0.2 - 2GPa and compressive strength value of 2 -
80MPa [40]. The porous system's mechanical properties can be easily controlled by changing the
porous structure, and the balance between these two aspects must be maintained. Apart from pore
size and porosity, the pore unit's shape also significantly impacts the scaffold's biological and

mechanical properties. However, it should be noted that, since porosity and pore size may also
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change along with variations in the pore unit, it is difficult to determine which pore unit is most
conducive to new bone formation. Few articles have explicitly examined the pore unit's impact on
the scaffold's osteogenesis capability. With a view to optimizing pore size and porosity, we selected
the rhombic dodecahedron unit, which has been extensively researched in the designing and
manufacturing of porous bone scaffold [41-43], in our experiment. Several other studies have also
developed 3D-printed porous Ti64 scaffolds with mechanical characteristics similar to cancellous
bone, with porosity varying from 22% to 80% [44-47]. A balance has been established between
high porosity and appropriate mechanical property in our designed scaffold compared to their
findings.

Despite our major advancement in ectopic bone formation, our study presents some limitations.
Considering the scaffold’s limited permeability, the supersaturated CaP solution could not fully
penetrate every part of the scaffold. As a result, the coating thickness in the middle of the scaffold
was lower than that at the scaffold's surface. The limitation of permeability was partly due to the
porous structure's design and, on the other hand, to the fact that a large number of Ti alloy
powders were only partially remelted during the AM manufacturing process, resulting in high
surface roughness of the scaffold [48]. According to our hypothesis, the infiltrated soft tissue
‘wrapped’ BMP-2 and allowed for good ectopic bone formation in this study. However, ensuring a
uniform thickness of the coating would improve the overall osteogenic differentiation capacity of the
scaffold in an open environment. Currently, the AM procedure inevitably creates defects such as
irregular pore shapes or micro-pores within the AM components and thus requires further research
in optimizing the AM parameter management and processing technique. A second limitation relates
to the infiltration of soft connective tissue which hinders bone formation. The limited bone formation
would not be conductive to the fixation of the porous scaffold if the scaffold has been applied to
repair the bone defect. To prevent rapid ingrowth of soft tissue within the pores, the use of a
collagen membrane should be considered to separate the scaffold’s surface from the soft tissue.
Some critical challenges still remain in the phase of biomaterial development and scaffold design.
First, more and more new biomaterials, such as Ti-7.5Mo alloy, have been explored with AM
technology's advancement. Ti-7.5Mo alloy has been shown to have a lower elastic modulus and
more potent strength/modulus combination than Ti and Ti alloy; it is also known to be a material of
excellent corrosion resistance and biocompatibility [49]. Several previous studies have successfully
developed Ti-7.5Mo alloy scaffolds, which comply with cancellous bone's mechanical requirements
[49-51]. Using in vivo experiments to confirm this scaffold's biocompatibility is also our aim in the

next step. Secondly, the perfect bone tissue scaffold material should be biodegradable, leaving
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only healthy bone tissue within the human body. Thirdly, as for the scaffold design, there is still a
lack of a unified standard. The optimized option of pore unit, for example, has not yet been
determined. Future studies should concentrate on a general understanding of how the scaffold's
geometric parameters impact the scaffold's mechanical and biological behavior. In the fourth place,
the natural bone consists of four different levels of pore sizes, and the composition of the bone
continually varies according to its stress state [52]. Functional grading scaffolds can mimic the
shape and structure of natural bones and encourage tissue growth while maintaining mechanical
strength [53]. Functionally grading scaffolding has also been widely studied in recent years, in
which porosity varies within the scaffold with a particular gradient [54-56]. This structure can also
be considered to repair long bone defects, which is also a key element in future research. Finally,
the sterilization of BMP-2 coated implants is an important issue that has not been adequately
addressed. Guillot et al. found that the osteoinductive potential of BMP-2 coated on Ti implant was
retained following sterilization with the method of 25kGy gamma radiation, and the amount of BMP-
2 remaining after irradiation was still sufficient to induce new bone tissue [57]. Furthermore, 25kGy
gamma radiation sterilization has been used to sterilize biological materials containing BMP-2 in
other studies [58-61]. This potential sterilization method may be applied to the future industrial
production of the scaffold, but more research is required to verify its clinical safety and

effectiveness.

3.6 Conclusion

In conclusion, we have manufactured a porous Ti64 scaffold with similar mechanical properties to
the cancellous bone in a beagle dog model. Using biomimetic CaP coating as a carrier, BMP-2 was
attached to the scaffold's surface to promote ectopic bone formation. BMP-2 integrated biomimetic
CaP coating greatly improved new bone formation in vivo. The proposed coating of a 3D-printed
porous scaffold seems to offer some future potential for bone tissue reconstruction, with more

studies needed to assess its clinical feasibility.
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4.1  Abstract

The repair of mandibular bicortical bone defects is challenging. Advanced AM techniques can
produce Ti alloy scaffolds with overall porous structures that can be used to repair bone defects. Ti
scaffolds lack osteoinductivity, and surface modification is required to improve their osteogenesis
results. A BMP-2 integrated CaP coating was created in this study using a biomimetic approach
and coated on the surface of porous Ti scaffolds fabricated by SLM. The coated and uncoated
scaffolds were characterized by micro-CT, SEM, ICP-OES, and mechanical tests. Additionally, the
osteogenic capacity of coated and uncoated scaffolds was examined in a beagle dog model of
mandibular bicortical bone defects. Results showed that the Ti scaffolds had compressive strength
and elastic modulus comparable to the human cortical bone. Compared to uncoated scaffolds,
coated scaffolds had lower porosity and increased Th.Th, volume, and surface area. The coating
has a phase of OCP and a micro/nanoscaled surface structure appropriate for cell proliferation and
adhesion. According to the existing micro-CT results, the coated Ti scaffold significantly enhanced
bone regeneration eight weeks after implantation in the mandibular bicortical defect in the dog
models. Hence, the integrated biomimetic CaP coating of BMP-2 can improve the osteogenic

potential of porous Ti scaffolds and aid in the repair of bicortical bone defects.

Keywords: biomimetics; CaP; 3D-printing; BMP-2; Ti; bone substitutes
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4.2  Introduction

A variety of factors can lead to defects of the maxillofacial bone, such as trauma, tumor surgery, or
congenital conditions that affect the oral and maxillofacial regions. Due to a lack of blood supply,
mandibular bicortical bone defects are particularly difficult to treat. The use of autologous or
allogeneic bone grafts in treating bone defects is limited due to factors such as supply constraints,
donor site morbidity, disease transmission, etc. [1]. As a result, BTE has received much attention.
The success of BTE lies in the design and fabrication of porous scaffolds. The 3D-printed porous
scaffolds have an interconnected network structure that encourages the ingrowth of the vascular
system, which delivers oxygen and nutrients to cells while also helping remove waste products.
Furthermore, by modifying the design parameters, the elastic modulus of the designed scaffold can
be matched to that of the natural bone tissue, preventing stress shielding effect-induced scaffold
failures [2]. 3D-printing technologies enable the manufacture of 3D porous scaffolds with precisely
designed and fully interconnected pores, as well as configurable and appropriate properties [3].

Ti is biocompatible and has good osteoconductivity. The Ti also has high strength, low weight, and
good plasticity [4]. Therefore, Ti shows excellent promise in the fabrication of porous scaffolds.
However, Ti also has obvious disadvantages: Ti has a low osteoinductivity due to its surface
inertness, which induces the formation of fibrous connective tissue at the bone-metal interface and
affects bone regeneration [5]. Increased osteoinductivity of Ti scaffolds can be achieved through
surface modification. Rough surfaces have more anchor points that enhance cell adhesion and
improve cell viability and proliferation [6].

Bone and tooth enamel are primarily composed of CaP. CaP has received much research attention
in orthopedics and research in dental implants due to their biocompatibility and capacity to directly
bond with the bone [7]. CaP materials can promote the adhesion and proliferation of osteoblasts,
help in implant osseointegration, and enhance the deposition of Ca-containing minerals [8]. CaP
coatings have been shown to improve the biological activity of porous metal scaffolds, increase the
formation of new blood vessels and bone inside the scaffold, and enhance tissue integration [9-11].
Traditional CaP coating fabrication techniques, such as plasma spraying, sol-gel processes, etc.,
suffer from problems such as uneven coating thickness, insufficient adhesion to the substrate, and
high processing temperatures, which inhibit the addition of organic components to the coating [12-
15]. Wet chemical technology provides the best solution to this problem. The biomimetic coating
method involves immersing the metal implants in the simulated body fluid at physiological pH and
temperature. In this way, the porous metal scaffolds can be successfully coated, improving the

scaffold's biocompatibility and bioactivity [16]. The biomimetic coating technique provides better
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control over the coating’s crystal structure, morphology, and thickness, and is relatively simple and
low-cost [17].

