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Abstract: Achieving effective alveolar bone augmentation in the vertical
dimension presents a significant challenge in periodontal tissue
regeneration, particularly for optimizing dental implant procedures.
Sufficient alveolar bone height is crucial for successful implant
placement. To achieve this, several surgical approaches—such as
autologous bone block grafting, distraction osteogenesis, and guided
bone regeneration (GBR)—are commonly used, often in combination
with natural or synthetic grafting materials. However, these conventional
methods face limitations, including morbidity, dimensional instability,
structural weaknesses, handling difficulties, and high failure rates.
Recent advancements in additive manufacturing, present innovative
solutions by enabling the creation of 3D porous scaffolds with essential
properties for effective vertical bone augmentation, such as high
porosity, interconnected pore structures, and superior handling
capabilities. This review highlights the latest developments in GBR
techniques and the application of additive manufacturing to produce
biodegradable 3D scaffolds for vertical bone enhancement. It critically
assesses the roles and limitations of biodegradable polymeric and
metallic membranes in this field and introduces an overview of recent
progress in vertical bone augmentation with these advanced scaffolds,
reflecting the current state and future directions of research.

1. Introduction

In recent decades, dentistry has transformed with the rise of endosseous implants, addressing the increasing
demand for tooth replacement [1]. A critical challenge in this field is the reduction of alveolar bone volume due
to irreversible bone resorption from tooth loss, trauma, or surgical procedures [1-3]. Notably, significant
volume loss can occur within the first three months [4], averaging a decrease of 1.5-2 mm in vertical height
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and 40%—-50% in horizontal width from its original size [5]. Vertical bone augmentation is essential for
maintaining natural bone height, as the success of dental implants relies on adequate alveolar bone
volume. While various surgical techniques and biomaterials have been developed to tackle the
complexities of bone resorption, including autologous block grafts [6, 7] and guided bone
regeneration (GBR), these methods often present challenges such as morbidity, compromised
stability, and high failure rates.

Additive manufacturing (AM) technologies have emerged as a promising solution for vertical bone
augmentation. By enabling the fabrication of customized three-dimensional (3D) scaffolds, AM supports
bone tissue growth [8-12] through techniques that utilize ceramics, polymers, and personalized metal
mesh scaffolds. These 3D-printed scaffolds feature interconnected pore networks that enhance tissue
integration, with optimal characteristics such as mechanical strength, hydrophilicity, and specific surface
topography being crucial for cell adhesion and proliferation [13, 14]. Scaffolds used in alveolar bone
regeneration must have several key characteristics. The human bone has a total porosity ranging
from 30% to 90% [15]; therefore, scaffolds should have porosity around 70% for new tissue
penetration and vascularization [19, 20]. Additionally, the mechanical strength of the scaffold is
crucial for supporting target cells, adjacent tissues, and newly generated tissues until the completion
of tissue creation [13, 21, 22]. Furthermore, the degradation rate of a scaffold must align with the
rebuilding processes of the target tissue, with an acceptable degradation period of 5—6 months for
dentoalveolar restoration [23, 24]. The review provides a comprehensive analysis of advancements
in Guided Bone Regeneration (GBR) techniques and Additive Manufacturing (AM) technologies,
focusing on the interaction between biomaterials and scaffold design. It emphasizes the complexity
of alveolar bone regeneration, including cementum and periodontal ligament tissues, underscoring
the need for multiphasic scaffolds that replicate the native tissues' structure, composition, and
biochemical characteristics. A major focus is on the development of biodegradable 3D scaffolds for
vertical bone augmentation, aligning with current trends in regenerative medicine to support natural
integration. The article also discusses innovations in biodegradable polymeric and metallic
membranes that enhance the success of vertical bone augmentation procedures. Ultimately, it
highlights recent achievements in using these biodegradable scaffolds, offering insights into
innovative solutions that will guide future advancements in dental implantation and regenerative
techniques.