Most importantly, the mild fabrication conditions of the biomimetic coating method allow for the
deposition of biomolecules and drugs together with the inorganic CaP layer together [18-20]. One
of the most frequently used growth factors in BTE is BMP-2, which promotes the migration and
proliferation of stem cells and enhances osteogenic differentiation. Despite this, BMP-2 has a few
disadvantages, such as a short half-life time, side effects when overdosed, etc. The in vivo
osteoinductive efficiency of BMP-2 highly depends on its delivery method [21]. The burst release of
the BMP-2 fails to induce a sustained osteogenic response at the implantation site [22, 23]. To
achieve long-term osteogenic effects and avoid unnecessary side effects, BMP-2 should be
administered using a slow-release delivery system [24]. Biomimetic CaP coating is an excellent
carrier for BMP-2, and the activity of BMP-2 can be fully preserved in the coating's inorganic
components.

In previous studies, we achieved the sustained release of BMP-2 by incorporating BMP-2 into a
biomimetic CaP coating [25-27]. Although this coating shows excellent potential in BTE, no direct
evidence has been reported for the performance of the coating in combination with the porous
scaffold in bone defects. In addition, the biosafety of this coating has not been comprehensively
evaluated in vivo. Therefore, it is necessary to assess this scaffold's biocompatibility and bone
repair ability in vivo, especially in large animal models that are more similar to humans in terms of
the bone healing process.

The aim of the present study was to fabricate topologically ordered BMP-2 integrated biomimetic
CaP coated porous Ti scaffold using SLM technique. The secondary objective was to study
biocompatibility and bicortical bone defect repairing result of the fabricated scaffold using a beagle

dog model.

4.3 Materials and Methods

4.3.1 Design and 3D-printing of the scaffold

A cubic scaffold (4*6*10mm) was designed with 3-MATIC software (Materialise, Leuven, Belgium),
and a 2mm diameter hole was created in the scaffold center. All trabecular structures without or
with only one connection point were removed, and a STL file was created. The scaffolds were
fabricated using a 3D-printer (3D Systems DMP Flex 350 platform, Amnovis) using commercial
pure Ti powder (Ti Grade 1, particle size 15-45um).

The scaffold design parameters are listed in Table 4.1. In total, fourteen scaffolds were printed, of
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which two scaffolds were used for in vitro evaluation, and twelve others were used for in vivo
experiments. The scaffolds were randomly divided into two groups, each with seven scaffolds.
Group 1(G1): uncoated scaffolds (Figure 4.1a); Group 2(G2): scaffolds with BMP-2 integrated
biomimetic CaP coating (Figure 4.1b). Furthermore, six cubic scaffolds (15*15*15mm) were also
printed for mechanical tests using the same design parameters as Table 4.1.

Table 4.1. Design parameters of the scaffold

Pore shape Rhombic dodecahedron
Design parameters Pore Size 660pm

Porosity 87%

Strut size 400um

Figure 4.1. Scaffolds in G1 (left) and G2 (right), and their top views. A circular hole with a diameter
of 2mm was designed in the middle of the scaffold. The hole was enlarged to form a cross after

removing the trabecular structure without or with only one connection point in the STL file.

4.3.2 Preparation of the coating

The BMP-2 integrated biomimetic CaP coating was prepared as described in the previous paper
[28]. In brief, scaffolds were first immersed under physiological conditions (37°C, pH =7.4) in 5x
simulated body fluids for 24 hours. A uniform layer of amorphous CaP will be formed on the
scaffold surface in this step. The amorphous layer is composed of small CaP patrticles that serve
as nucleation sites for the subsequent growth of the crystalline CaP layer. The scaffolds were then
autoclaved sterilized following a standard procedure. Afterwards, the scaffolds were immersed in

supersaturated CaP solution under physiological conditions (37°C, pH =7.4) for 48 hours. In this
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step, a crystalline CaP layer formed on top of the amorphous layer. Human recombinant BMP-2
(rhBMP-2, Shanghai Rebone Biomaterials Co., China) at a concentration of 5mg/L was added to
the solution simultaneously with the precipitation of the crystalline layer. The Ca/P was detected by
ICP-OES. Scaffolds were air-dried and stored at room temperature, and the entire coating

preparation process was completed under sterile conditions.

4.3.3 In vitro characterization

4.3.3.1 Mechanical test

As the coating layer does not substantially alter the mechanical properties of the scaffold, the
uncoated cubic scaffolds (15*15*15mm) were used for the mechanical test. Six scaffolds were
compressed at room temperature at a crosshead speed of 1 mm/min with a universal tester
(Instron 4467, Instron Corp., USA) and a load cell of 30kN. The compression test was conducted
according to the ASTM E9-89a standard. The tension-strain curves were obtained, and elastic
modulus and compressive strength of the cubic scaffolds were calculated.

4.3.3.2 Micro-CT scan

Scaffolds were scanned for porosity with a micro-CT scanner (Skyscan 1272, Bruker micro-CT,
Kontich, Belgium). Two scaffolds were randomly selected from G1 and G2, respectively. The
scanning parameters included: scanner voltage = 100kV; current = 100uA; rotation = 360°. Bruker
NRecon software (version 1.7.3.0) was used to reconstruct scanned files, and then Bruker CTAN
software (version 1.18.4.0) was used to analyze scanned images with a reconstruction threshold of
128-255.

4.3.3.3 SEM scan

Following micro-CT, the two scaffolds were scanned using SEM (Philips XL-30, FEI company, The
Netherlands) to observe their surface morphology. The scaffolds were then embedded in epoxy
resin (Epofix resin, Struers, Copenhagen, Denmark). A sander was used to remove the upper half

of the scaffolds. The scaffold's cross-section was observed under SEM.

4.3.4 In vivo analysis

4.3.4.1 Study design

The Fourth Military Medical University Ethics Committee reviewed and approved this study
(N0.2018(K9-203)). Six healthy female beagle dogs were reared in separate cages and fed with a
regular diet and drinking water every day. The feeding environment for experimental animals was

constant [28]: temperature around 20°C; humidity 40-70%; and ventilation 10-20 times per hour.
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Preoperatively, 8 * 10° Units of penicillin potassium were administered to the animals after a two-
week acclimation and 12-hour fast. The animals were anesthetized with 3% pentobarbital sodium
solution 1ml kg2, injected intravenously. The animals were immobilized in a recumbent position on
their left side. Utilizing a dental handpiece and a bur, a buccolingual bone defect with a depth of
4mm and a length of 10mm was created at the lower edge of the mandible. The mandibular nerves
and blood vessels were separated and severed after ligating both ends with 5-0 silk thread. After
placing a scaffold in the bone defect, an orthopedic screw of 2mm length was used to fix the
scaffold (Figure 4.2). The subcutaneous tissue and skin were then sutured sequentially, and the

wound was cleaned with 75% alcohol and then tightly bandaged.
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Figure 4.2. The process of creating bone defect and fixing the scaffold.

Another bone defect was created, and another scaffold was fixed in the right mandible after the
beagle was switched to the right side. The two groups of scaffolds were arranged by computer-
generated random numbers on either the left or right side of the mandible of the same animal.
Immediately postoperative CT imaging revealed that the scaffold was successfully fixed to the
mandible (Appendix 1). Anti-inflammatory drugs were given to the animals for five days following
surgery. A daily examination of the animals' wound healing and general condition was conducted.
All animals were sacrificed eight weeks after surgery by overdosed anesthesia after the operation.
The mandible was dissected, and the mandibular segment with the scaffold was removed,
immersed in 4% paraformaldehyde, and stored at 4° C.

4.3.4.2 Micro-CT analysis

The mandibular fragments were scanned using a microtomography imaging system (AX-2000
Microfocus Industrial CT) to determine new bone formation. The micro-CT system had a maximum
voltage of 120kV and a maximum current of 100pA. Additional scanning parameters include

integration time of 0.6s, projection number of 1440, and resolution of 9um. The scaffold area was
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selected as the ROI. The new bone formation in the scaffolds was examined with the 3D image
processing software VG Studio Max 3.0 (Volume Graphics, Heidelberg, Germany). The parameters

analyzed included BV/TV, Th.N, Th.Th and Th.Sp.

4.3.5 Statistical analysis

The data obtained from the in vitro characterization and animal study was analyzed and expressed
as a mean = deviation. By using SPSS statistics software (SPSS 26.0), the statistically significant
difference (p-value) was calculated. Bone ingrowth into the scaffold between the two groups was

compared by ANOVA analysis. A p-value of less than 0.05 was considered significant.

4.4  Results

4.4.1 In vitro characterization

The scaffolds were successfully printed, and the BMP-2 integrated biomimetic CaP coatings were
prepared. We confirmed that the amorphous layer shows the hydroxyapatite phase, and the
crystalline layer shows the OCP phase using Fourier-transform infrared spectroscopy and X-ray
diffraction [29, 30]. Based on ICP-OES detection, the coating had a Ca/P ratio of 1.63, which
shows a mixing of basal HA (Ca/P ratio 1.8) and surface OCP (Ca/P ratio 1.33).

4.4.1.1 Mechanical test

The mechanical test results showed that the scaffold had a compressive strength of
192.67+20.03Mpa (human cortical bone 33-193MPa) and elastic modulus of 23.15+4.88GPa
(human cortical bone 3-30GPa). The compressive strength and elastic modulus of Ti scaffolds with
design parameters used in this paper were comparable to those of human cortical bone.

4.4.1.2 Micro-CT analysis

The micro-CT results showed that the scaffold's porosity in G1 was 83.82%, the Tb.Th was 21.76
pixels, the scaffold volume was 8336356 pixels3, and the scaffold area was 2539 pixels2. In G2,
the scaffold porosity was 79.20%; the Tb.Th was 26.71 pixels, which was 1.23 times that of G1.
The scaffold volume was 10618830 pixel3, which was 1.27 times that of G1. the scaffold area was
1619924 pixel2, which was 638 times that of G1.

4.4.1.3 SEM scan

Figure 4.3 shows that in G1, the scaffold surface was covered with unmelted Ti droplets whose
surfaces were smooth. Additionally, the scaffolds in G2 were also covered with Ti droplets,
however the droplets were covered with micro/nano-scaled crystals on their surfaces. The plate-

like crystals have sharp edges and are about 0.05-0.1um thick. On the cross-section of the

110



scaffolds, the coating morphology was observed under both SE and BSE modes. The coating had

a uniform distribution over the scaffold surface with a thickness of around 10-15um (Figure 4.4).

SE mode BSE mode

/
AccV SpotMagn Det WD Exp p————f 20um AccV SpotMagn Det WD Exp p———— 20um
200KV 40 1000x SE 101 1 200KV 40 1000x BSE 102 1

Figure 4.4. cross-sections of the scaffold and coating under SE and BSE modes in SEM analysis.

The coating thickness is approximately 10-15um.

4.4.2 In vivo study

All animals were successfully prepared with bilateral mandibular defects, and the inferior alveolar
neurovascular bundles were completely isolated and successfully severed. CT examination by
week 8 showed that the scaffolds were not dislodged.

4.4.2.1 Micro-CT scan

The results of the micro-CT analysis are shown in Figure 4.5. The amount of bone formation in G2

was significantly higher than that in G1. Table 4.2 presents the measured osteogenesis data. G2
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had a significantly higher BV/TV and Tb. N than G1 (p<0.05). In addition, g2 also had higher Tb. Th
and lower Th. Sp values (p>0.05).

Figure 4.5. Micro-CT results of scaffolds in G1 (left) and G2 (right).

Table 4.2. Osteogenic data calculated by micro-CT analysis.

Gl G2
BV/TV (¥) 5.43% + 1.76% 19.58% + 6.61%
Th,Th 0.07 + 0.03 0.10 + 0.04
Tb.N (¥) 0.71 + 0.46 2.00 + 0.08

Th.Sp 3.11 + 4.20 0.40 + 0.04

* means there was significant difference between G1 and G2.

4.5 Discussion

With advanced AM techniques, porous Ti alloys can be produced with controlled pore size,
geometry, and porosity as appropriate materials for BTE. The main concern regarding the clinical
applications of these Ti scaffolds is how to enhance their osseointegration and osteogenic
properties. BMP-2 induces bone and cartilage formation in vivo and can be used in a range of
therapeutic interventions. Ti scaffold combined with BMP-2 integrated biomimetic CaP coating is
very attractive for achieving the long-term, stable release of BMP-2. Previous studies have
successfully demonstrated the osteogenic properties of BMP-2 integrated biomimetic CaP coatings
in vivo on solid implants [31, 32]. However, the key to success of BTE lies in the creation of the
porous scaffold. 3D-printed porous scaffolds provide a large surface area for cells to anchor, and
the newly formed bone tissue is able to fill the pores on the scaffold, thereby improving the quality
of the bone defect reconstruction. We fabricated BMP-2 integrated biomimetic CaP coatings on
porous Ti scaffolds in this study. In our study, the BMP-2 integrated biomimetic CaP coating

resulted in better osseointegration and osteogenesis of the porous Ti scaffold within the bicortical
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bone defect, repairing 20% of the defect at week 8, which is significantly better than the porous Ti
scaffold without coating.

A micro/nanoscaled surface roughness can facilitate the bonding of new bone to the scaffold [33],
and has been shown to enhance osteoblast adhesion, proliferation, and differentiation [34].
Furthermore, the rough surface increases the surface area of the scaffold. As demonstrated by
micro-CT results, the coating increases the surface area of the scaffold by a factor of 638, which
greatly improves the anchoring and adsorption of proteins [34]. In this study, the first precipitated
amorphous CaP particles in the biomimetic coating serve as nucleation sites for subsequent
growth of the crystalline layer. OCP crystals are epitaxially grown out of and perpendicular to this
seeding layer [35]. Results of micro-CT revealed a decrease in porosity and an increase in Th.Th.
SEM revealed a noticeable change in surface morphology, indicating a successful coating
fabrication.

Bicortical defects of 6 to 8mm in length in the dog's mandible did not spontaneously heal after 16
weeks [36]. The results of our control group also confirmed this: the scaffold played a much smaller
role in bone repair than the coating did. In the biomimetic coating, BMP-2 determines ectopic bone
formation [28]. However, the rapid ingestion of a high dose of BMP-2 stimulates the resorption of
newly formed bone [26]. CaP serves as both a carrier and a sustained-release system, allowing
BMP-2 to be released in a stable and sustained manner [28]. Studies have shown that coating-
integrated BMP-2 is 5-70 times more osteoinductive than surface-adsorbed BMP-2 [29, 31].
Therefore, the use of CaP coating to deliver BMP-2 is both correct and effective. During coating
degradation, BMP-2 is released in a manner similar to the release of growth factors from the bone
matrix during bone remodeling [37]. Research has demonstrated that 50% of the BMP-2 in the
coating is released within 5 weeks (5% to 10% per week) and can induce a stable and potent
ectopic osteogenic response in rats and beagle dogs [28, 38].

In this study, a beagle dog model with mandibular bicortical defect was used to investigate the
osteogenic properties of the scaffold and coating in vivo. Micro-CT results showed that G2 induced
a significantly larger volume of regenerated bone compared with G1. Furthermore, G2 had a higher
average number of trabecular bone compared to G1, indicating a higher quality of new bone in G2.
These results suggest that the BMP-2 integrated biomimetic CaP coating enhances the bioactivity
of porous Ti scaffolds, promoting osteogenesis results. The micro-CT results indicate that the
osteogenic results between G2 and G1 are significantly different. However, an additional
histological study is needed to confirm the findings of the present study. Currently, we are still in

the process of producing histological sections. We predict that G2 has a more significant BA/TA
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and BIC in hard tissue sections, and the quality of the new bone should be higher than that of G1,
i.e., there should be more healthy bone formation markers around the new bone: osteogenesis
cells, osteoclasts, and osteocytes [39]. Furthermore, we will measure the depth of bone ingrowth to
guantify the osteogenic outcome and serve as a reference for the subsequent application of such
coatings.

Ti scaffolds with compressive strength and elastic modulus similar to human cortical bone were
also designed and printed in this study. The scaffold has a porosity of approximately 80%, which is
sufficient for cell proliferation and migration [40]. By creating a balance between oxygen transport
channels and mechanical properties, these scaffolds are intended to mimic actual clinical
procedures.

Although Ti is a widely used BTE biomaterial, it is biodegradable. Non-degradable metal implants
can cause chronic infections and interfere with patient radiological examinations [41, 42]. In future
works, we will also use absorbable metals, such as Mg alloys, Zn alloys, etc. to fabricate 3D-
printed scaffolds and coat them with BMP-2 integrated biomimetic CaP coating. In light of the
coating's ability to promote osteogenesis, we believe this combination has great potential in BTE.
Therefore, the existing experimental results demonstrate that the BMP-2 integrated biomimetic
CaP coating is promising for modifying porous Ti scaffolds to repair bicortical bone defects. These
results confirm that this coating significantly improves the formation of new bone in vivo, and the
coating is also safe. This coating and scaffold combination has excellent potential for BTE, but

further research is necessary to assess its clinical feasibility, especially in large animal models.

4.6 Conclusion

We fabricated 3D-printed Ti scaffolds with compressive strength and elastic modulus similar to
human cortical bone. Micro-CT results revealed that BMP-2 integrated biomimetic CaP coating
significantly enhanced the osteogenic potential in mandibular bicortical bone defects in beagle

dogs. A further histological analysis is required to confirm the results of the present study.
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5.1 Abstract

Degradable implants are a hot topic in BTE, and Mg is one of the most promising metal materials.
In one of the Mg alloys, WEA43, rare earth elements have been added to improve the corrosion
resistance of Mg. There have been no studies performed on biodegradability, biocompatibility, and
osteogenic ability of WE43 alloy in large animal models, whose bone metabolism is more similar to
that of humans. The objective of this study was to investigate the biocompatibility, degradation rate
and osteogenic ability of the WE43 alloy porous scaffold (4*6mm) fabricated by SLM technology in
the femur and tibia defects of beagle dogs. The results of complete blood cell counting, blood
biochemistry, blood trace element analysis, and multi-organ histological analysis demonstrated that
WE43 alloy has a good biocompatibility. Micro-CT showed that the scaffold had undergone a
greater volume degradation at week 4 (36%+19%), while the degradation at week 12 (41% + 14%)
was not significantly different from that at week 4, indicating the scaffold had entered a slow
degradation stage between week 4 and week 12. In histological study, a degradation of the
scaffold was observed at the same time as new bone was formed. At week 4, the new bone
trabeculae grew into the bone defect and wrapped the scaffold fragments. At week 12, a large
amount of mineralized bone had been distributed within the bone defect, forming a favorable
support for it. WE43 has good biocompatibility and osteogenic ability, but a surface modification

might be necessary to slow down its degradation rate for better application in future BTE.