2. Vertical Bone Augmentation Techniques

Vertical bone augmentation is a critical aspect of oral surgical procedures aimed at preserving the
original bone height, which is a challenge that requires the formation and maintenance of
extraskeletal bone [7, 25]. Various methods are employed to enhance alveolar bone volume in the
context of oral and dental surgery. Skeikh et al. [26] introduced a classification of bone
augmentation techniques based on graft vascularization induction [27, 28]. This classification
encompasses micro anastomosed free bone flaps, distraction osteogenesis, pedicled segmental
osteotomies, bone morphogenetic induction grafts, and non-vascularized bone grafts, with the latter
further divided into bone grafts and GBR [27, 28]. Vertical bone augmentation methods—such as
autologous block grafts stabilized with screw fixation, distraction osteogenesis, and guided bone
regeneration using particulate grafts with meshes or barrier membranes—are generally regarded as
technique-sensitive and often yield unpredictable clinical outcomes [7]. Despite autogenous block
bone grafting being considered the gold standard for vertical bone augmentation, these techniques
have drawbacks, including the need for a second surgery, substantial morbidity and blood loss at the
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donor site, high graft resorption rates, and limited bone supply [29, 30]. Although advances have been
made in addressing issues related to space maintenance, graft fixation, and predictability of bone formation,
challenges, particularly those concerning bone resorption, persist in dental surgery [29].

The introduction of cone-beam computed tomography (CBCT), computer-aided
design/manufacturing (CAD/CAM), and three-dimensional (3D) printing technologies has enabled
the clinical use of patient-specific implants (PSIs) with the necessary rigidity and biocompatibility
[31]. Recent developments in 3D printing technology hold immense potential for advancing
vertical bone augmentation [11, 32, 33]. Diverse 3D printing methods have been employed for
manufacturing 3D scaffolds, membranes, and patient-specific metal meshes. This technique enables
the production of porous biomaterials with an interconnected pore network in a layer-by-layer
manner, allowing the fabrication of customized patient-specific constructs. Additionally, 3D
printing has been utilized to create a wide range of scaffold geometries efficiently, with high
dimensional accuracy, and personalized for individual patients [11]. Combining this technology
with conventional imaging techniques, such as computed tomography (CT) scanning, facilitates the
creation of scaffolds with geometric features identical to those of the host tissue [34]. The
subsequent section delves into the most crucial techniques for alveolar bone augmentation.

2.1. Guided Bone Regeneration (GBR) Technique

GBR stands is a pivotal technique for vertical bone augmentation [35]. In GBR, particulate graft
materials are isolated from the surrounding soft tissues using a resorbable or non-resorbable
membrane, which enables bone growth [36]. Additionally, the barrier membrane serves to stabilize
the graft material, restrict graft resorption, and act as an occlusive barrier against regeneration and
infiltration of the surrounding soft tissues [37]. Initially designed for creating implant sites in
atrophic jaws, GBR techniques have evolved to address various bone defects, particularly in the
alveolar bone [38-40]. While some cases may not necessitate the use of barrier membranes, relying
solely on graft material to fill the defect [41], it has been observed that bone resorption occurs when
autografts are used without the aid of membranes [42, 43]. Thus, the employment of rigid and stable
membranes is crucial for providing space maintenance, preventing soft tissue growth, and ensuring
effective vertical bone growth [41]. However, the use of membranes alone in GBR often encounters
challenges, such as membrane compression into the defective space by overlying soft tissues in
many cases [44-47]. An ideal barrier membrane should fulfill multiple requirements, including ease
of clinical handling, effective space maintenance, exclusion of epithelial and connective tissues
from the defect site, biocompatibility, non-immunogenicity, non-toxicity, and the ability to integrate
with surrounding tissues [48, 49]. Collagen, frequently employed as a biodegradable and resorbable
barrier membrane, is a popular choice [50]. Synthetic degradable and resorbable membranes, such
as polylactic acid (PLA), polyglycolic acid (PGA), and their copolymers, have also been used [51,
52]. Non-degradable membranes, while advantageous in maintaining shape throughout treatment,
require a second surgery for removal after the healing period. Therefore, degradable membranes
have been developed, offering benefits in terms of reduced patient morbidity, trauma, and overall
procedural costs. The classification of bone augmentation techniques based on graft vascularization
induction, which was discussed in the previous section, is summarized in Table 1.