Keywords: biodegradable metal; Mg alloy; 3D-printing; porous scaffold; WE43
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5.2 Introduction

BTE has emerged as a promising technique for repairing bone defects, and porous scaffolds play a
crucial role in BTE [1]. A porous scaffold is an artificial structure that supports 3D tissue formation
and mimics bone ECM structure and function while promoting cell adhesion, proliferation, and
differentiation for bone repair [2]. In recent years, advances in AM technology have enabled the
fabrication of porous scaffolds with precise geometries and interconnected networks that promote
blood and bone regeneration. By adjusting the design parameters of the scaffold, failures caused
by stress shielding can be avoided [3].

To promote bone regeneration, the ideal porous scaffold should be biocompatible, have a fully
interconnected porous structure, and degrade while bone regenerates [4]. Metal materials are
essential in BTE due to their mechanical properties. Common bioinert metal materials such as Ti
and its alloys, cobalt-chromium alloys, stainless steel, etc., do not degrade over time [1]. Infection
can result from bacterial colonization of the undegradable scaffold surface, causing permanent
physical irritation and chronic inflammation [5, 6]. In addition, metal scaffolds would interfere with
radiological examinations, such as X-rays and magnetic resonance imaging in patients' follow-ups,
requiring further surgery to remove them [7, 8]. The second surgery increases patient morbidity
and surgical costs. Additionally, the biodegradable properties of the scaffold are crucial to ensuring
tissue formation and degradation are occurring simultaneously, and maintain structural integrity
and provide smooth load transfer between scaffolds and tissues. Therefore, researchers and
clinicians are interested in developing biodegradable materials with biocompatibility, strength, radio
visibility, and osseointegration properties.

Mg is an essential mineral for metabolism, with a daily intake of 300-400mg. Mg and its alloys are
popular candidates for BTE because of their biodegradability [9]. The density and Young's modulus
of Mg are similar to those of human cortical bone [10]. As a result, Mg implants are less prone to
have the stress shielding risk [11]. Furthermore, approximately half of the total physiological Mg is
stored in bone tissue, which plays a crucial role in human metabolism [12]. In addition, previous in
vitro and in vivo studies have demonstrated that Mg ions can enhance the proliferation and
osteogenic differentiation of stem cells [13], promote the adhesion of osteoblasts [14], promote the
mineralization of ECM structure [15], and inhibit osteoclast differentiation and function [16], while
promoting angiogenesis [17], etc. Thus, Mg and Mg alloys can be used as biodegradable BGS.
However, their rapid decline in mechanical strength and unsatisfactory degradation rates prohibit
their development in BTEs. Besides, the flammability of Mg makes it challenging to fabricate

porous Mg by AM technology [18].
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By virtue of their relatively high solubility, slight electrode potential differences, and passivation,
rare earth elements greatly enhance Mg-based materials’ oxidation and corrosion resistance.
WE43 alloy, made up of 4 wt% yttrium and 3 wt% rare earth metal mixture of neodymium, cerium,
and dysprosium, is the first Mg alloy to be used clinically (compression screws in orthopedic
surgery) [19]. WE43 alloy has also been successfully implanted in clinical trials as a biodegradable
scaffold for cardiovascular surgery [20, 21].

Y. Li et al. fabricated diamond cell structured WE43 scaffolds using AM techniques [4, 22]. The
scaffolds displayed less than 25% cytotoxicity in vitro. After 4 weeks of degradation in the
simulated body fluid, the WE43 scaffolds showed a 20% loss in volume and a 52% loss in
mechanical strength. However, they still had a compressive strength within the range of trabecular
bone [4, 22]. The potential of WE43 alloy as a customized porous scaffold in BTE has yet to be
explored.

In addition, in principle, toxicologically concerned elements should be avoided or used in minimum
doses to manufacture biodegradable materials. Given these reasons, we should evaluate the
biocompatibility and stability of WE43 scaffolds in vivo, especially in large animal models that are
more like humans [23].

By far, most research on WE43 alloy still uses solid metal bulks. Only a few studies have used AM
techniques to fabricate porous WE43 alloy scaffolds, however, most of these studies only did in
vitro tests. The behavior of porous WE43 scaffolds has yet to be characterized in vivo, especially in
large animal models whose bone metabolism is much more similar to that of the humans. The
application of WE43 scaffolds in BTE has attracted our attention, but our understanding of such
scaffolds' biocompatibility, biodegradation, and osteogenic potential is limited.

The aim of the present study was to construct topologically ordered biodegradable WE43 scaffolds
using SLM technique. The secondary objective was to evaluate the biocompatibility,
biodegradation behavior, and osteogenic potential of the WE43 scaffolds in vivo using a beagle

dog model.

5.3 Materials and methods

5.3.1 Fabrication of the WE43 scaffold

A porous cylindrical scaffold with diamond unit cell structures was designed. The scaffold has a
diameter of 4mm and a height of 6mm. WE43 scaffolds have the following parameters: the Th.Th
of 400um, the pore size of 600um, and the porosity of 67%. A laboratory scaled SLM machine was

used to manufacture the scaffolds [24]. The machine maintained an inert atmosphere by adding
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argon (less than 10ppm of oxygen). The spherical WE43 granular powder (4 wt% yttrium and 3 wt%
rare earth elements, Mg Elektron UK, Manchester, M27 8BF, UK) was gas atomized and sieved to
a particle size range of 25-60um.

In total, 15 scaffolds were printed, of which 12 were used for animal study and 3 for in vitro
characterization. All scaffolds were chemically polished for 2 minutes in a solution containing 5%

HCI, 5% HNOs, and 90% C2HsOH before the study (Figure 5.1).

Figure 5.1. WE43 scaffold before (left) and after (right) the chemical polishing.

5.3.2 Micro-CT scan

Microtomography imaging (AX-2000 Microfocus Industrial CT) was used to analyze the porosity
and original volume of the WE43 scaffolds. The maximum voltage of the micro-CT system was
120kV, and the maximum current was 100uA. Additional scanning parameters: integration time
0.6s; projection number 1440; resolution 9um. The region of the scaffold was selected as the ROI.
The images were processed using 3D image processing software (VG Studio Max 3.0, Volume

Graphics, Heidelberg, Germany).

5.3.3 SEM scan

Following micro-CT, the scaffolds were embedded with epoxy resin (Epofix resin, Struers,
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Copenhagen, Denmark). Then, a sander was used to remove the upper half of the scaffold,
revealing the cross-section of the scaffold. The surface morphology of the scaffolds was observed

using SEM (Philips XL-30, FEI company, The Netherlands).

5.3.4 Animal study

A review and approval of our research were completed by the Fourth Military Medical University
Ethics Committee (No. kg-2022-078). Six healthy beagle dogs were kept in separate cages and fed
a quantitative, regular diet and water every day. Animals were fed in a constant environment:
temperature around 20°C; humidity between 40-70%; ventilation 10-20 times per hour.

After a two-week acclimatization period and a 12-hour fast, we preoperatively administered 8x10°
units of penicillin potassium to prevent infection in the animals. We used intravenous injections of 3%
pentobarbital sodium solution for general anesthesia on the animals. The beagle dogs were
immobilized in a lateral recumbent position. After making an incision and carefully dissecting the
tissue, a dental handpiece and bur were used to create two 6 mm diameter and 6 mm long bone
defects in the distal epiphysis of the left femur and the proximal epiphysis of the left tibia (Figure
5.2). The entire procedure was rinsed with normal saline to cool down. The 6mm side of the
scaffold was perpendicular to the bone surface when inserted. After the subcutaneous tissue and
skin were sutured, the wound was cleaned with 75% alcohol and then tightly bandaged. An
immediate postoperative CT scan demonstrated that the scaffold was successfully placed in the
corresponding positions of the femur and tibia (Figure 5.2). Experimental animals were given anti-
inflammatory drugs for five days following surgery. Animals were monitored daily for wound healing
and general well-being.

After the surgery, three experimental animals were sacrificed by excessive anesthesia at weeks 4
and 12. The femur and tibia bones were dissected, and the bone segments including scaffolds
were removed and preserved. The heart, liver, and kidney tissues were removed, immersed in 4%

paraformaldehyde, and stored in a 4° refrigerator.
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1 month

Pre-operative plan Placement of the scaffolds CT examination
Figure 5.2. (a) preoperatively determined scaffold placement locations, i.e., the distal epiphysis of
the femur and the proximal epiphysis of the tibia. (b) Scaffold placement during surgery. (c)

Scaffolds were examined using CT before scarification to ensure they weren't dislocated.

5.3.5 Hematology analysis

Blood was collected from all animals at five time points to perform complete blood cell count and
blood biochemistry tests: before surgery, week 1, week 4, week 8 and week 12 after the surgery.
Blood was collected in tubes with EDTA as an anticoagulant and tubes without any additives. Blood
collected without any additives was kept for 30 minutes and then centrifuged (4000rpm for 8
minutes) to separate serum. An automated blood cell analyzer (SYSMEX SE-9000, DKK-TOA,
Japan) was used for counting RBCs, WBCs, and PLTs. A 7600P automatic biochemical analyzer
(Hitachi, Japan) was used to analyze blood biochemistry. The indexes measured included AST, ALT,
ALB, ALP, BU, and CR. Blood ion concentration analysis, including the determination of Zn, Mg, Fe,
Ca, and Cu levels, was performed using the BH5300 Whole Blood Multi-Element Analyzer (Bohui

Technology, China).

5.3.6 Micro-CT analysis

The collected scaffold-containing bone blocks were fixed in 4% paraformaldehyde for 48 hours,
and the samples were scanned using the same microtomography imaging system (AX-2000
Microfocus Industrial CT) as in the in vitro experiments to determine new bone formation. The
implantation area (6mm in diameter and 6mm in length) was selected as the ROI. The volume loss
of the implants was assessed using the 3D image processing software (VG Studio Max 3.0,

Volume Graphics, Heidelberg, Germany).
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5.3.7 Histological examination

The collected heart, liver, and kidney tissue were fixed in 4% neutral buffered formalin for 48 hours.
After dehydration in graded ethanol, they were cleared in xylene, embedded in paraffin, and cut
into 5um sections. Hematoxylin and eosin were used to stain these sections. Additionally, all bone
segments containing scaffolds were cut into cubes of about 2*2*2cm. The fixation, dehydration,
and embedding process were the same as above, and then the bone segments were cut into 5-
10um slices. The sections were dried in an oven at 60°, and an optical microscope (Axio-Imager
M2, Carl Zeiss Microscopy, Jena, Germany) was used to observe the histomorphology of the

organs and the formation of new bone.

5.3.8 Statistical analysis

Results are expressed as mean + standard deviation. Data were analyzed using SPSS statistics
software (SPSS 26.0, SPSS Inc., Chicago, USA). Statistical significance was assessed using a
one-way ANOVA followed by Tukey's test. A p-value less than 0.05 was considered statistically

significant.

5.4 Results
The WE43 scaffold was successfully printed. Micro-CT results showed that the scaffold's porosity

was 75.3+0.7%, and the original volume of the scaffold was 18.57+0.59mm?,

5.4.1 SEM scan
There was an even distribution of flake-shaped, white second-phase particles on the scaffold
(Figure 5.3, yellow arrow). According to a previous study that used XRD to determine the scaffold

phases (Y203 and MgsNd), these particles may be yttrium oxide [4].
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Figure 5.3. SEM results of the WE43 scaffold. The right image is a magnified version of the yellow

box in the left image. The yellow arrow points to a white second-phase particle.

5.4.2 General status of the animals

In all animals, femoral and tibial defects were successfully prepared, and scaffolds were
successfully inserted into the defects. Following surgery, the animals were able to stand and eat
without difficulty. There were no signs of inflammation, healing disorders, allergic reactions, or

other complications. By scarification, CT tests revealed that none of the scaffolds were dislodged.

5.4.3 Hematology analysis

Figure 5.4 shows the results of the hematological analysis. After complete blood cell counting, the
WBC, RBC, and PLT levels were within the normal range in all animals, with no statistically
significant differences before and after surgery (p >0.05). The levels of ALT, AST, ALP, ALB, TP,
CRE, and BU were not abnormal during the observation period, and all values fluctuated within the
normal range. The differences between time points were not statistically significant (p >0.05). The
blood concentrations of Zn, Mg, Fe, Ca, and Cu was normal and showed no significant changes
during the observation period compared to preoperative values (p >0.05) (Figure 5.5). Thus, the
degradation of the WE43 scaffold does not cause a substantial increase in blood Mg
concentrations or interfere with the metabolism of Zn, Fe, Cu, or Ca. Overall, the analysis results
showed that the use of the WE43 scaffold led to no abnormal changes in blood indexes,

demonstrating the scaffold's ideal in vivo biosafety.
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Figure 5.4. Results of complete blood cell counting and blood biochemistry tests
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Figure 5.5. Results of blood ion concentration analysis.
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5.4.4 Micro-CT analysis

Micro-CT scans revealed that the scaffold gradually degraded with time. The scaffold underwent
major morphological changes at week 4, including the appearance of a large absorption cavity and
an obvious defect boundary. Metabolites accumulated within and on the scaffold (Figure 5.6a). At
week 12, the resorption cavity decreased, and new trabeculae filled the defect. The volume of the
WEA43 scaffold was analyzed using VG-studio 3.0 software. After debugging, the material threshold
was about 24,000, the bone threshold was about 20,000, and the degradation product threshold
was lower than bone and infinitely close to zero (completely degraded materials cannot be
visualized). Table 5.1 shows the results of the Micro-CT calculation of scaffold degradation and
osteogenesis. BV, BV/TV, and Tb.Th within the ROI were significantly higher in the week 12 group
that those in the week 4 group. From week 4 to week 12, there was a decrease in degradation
products and a slight decrease in residual scaffold volume, but there was no significant difference
between the two groups. The scaffold decreased by 36%+0.19% at week 4 and 41%+14% at week

12, with no significant difference between the two groups found.

Figure 5.6. Micro-CT analysis results at week 4 (left) and week 12 (right). The yellow parts

represent bone tissue; the green parts represent degradation products; and the blue parts

represent scaffold residues.
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Table 5.1: Micro-CT calculation results.

Micro-CT analysis parameters 4-week group 12-week group
BV (mm3) * 20.99+6.41 40.01+16.53
BV/TV * 0.12+0.04 0.24+0.10
Th.Th (mm) * 0.07+0.01 0.14+0.03
Th.N (mm?) 1.65+0.49 1.55+0.77
Th.Sp (mm) 0.58+0.18 0.66+0.38
Degradation product volume (mm?) 17.35+13.86 6.14+3.75
Degradation product volume/Tissue volume 0.10+0.08 0.04+0.02
Scaffold volume (mm?3) 11.88+3.57 11.00+2.60
Scaffold volume /Tissue volume 0.07+0.02 0.06+0.02

*indicates that there is a significant difference between the two groups.

5.4.5 Histological analysis

Parts of vital organs were harvested from both groups of animals, and the histological morphology
of these organs was used to identify histological changes. Figure 5.7 illustrates the morphology of
the tissue section. No significant changes in tissue morphology, no infiltration of inflammatory cells,
and no damage to tissue structure were observed for all samples. A lack of visible lesions suggests

that the WE43 alloy does not cause systemic toxicity.

Figure 5.7. Histological results of the animal organs. (a) Section of heart tissue with a black arrow
indicating cardiomyocytes. (b) A liver tissue section with black arrows representing hepatocytes
and yellow arrows indicating a hepatic interlobular vein. (c) A section of kidney tissue with a black

arrow indicating glomeruli and a yellow arrow indicating renal tubules. Scale bars = 50um.

The histological results of the scaffold-containing bone blocks are shown in Figure 5.8. Based on
the defect diameter (6 mm), a circular ROl was cut with the scaffold as the center. The mineralized
bone is stained green, and the non-mineralized bone is stained orange/red. As a result of the thin
nature of the sections, the scaffold and its metabolites appeared vaguely light green or light blue.
By week 4, the porous structure of the scaffolds had been lost. There was a large amount of non-

mineralized bone and a small amount of mineralized bone at the implant site. As can be seen from
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the magnified image, the newborn non-mineralized bone wrapped scaffold fragments, and a few
calcification foci have formed. At week 12, the implant site was surrounded by mostly the
mineralized bone. There are still non-mineralized bone fragments wrapping the scaffold fragments

and gradually calcifying.

4-week group 12-week group

1000 um

{100 ym 100 pim

Figure 5.8. results of the histological analysis. The lower image is the magnified version of the
yellow box in the upper image. Non-mineralized bone is stained orange/red, while the mineralized
bone is stained green. The scaffold residue and fragments (S) appear indistinct light green/light

blue. The black arrows indicate calcification foci in non-mineralized bone.

5.5 Discussion

The objective of this study was to investigate the biocompatibility, degradability, and osteogenic
potential of biodegradable WEA43 alloy scaffolds. We demonstrate that the alloy is non-toxic,
biodegradable, and allows for the ingrowth of new bone, making it a potential clinical candidate for
BTE.

Biocompatibility is an essential characteristic of medical implants. Mg is a crucial element for

metabolism, requiring a daily intake of 300-400 mg. The ion release of Mg alloys during long-term
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degradation may be harmful to humans. However, we demonstrate that we43 scaffolds are safe for
in vivo use.

The blood trace element level is an effective method to monitor in vivo WE43 alloy degradation. All
blood indexes in the current study fluctuated within the normal range. Although some showed
specific trends, no statistically significant differences were found. The results indicated no severe
blood cell abnormalities, liver or kidney dysfunction, or trace element disturbances during WE43
alloy implantation.

Hydrogen produced by corrosion of Mg alloys makes it difficult for cells to adhere to the surface of
the implant material, reducing metabolism and slowing down tissue regeneration [25]. Moreover,
hydrogen may accumulate around bone tissue, affecting osteoblast activity and the quality of new
bone [26]. However, we did not observe subcutaneous emphysema or fistulas in animals, which
indicates that the hydrogen may have been absorbed by the body fluids. Furthermore, micro-CT
can show that a large absorption cavity has been generated when the scaffold is implanted for 4
weeks, and the hydrogen gas is difficult to detect. New bone tissue filled the resorption cavity
during week 12 due to the slower degradation of the scaffold, and no apparent hydrogen
accumulation was observed around it.