Despite the bioactivity of collagen compared to synthetic membranes, concerns about collapse into
the defect have been raised, limiting the available volume for regenerating bone [17, 53]. It has
been suggested that stiff resorbable membranes demonstrate comparable bone formation levels to
non-resorbable membranes [54, 55]. Furthermore, resorbable membranes exhibit improved soft
tissue response and better tissue integration compared to their non-resorbable counterparts [55, 56].
In seeking alternatives to current GBR membranes, metallic materials, particularly those enhancing
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human body metabolism such as iron (Fe), magnesium (Mg), and zinc (Zn), have emerged as
promising candidates for bone defect applications [54, 55]. Efforts have been made to tailor their
mechanical properties and corrosion behavior to meet the requirements of bioabsorbable bone defect applications.

Table 1: The classification of bone augmentation techniques

. . Clinical
Technique Advantages Disadvantages Predictability References
Enhanced resistance to, ) .
. ) . Donor site morbidity, .
Micro- potential for primary . . High for large
. technically demanding
anastomosed osteogenesis and . defects and complex [26-28]
and longer operative .
free bone flaps. hypertrophy, and time reconstructions
versatility
Gradual bone formation, Reqqlres specialized Good, especially for
. . . equipment, longer .
Distraction with no need for bone . vertical
. . treatment duration, and . [26-28]
osteogenesis graft in some cases, can . augmentation and
potential for
address large defects. S larger defects
complications
. lelt.ed bone quantity, Moderate to high,
Pedicled restricted to adjacent
Preserved blood supply, dependent on the
segmental bone, may not be . . [26-28]
. good for moderate defects . size and location of
osteotomies suitable for large
the defect
defects.
Excessive cost,
potential for ectopic
Bone . bone formation, Variable depends on
. Enhanced bone formation, .
morphogenetic . . dosage-dependent the specific BMP,
. used with various graft S . . [26-28]
protein (BMP) . complications; carrier, and clinical
. . materials L .
induction grafts reliability may vary setting
based on carrier and
delivery
Relies on creeping .
Non- A simpler technique can substitution, potential Less predictable for
. . o larger defects, better
vascularized use autogenous or for resorption, limited [26-28]
3 for smaller
bone grafts allogenic bone to smaller defects (<5 .
contained defects
cm)
. . Requires space .
GBR (Guided Versatile, used for various maintenance, High for small to
defect types, predictable moderate defects,
Bone for small to moderate membrane exposure especially in the [57, 58]
Regeneration) risk, and limited bone p Y

defects

formation volume

alveolar ridge

2.2. Additive Manufacturing (AM) Techniques for Fabrication of 3D Scaffolds and Membranes

AM refers to ASTM-defined processes that build objects layer by layer from digital models [59].
Recently, it has been demonstrated that additive manufacturing technology holds significant
promise for advancing research on vertical bone augmentation [60]. Utilizing additive
manufacturing techniques allows the fabrication of porous biomaterials with an interconnected pore
network in a layer-by-layer fashion, enabling the creation of customized patient-matched constructs
[61]. The quality of scaffolds depends on the biomaterials used and the construction methods
employed to achieve total harmony with the original tissues [60]. Scaffold properties for vertical
bone augmentation depend on their composition, architecture, and surface features [62]. Scaffold
porosity, pore size, interconnectivity, and mechanical integrity strongly influence osteogenic cell
behavior [63, 64]. The optimal scaffold for alveolar bone augmentation must fulfill several
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requirements, including biocompatibility, physical properties that mimic natural bone, total integrity
with the bone, and avoidance of persistent immune responses [64, 65].