An excessive Mg intake may be toxic to the kidneys, liver, cardiovascular, neuro, and immune
systems. However, we did not detect any lesions in the internal organs of beagle dogs during the
degradation of the WE43 alloy scaffold, which agrees with the blood test results, suggesting that
the WE43 alloy scaffold is biocompatible in vivo. Previous studies of small animal models have
reached the same conclusion [23, 27].

Several factors affect the complex biodegradation environment in the body, including cells, pH,
temperature, electrolyte flow, blood, and proteins. Therefore, the degradation rate of the WE43
alloy needs to be tested in vivo to reach conclusions.

After the WE43 alloy is implanted in the body, it causes a wound and a foreign body reaction,
causing a hematoma and inducing an inflammatory response. The scaffold surface is covered with
cells (macrophages, foreign body giant cells, neutrophils, osteoblasts, stem cells, etc.), body fluids,
proteins, and inorganic ions. There is a fast degradation rate at this point. In the current study, it
was also demonstrated that degradation rates before week 4 were significantly higher than those
between week 4 and week 12, and the degree of degradation was not significantly different
between week 4 and week 12. At the initial stage, the large absorption cavity around the WE43
alloy material may have allowed the material to be in full contact with the microenvironment. The

degradation of the WE43 alloy was slowed after the initial fast degradation stage due to the
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ingrowth of new bone trabeculae. This conclusion is similar to that of Lim et al. In the rabbit model,
there was no significant difference between the absorption rates of WE43 alloy at 6 and 12 weeks
[23]. Due to the 12-week observation period in the present study, it would be necessary to assess
the in vivo degradation performance of the WE43 alloy in the future over a longer period of time.
Krause et al. implanted WE43 implants (2.5%25 mm) in rabbit tibias, with a volume loss of 9% at 3
months and 35% at 6 months [28]. During the current study, we observed fast absorption and loss
of structural integrity in week 4 and week 12, which was caused by the porous structure. As the
porous structure has a larger surface area in contact with bodily fluids, it is absorbed faster than a
solid structure. Similarly, Schaller et al. constructed cannulated screws with a length of 6mm and a
wall diameter of 0.3mm using WE43 alloy and implanted them into the mandible of a miniature pig
model. With simultaneous degradation of the inner and outer surfaces, the screws degraded by 30-
60% within two months [29]. At week 12, the residual fragments of the WE43 scaffold formed tight
complexes with the newly formed trabecular bone, providing adequate support for the surrounding
bone structure. The trabecular bone grows into the absorption cavity, preventing fractures and
bone defects from collapsing. Using a surface modification coating can further reduce the
degradation of WE43 alloy, reducing the rapid corrosion of Mg and extending the absorption time
of WE43 implants [30-33]. The current results demonstrate simultaneous absorption of WE43 alloy
and ingrowth of trabecular bone, which is an ideal bone repair effect.

Due to the excellent biocompatibility of porous WE43 shown in these experiments, we believe it
could be used in clinical applications in the craniofacial region. However, it is difficult to determine
the safety of WE43 in humans based on this study alone. Mg and Y are not harmful to human
health in the WEA43 alloy. Nd, however, can irritate the eyes, mucous membranes, and skin, and
therefore the safety of WE43 alloy requires more long-term studies in animal models [34].
Compared to the WE43 compression screw that has received CE certification [35], the porous
structure can reduce the WE43 volume in the human body to a greater extent, as long as there is
sufficient mechanical strength. Future research should focus on surface modification techniques
that help reduce the degradation rate of WE43 alloy.

The current study examined the in vivo degradation of the WE43 alloy during the first 12 weeks
after implantation. Future studies should examine its complete degradation and how to maintain a
uniform degradation rate through the later stages of implantation. It is also necessary to investigate
the mechanism of WE43 alloy metabolism in vivo. Potential applications of WE43 alloy in vivo,
such as subcutaneous, intramuscular, urethral, intestinal, and cardiac applications, should also be

explored.

134



5.6  Conclusion

In the current study, we assessed the biocompatibility, degradability, and osteogenic potential of
WE43 alloys to repair femoral and tibial defects in beagle dogs over a 4- and 12-weeks period.
Tests on blood and vital organs have shown that WE43 alloy is well compatible in vivo. Micro-CT
showed a 36% + 19% decrease in scaffold volume at week 4, and a 41% + 14% decrease at week
12. There is a tendency for degradation products to be replaced by new bone trabeculae over time,
which provides sufficient support for the surrounding bone structure. In conclusion, this study
shows that the WE43 alloy has good biocompatibility and can simultaneously degrade the scaffold
and bone ingrowth, making it a promising candidate for osteosynthesis systems. Control of the
degradation rate is needed in the future to assure adequate support for bone defects during the

healing process.
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6.1 Discussion

A variety of factors can cause maxillofacial bone defects, including congenital anomalies, trauma,
tumor resection, periodontal disease, infection, etc. [1]. The oral and maxillofacial region contains
various tissue types within a relatively small area. Restoration of oral and maxillofacial defects
poses a great challenge to the surgeon due to the lack of suitable donor sites to obtain grafts that
can accurately replicate missing tissue [2].

Implant materials commonly used in oral and maxillofacial bone reconstruction surgery have
evolved from autografts to xenografts to allografts to xenografts. The autologous bone grafting
technique to harvest grafts from various donor sites is considered the gold standard for repairing
large-scaled bone defects due to its osteogenic potential and lack infection and antigenic reaction
risks [3]. However, autografts have limitations, including graft resorption, secondary injury at the
donor site, etc. [4]. Due to these reasons, other bone graft biomaterials (i.e., xenografts or
allografts) are increasingly used. However, these biomaterials have limitations: poor
vascularization, limited mechanical properties, incomplete osseointegration with the surrounding
natural bone, etc. As a result, these grafts often fail [5].

Due to these deficiencies, innovative techniques like BTE have been developed, which have great
potential for achieving optimal bone healing under challenging cases while circumventing the
disadvantages of traditional treatment. Porous scaffolds are the critical element in BTE because
they manipulate cellular function. In addition to providing structural support, they direct the
development of new organs and tissues [6, 7]. In the general introduction section, we describe the
purpose, methods, and requirements of BTE. Furthermore, we discuss the biomaterials, design
parameters, and manufacturing processes used in BTE.

This doctoral thesis presents a progressive BTE research idea starting from one fundamental
guestion: Why is BTE research conducted? Autologous bone grafting remains the gold standard
procedure for replacing or restoring large quantities of lost bone tissue [3]. Based on the results of
the systematic review and meta-analysis in article 1, we derived a theoretical foundation for the
study of BTE by showing that autologous bone grafting in mandibular reconstruction still has a high
rate of complications, especially secondary injuries to the donor site. Due to the nerve damage
caused during surgery, the most common complication after surgery is the chronic sensory
disturbance at the donor site: the fibula or the iliac crest. It is believed that this chronic sensory
disorder may lead to physical and mental illnesses that cannot be fully recovered [8]. Therefore,
finding an alternative to autologous bone grafting that will reduce or even eliminate damage to the

donor site is the primary goal of this doctoral research.
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By focusing on this need, BTE stands out as a potential solution. The BTE approach is designed to
take advantage of scaffolds, stem cells, and other innovative biological factors to create stable,
reproducible bone formation strategies [9]. The article 2 of this thesis explores one of the most
commonly used scaffolding materials, Ti64, to assess the osteogenic potential of 3D-printed Ti64
scaffolds for repairing long bone defects. Furthermore, we summarize the ideal parameter ranges
for designing scaffolds and potential influencing factors. Most of the many animal experiments in
the database use long bones to create bone defect models. This is why we use long bones as an
inclusion criterion since it will ensure that more articles are included. We found that pore size of
approximately 500-600um and a porosity of 60-70% are the most desirable parameters for
designing Ti64 scaffolds. Despite this, the scaffold is complex in that the pore size and porosity are
dependent on each other. The best combination of design parameters in a specific pore shape only
comes from repeated debugging of the design file [10]. Moreover, although the findings show that
diamond and rhombic dodecahedron are the most commonly used scaffold pore shapes, they are
regular porous structures that cannot fully mimic the natural random structure of trabecular bone
and can only facilitate limited bone ingrowth [11]. Additionally, the choice of this animal model limits
the size of implants available due to the relatively small size of rabbit bones and lack of trabecular
bone [12]. Therefore, there is still much room for improvement in the BTE practice using Ti64
scaffolds, like investigating more optimized pore shapes, randomizing the topology of scaffolds,
supplementing in vivo data from large animal models, etc.

With the data we collected in article 2, we designed the Ti64 scaffold to conduct our animal
experiments. A BMP-2 integrated biomimetic CaP coating was used to modify the surface of Ti64
scaffolds in this study to induce osteogenesis. First, we tested the osteogenic ability of the BMP-2
integrated biomimetic CaP coating subcutaneously in article 3. The biomimetic CaP coating only
acts as a carrier for BMP-2, while BMP-2 is the crucial factor for osteogenesis [13]. CaP has also
shown osteoconductive [14, 15] and osteoinductive [16] properties in other studies. However, its
osteogenic ability alone is not ideal as a thin coating. When combined with BMP-2, this composite
coating exhibited excellent ectopic osteogenesis properties. Nonetheless, some limitations were
found in our study: for example, we tried to design the scaffolds with randomized pore sizes (438-
82 um). However, the coating did not penetrate all of the scaffolds, resulting in uneven thickness
between the internal and external coating. Despite this, the osteogenic effect of the scaffold was
not affected. The coating was therefore demonstrated to be osteoinductive in article 3.

Following this, we began to wonder: what effect will this coating have on actual maxillofacial bone

defects if used clinically? Hence, the objective of article 4 was to determine the osteogenic

141



capability of coatings and scaffolds on a fabricated bicortical mandibular defect in large animal
models to simulate a clinical situation. This is due to the fact that mandibular bicortical defects are
clinically significant [17]. With reference to previous research, we adjusted the pore size and
porosity of the scaffold within an ideal range. The SEM revealed that the scaffold designed this
time has the ability to be coated on the inside as well. Additionally, in the mechanical test, we
printed a cube-shaped standard test piece according to the ASTM E9-89a standard. In this study,
the osteogenic ability of the coating was demonstrated in a beagle dog model of mandibular
bicortical bone defect, and we will further analyze and elucidate the new bone formation pattern
once the hard tissue sectioning has been completed.

As the osteogenic ability of the coating has been double-certified in both ectopic sites and bone
defects, in article 5, we have switched our focus from non-absorbable Ti-based scaffolds to
degradable Mg alloy scaffolds in order to make this coating more widely used in BTE. The
biodegradable metal scaffolds can enable bone formation simultaneously with metabolic processes,
resulting in better bone healing [18]. In this study, we discovered that the constructed porous
scaffolds degraded very quickly and completely collapsed by week 4. As a result, the degradation
rate of the WE43 scaffold slowed between week 4 and week 12, and new mineralized bone
surrounded the remnants and fragments of the scaffold, providing sufficient mechanical support for
the bone defect. In addition, in this study, the ideal biocompatibility results needed to be analyzed
to determine if they were due to the small size of the scaffolds. Since the rear earth elements tend
to bind to various components of physiological fluids, it is difficult to quantify their toxic effects [19].
Further research is needed on the long-term effects of rare earth elements on biocompatibility. The
main goal of future research on WEA43 alloy will be to control its degradation rate. There are
currently studies using phosphate plasma electrolytic oxidation coatings [20], CaP coatings [21],
MAO/TiO2 composite coatings [22], and other methods to control the degradation rate of WE43
scaffolds. Can a biomimetic method be used to create a coating that can not only slow down the
degradation rate of metal scaffolds but also release active BMP-2 to stimulate osteogenesis, thus
ensuring synchronization between bone formation and scaffold metabolism? This is a question that

needs further and comprehensive research.

6.2 Conclusions
According to the report of a systematic review and meta-analysis presented in article 1, we
demonstrated that the use of VFF and VIF to repair bone defects in mandibular reconstruction

leads to a number of complications, among which, sensory disturbances in the donor site were the
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most frequent in both groups. While autogenous bone grafting is temporarily still the gold standard
for large-scaled bone defect repair, its high incidence of complications will eventually be replaced
by more scientific and practical bone repair methods. The article 2 of this thesis summarizes the
role of Ti64 scaffolds in long bone repair based on a systematic review and summarizes the most
used scaffold design parameters (pore size 500-600um, porosity 60-70%, dodecahedron and
diamond pore shapes) as the basis for the BTE studies that follow. As mentioned in article 3 of this
thesis, we found that porous T164 scaffolds were able to support the ectopic formation of new bone
evenly distributed within the scaffolds when modified with BMP-2 integrated biomimetic CaP
coatings. A cell-mediated release of BMP-2 was achieved by using the coating as a carrier.
According to article 4, we have found that the BMP-2 integrated biomimetic CaP coating coated Ti
scaffold significantly promoted bone regeneration 8 weeks after implantation in bicortical bone
defects created in the mandibles of beagle dog models. As soon as the results of the hard tissue
section are complete, the content of bone formation patterns will be further supplemented. The
article 5 of this thesis examines in detail the biocompatibility, degradability, as well as osteogenic
capacity of SLM fabricated WE43 scaffolds for repairing femoral and tibial defects in beagle dogs
over a period of 4 and 12 weeks. The analysis showed that the WE43 scaffold has good
biocompatibility and osteogenic potential. It should be noted, though, that the excessive
degradation speed of this material needs to be solved via some other surface modification method,

such as coating, etc., if it wants to be widely used in BTE.

6.3 Future perspectives

® The majority of the research data in Part | are retrospective in nature. The need for more
prospective studies is essential in order to identify complications after VIF and VFF more
accurately.

® Although small animals are acceptable for demonstrating the general principles, replication in
larger animal models is needed to translate the experimental findings to humans. A long-term
follow-up is also needed to determine the precise osteogenic ability of Ti64 scaffolds. It is
recommended to follow the ISO guidelines when designing experiments and to standardize
parameters to quantify bone growth.

® To date, various studies have investigated the osteogenic potential of 3D-printed scaffolds.
However, most of these studies are done in vitro or in vivo, using scaffolds with simple
topologies with regular pore structures in the longitudinal direction and are not meant to mimic

cancellous bone. There is a need for further in vivo studies to examine the growth of bone in a
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3D porous scaffold with a topology that resembles native bone tissue.

There is a serious issue regarding the sterilization of BMP-2 coated implants that have not
been adequately addressed. There may be appropriate sterilization methods suitable for the
industrial production of scaffolds in the future, and more studies need to verify these methods'
safety and efficacy.

Due to the interaction between degradation and the body, the biocompatibility of the WE43
scaffold is the most fundamental issue. Comparing rare earth elements with Mg, the
mechanism and effect of rare earth elements on biocompatibility are not well understood. A
long-term study of rare earth elements’ effects on biocompatibility is needed.

In vivo experiments confirmed that the degradation rate of WE43 porous scaffolds was
considered to be too fast in the early stage for a bone remodeling process. Controlling the
degradation rate of WE43 scaffolds requires investigations into surface treatments, such as

coatings.
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Summary

Maxillofacial bone defects can be caused by congenital deformities, trauma, tumor resections, or
any combination of these factors. This can lead to aesthetic and functional issues, such as facial
incoordination, asymmetry, and difficulty swallowing. In most cases, autologous bone grafting is the
gold standard for the treatment of such bone defects. However, autologous bone transplantation
has certain drawbacks, such as complications at the donor site and a limited supply. Furthermore,
allogeneic or xenograft bone grafts can also be used, but there are also concerns regarding the
spread of disease with these methods. For this reason, the prospect of using bone tissue
engineering (BTE) to reconstruct maxillofacial hard tissue defects is of interest to reconstructive
surgeons. As the success of this approach depends on providing mechanically supported porous
3D scaffolds and a suitable environment for bone tissue regeneration, the design and fabrication of
porous scaffolds with biocompatibility, desired structure, mechanical properties and resorbability is
a crucial factor for the success of the BTE approach.

This doctoral thesis aims to fabricate metal scaffolds that are suitable for BTE and evaluate the
scaffolds' osteogenic ability in animal models. The thesis begins with a general introduction of the
objectives, the methods, and the requirements and methods of scaffold design and fabrication in
BTE. To rationalize the study of BTE, in article 1 of this thesis, we compared early and late
morbidity at the donor and recipient sites in patients who underwent mandibular reconstructions
with autologous bone reconstructions. According to the results, the early morbidity rate in the VFF
group ranged from 3% to 12%, and the late morbidity rate in the VFF group ranged from 5% to
67%. In the VIF group, early morbidity ranged from 3% to 16%, and late morbidity ranged from 6%
to 43% at the donor site. The most common complication in both groups was chronic sensory
impairment at the donor site. Because of this, we should use BTE for bone reconstruction surgery
to reduce the damage to the donor area caused by the surgery.

Through article 2 of this thesis, we summarize the osteogenic potential of 3D-printed porous Ti64
scaffolds to repair long bone defects in animal models and investigate the influencing factors that
may affect their osteogenic capacity. Our research found that pore size of approximately 500-
600um and a porosity of 60-70% are ideal parameters for designing Ti64 scaffolds, where both
dodecahedral and diamond pores promote optimal osteogenesis. Ti64 scaffolds may serve as a
promising medium to provide sufficient mechanical support and a stable environment for bone

growth in long bone defects. However, since it lacks osteoinductivity, surface maodification
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technologies are required to enhance its bone defect repairability.