Human trabecular bone has a total porosity ranging between 30% and 90%, necessitating scaffolds with
porosity within this range, suitable pore size, and good interconnectivity for integration with native tissue
[15]. An overall porosity of 70% has been applied in preclinical and clinical studies for alveolar bone
regeneration applications [15, 66]. A pore diameter between 150 and 500 um facilitates vascularization
and penetration of new tissues without compromising scaffold mechanical strength or cell infiltration into
inner surface areas [19, 20, 67]. It has been reported that a porosity range of 60% to 90% is suitable for
bone regeneration, with a pore size above 100 microns required for cell and tissue infiltration and
vascularization [15]. Pore size affects bone regeneration, with larger pores favoring vertical augmentation
and smaller pores enhancing regeneration in bony defects [68]. To ensure space maintenance, scaffolds
must be mechanically robust and withstand masticatory loads of 50200 N, varying with age and
jaw site [68]. The roughness and connectivity of scaffold surfaces are crucial for promoting blood
vessel sprouting within the scaffold, facilitating rapid osteogenesis and mineralization. An ideal
surface roughness for scaffolds is considered to be "microrough" (Ra: 2—3 um) to promote protein
and biofactor adsorption and adhesion from the extracellular matrix [13, 22]. Scaffolds should
possess high strength to support target cells, surrounding tissues, and newly formed tissue until full
tissue formation is achieved [21]. For alveolar scaffolds, matching the compressive strength of
cancellous bone in the human mandible is crucial, which ranges between 0.22 and 10.44 MPa, with
a mean value of 3.9 = 2.7 MPa [69]. Lastly, ideal scaffolds should be biodegradable and
bioresorbable after bone healing, within 5-6 months, which is considered the appropriate
degradation period [24].

Various additive manufacturing technologies have been employed for scaffold fabrication for vertical
bone augmentation, including particle leaching, gas foaming, freeze-drying, phase separation, fiber
meshes/fiber bonding, melt molding, and solution casting [70]. Scaffolds fabricated using these methods
exhibit heterogeneities in pore size, porosity, interconnectivity, and architecture.

SFF (or RP) techniques allow scaffolds to be fabricated with precise geometry and reproducible 3D
architecture [71]. These technologies, often referred to as "3D printing" include inkjet printing,
laser-assisted printing, and extrusion printing. Selective Laser Sintering (SLS) and
stereolithography (SLA) are laser-assisted methods, whereas Fused Deposition Modeling (FDM) is
a method developed for extrusion printing [72]. Each printing method is compatible with specific
biomaterials, with laser-assisted methods suitable for a wide range of viscosities, inkjet printing for
low-viscosity biomaterials, and extrusion printing restricted to thermoplastic biomaterials, such as
PCL [73]. These techniques are particularly suitable for fabricating hydrogel scaffolds comprising
natural and synthetic polymers [74]. Hydrogels and both natural and synthetic polymers have been
widely explored for fabricating 3D scaffolds and membranes in bone tissue engineering because of
their biocompatibility and versatile properties [75, 76]. However, their applications are limited by
challenges such as mechanical weakness, swelling, and degradation [77, 78]. Although hydrogels
offer excellent biocompatibility and a cell-friendly environment, their mechanical properties are
often inadequate for load-bearing applications [78]. Natural hydrogels, such as collagen and
alginate, tend to be mechanically weak [77]. Furthermore, hydrogels are characterized by their high-
water content, which contributes to their biocompatibility but also leads to significant swelling in
aqueous environments [79]. Uncontrolled swelling can cause structural instability and affect the
mechanical integrity of scaffolds [80]. The swelling properties of hydrogels can be tuned by
controlling their crosslinking density and polymer composition [79]. The degradation rate of
hydrogels is a critical factor in tissue engineering, as it should ideally match the rate of new bone
formation [75]. Natural polymers such as collagen, chitosan, and gelatin are favored for their
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inherent bioactivity and similarity to the extracellular matrix (ECM) [81]. However, they often lack
the mechanical strength required for structural support in tissue engineering applications [77]. For
example, although collagen scaffolds can mimic trabecular bones, technological constraints limit
the 3D printing of complex structures [82]. Synthetic polymers, including polycaprolactone (PCL)
and poly (lactic acid) (PLA), offer better mechanical properties and controlled degradation rates
than natural polymers [83]. However, they often lack cell-interactive signals present in natural
materials, which can hinder cell adhesion and proliferation [77]. For instance, PCL has good
biocompatibility and a slow degradation rate but may require modification to enhance cellular
interaction [84]. Natural polymers exhibit swelling behavior that can be influenced by pH and ionic
strength [80]. Excessive swelling can lead to scaffold degradation and loss of mechanical properties
[80]. Synthetic polymers generally exhibit lower swelling than natural polymers and hydrogels.
However, the hydrophobicity of certain synthetic polymers can limit cell infiltration and nutrient
transport [83]. Natural polymers are generally biodegradable, but controlling their degradation rate
can be challenging [81]. Synthetic polymers offer better control over degradation rates through
careful selection of monomers and polymer architecture [85]. For instance, PCL degrades slowly,
providing long-term mechanical support, whereas PLA degrades more rapidly [84]. Newer
techniques leverage CAD and CAM technologies to 3D-print desired structures based on CAD files,
thereby defining the exact dimensions of the fabricated scaffold [86].