Using the results of article 2, we have designed and fabricated 3D-printed porous Ti64 scaffolds.
In addition, we have also surface-modified the Ti64 scaffolds using a BMP-2 integrated biomimetic
CaP coating. We studied the effect of the coated scaffold on increasing ectopic osteogenesis in the
beagle dog model in article 3 of this thesis. This study shows that the BMP-2 integrated
biomimetic CaP coating formed a micro/nano surface structure on the Ti6Al4V scaffold, which
improved the biocompatibility of the product. Ectopic bone formation in vivo is mediated by BMP-2.
Next, we manufactured the 3D-printed Ti scaffold and coated it with the same coating. In article 4
of this thesis, we implanted the scaffold in a mandibular bicortical bone defect of a beagle dog to
study the osteogenic effects of the scaffold. The micro-CT results showed that the coated Ti
scaffold significantly promoted bone regeneration 8 weeks after being implanted into a mandibular
bicortical bone defect. Thus, we demonstrate in Part Il that BMP-2 integrated biomimetic CaP
coating offers a promising approach to modifying porous Ti scaffold surfaces for repairing clinical
bone defects through in vivo testing of ectopic and bone defects.

Scaffolds should be biocompatible, exhibit a fully interconnected porous structure to allow bone
ingrowth, and degrade as the bone regenerates. We investigated the biocompatibility, osteogenic
capacity and metabolic rate of 3D-printed porous WE43 alloy scaffolds in a beagle dog bone defect
model in article 5 of this thesis. Results demonstrate that the WE43 alloy scaffold has good in vivo
biocompatibility. Compared to the original scaffold volume, scaffolds were reduced by 36%+0.19%
at week 4 and 41%+14% at week 12, with no significant difference between the two groups. At 12
weeks, hard tissue sections revealed that a large amount of mineralized bone grew around the
remnant of the scaffold, demonstrating the synchronization of scaffold metabolism and
osteogenesis. In this study, WE43 alloy is shown to have good biocompatibility and osteogenic
ability, making it a promising candidate for osteosynthesis systems. To further optimize the
application of the WE43 scaffold in BTE, it needs to be surface modified to slow down the
absorption rate.

This thesis demonstrates that autologous bone grafts, such as vascularized fibular flap (VIF) and
vascularized iliac flap (VFF) have complications that cannot be ignored. BTE is a potentially
effective treatment for maxillofacial bone defects. In BTE, both the BMP-2 integrated biomimetic
CaP-coated Ti-based porous scaffold and the biodegradable WE43 porous scaffold exhibited good
osteogenic properties. Translating lab-made methods into clinically relevant products will require a

joint effort of clinicians and engineers.
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Samenvatting

Maxillofaciale botdefecten kunnen worden veroorzaakt door aangeboren misvormingen, trauma,
tumorresecties, of een combinatie van deze factoren. Dit kan leiden tot esthetische en functionele
problemen, ter hoogte van het aangezicht, alsook tot asymmetrie, spraak- en slikproblemen. In de
meeste gevallen is autologe bottransplantatie de gouden standaard voor de behandeling van
dergelijke botdefecten. Autologe bottransplantatie heeft echter bepaalde nadelen, zoals
complicaties op de donorplaats en een beperkt weefselaanbod. Verder kunnen ook allogene of
xenograft bottransplantaten worden gebruikt, maar ook bij deze methoden bestaat er problemen
zoals overdracht van ziektekiemen of vreemd lichaamreacties. Daarom is het vooruitzicht van het
gebruik van botweefsel engineering (BTE) voor de reconstructie van hardweefseldefecten in het
maxillofaciale gebied interessant voor reconstructieve maxillofaciale chirurgie. Aangezien het
succes van deze benadering afhangt van de levering van mechanisch ondersteunde poreuze 3D
scaffolds en een geschikte omgeving voor botweefselregeneratie, is het ontwerp en de fabricage
van poreuze implantaten tot een biocompatiebele, patient-specifieke structuur met goede
mechanische eigenschappen en afbreekbaarheid een cruciale factor voor het succes van de BTE
benadering.

Deze doctoraatsthesis heeft als doel metalen implantaten te fabriceren die geschikt zijn voor BTE
en hun osteogeen vermogen te evalueren in diermodellen. Het proefschrift begint met een
algemene inleiding over de doelstellingen, de methodes, en de vereisten en methodes van het
ontwerp en fabricage in BTE. Om de studie van BTE te rationaliseren, vergeleken we in artikel 1
van dit proefschrift de vroege en late morbiditeit op de donor- en ontvangerplaats bij patiénten die
mandibulaire reconstructies ondergingen met autologe botreconstructies. Volgens de resultaten
varieerde de vroege morbiditeit in de VIF-groep van 3% tot 12%, en de late morbiditeit in de VIF-
groep varieerde van 5% tot 67%. In de VIF-groep varieerde de vroege morbiditeit van 3% tot 16%,
en de late morbiditeit van 6% tot 43% op de donorplaats. De meest voorkomende complicatie in
beide groepen was chronische gevoelsstoornissen op de donorplaats. Daarom moeten wij BTE
gebruiken voor botreconstructieve chirurgie om de schade aan het donorgebied als gevolg van de
operatie te beperken.

In artikel 2 van dit proefschrift vatten we het osteogeen potentieel samen van 3D-geprinte poreuze

Tie4 scaffolds voor het herstel van lange botdefecten in diermodellen en onderzoeken we de
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beinvioedende factoren die hun osteogeen vermogen kunnen beinvioeden. Uit ons onderzoek is
gebleken dat een poriegrootte van ongeveer 500-600um en een porositeit van 60-70% ideale
parameters zijn voor het ontwerpen van Ti64 scaffolds, waarbij zowel dodecahedrale als
diamanten porién een optimale osteogenese bevorderen. Ti64 scaffolds kunnen dienen als een
veelbelovend medium om voldoende mechanische ondersteuning en een stabiele omgeving te
bieden voor botgroei in lange botdefecten. Aangezien het echter osteo-inductiviteit mist, zijn
oppervlaktemodificatietechnologieén nodig om de herstelbaarheid van botdefecten te verbeteren.
Met behulp van de resultaten van artikel 2 hebben we 3D-geprinte poreuze Ti64 scaffolds
ontworpen en vervaardigd. Daarnaast hebben we ook de Ti64 scaffolds gemodificeerd met behulp
van een BMP-2 geintegreerde biomimetische CaP coating. We hebben het effect van de gecoate
scaffold op de toename van ectopische osteogenese in het beagle hondenmodel bestudeerd in
artikel 3 van dit proefschrift. Deze studie toont aan dat de BMP-2 geintegreerde biomimetische
CaP coating een micro/nano oppervlakte structuur vormde op de Ti6Al4V scaffold, wat de
biocompatibiliteit van het product verbeterde. Ectopische botvorming in vivo wordt gemedieerd
door BMP-2.

Vervolgens hebben we de 3D-geprinte Ti scaffold vervaardigd en gecoat met dezelfde coating. In
artikel 4 van dit proefschrift hebben we de scaffold geimplanteerd in een mandibulair bicorticaal
botdefect van een beagle hond om de osteogene effecten van de scaffold te bestuderen. De
micro-CT resultaten toonden aan dat de gecoate Ti scaffold significant de botregeneratie
bevorderde 8 weken na implantatie in een mandibulair bicorticaal botdefect. Aldus tonen we in deel
Il aan dat BMP-2 geintegreerde biomimetische CaP coating een veelbelovende benadering biedt
voor het modificeren van poreuze Ti scaffoldoppervlakken voor het herstellen van klinische
botdefecten door in vivo testen van ectopische en botdefecten.

Scaffolds moeten biocompatibel zijn, een volledig onderling verbonden poreuze structuur vertonen
om botingroei mogelijk te maken, en degraderen naarmate het bot regenereert. In artikel 5 van dit
proefschrift hebben we de biocompatibiliteit, osteogene capaciteit en metabolische snelheid
onderzocht van 3D-geprinte poreuze WE43-legering scaffolds in een beagle hond botdefect model.
Resultaten tonen aan dat de WE43-legering scaffold een goede in vivo biocompatibiliteit heeft.
Vergeleken met het oorspronkelijke scaffoldvolume waren de scaffolds 36%+0,19% kleiner bij
week 4 en 41%+14% bij week 12, zonder significant verschil tussen de twee groepen. Bij 12
weken hard weefsel secties bleek dat een grote hoeveelheid gemineraliseerd bot groeide rond de
scaffold, waardoor synchronisatie van scaffold metabolisme en osteogeneses kon aangetoond. In

deze studie is aangetoond dat de WE43-legering een goede biocompatibiliteit en osteogeen
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vermogen heeft, waardoor het een veelbelovende kandidaat is voor osteosynthesesystemen. Om
de toepassing van de WE43 scaffold in BTE verder te optimaliseren, moet het opperviak worden
gewijzigd om de absorptiesnelheid te vertragen.

Dit proefschrift toont aan dat autologe bottransplantaten, zoals gevasculariseerde fibulaire flap (VIF)
en gevasculariseerde iliacale flap (VFF), complicaties hebben die niet kunnen worden genegeerd.
BTE is een potentieel effectieve behandeling voor maxillofaciale botdefecten. Bij BTE vertoonden
zowel de BMP-2 geintegreerde biomimetische CaP-gecoate Ti-gebaseerde poreuze scaffold als de
biologisch afbreekbare WE43 poreuze scaffold goede osteogene eigenschappen. De vertaling van
in het laboratorium gemaakte methoden naar klinisch relevante producten zal een gezamenlijke

inspanning van clinici en ingenieurs vereisen.
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