2.2.1.Stereo lithography (SLA)

SLA is a 3D printing technique that has gained prominence in vertical bone augmentation. In this
method, a liquid photopolymer resin is cured layer by layer using a laser beam, resulting in the
formation of a solid 3D structure [87]. SLA offers several advantages over conventional
manufacturing methods, particularly its capacity to craft intricate geometries and personalized
implants tailored precisely to the patient's bone structure [74, 88]. An outstanding feature of SLA in
vertical bone augmentation is the ability to fabricate customized scaffolds that align precisely with
the unique specifications of a patient's bone structure. This is especially crucial in scenarios
involving distinctive bone defects or complex implant geometries. Implants produced through SLA
exhibit higher precision and accuracy than those produced using traditional manufacturing methods
[74]. The potential of creating scaffolds using SLA holds promise for enhancing the success rate of
bone augmentation procedures while concurrently reducing patient recovery time [74, 88].

SLA excels at generating scaffold geometries that may be challenging or unattainable using
traditional manufacturing methods. This is invaluable when dealing with patients with complex
bone defects or requiring implants with intricate geometries. Implants produced via SLA
demonstrate a higher level of complexity than those manufactured using traditional methods. The
capacity to create intricate implant geometries with SLA holds the potential to significantly improve
the accuracy and efficacy of bone augmentation procedures. Beyond its geometric advantages, SLA
has the potential to reduce costs and enhance the efficiency of bone augmentation procedures.
Implants produced through SLA exhibit lower manufacturing costs than those produced using
traditional methods. Moreover, SLA can reduce the time required for the production of customized
implants, leading to cost savings and increased procedural efficiency [74, 89].

Despite these advantages, SLA has certain limitations in vertical bone augmentation. One limitation is the
constrained mechanical properties of some SLA-produced materials, which exhibit lower mechanical
strength compared to traditional manufacturing methods. Addressing this limitation may be possible in the
future through advancements in material science and the development of new SLA-produced materials
with improved mechanical properties [89]. Another limitation is the restricted size range of implants
produced through SLA, which presents a challenge compared to traditional manufacturing methods.
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Overcoming this limitation may be achievable through future advancements in SLA technology and the
introduction of novel techniques for producing larger scaffolds [89, 90].

2.2.2.Selective Laser Sintering (SLS)

In SLS, a small bed of powdered material is heated just below its melting point and then fused using
a potent carbon dioxide laser, binding the particles together [91]. Common materials employed in
this procedure include polymer PCL, calcium phosphates, or composites of polymer, metal,
thermoplastic, and bioceramic, which are applied as a fresh layer of powdered material for each
iteration until the 3D scaffold is fully constructed [92]. It is important to note that natural polymers
cannot be utilized in SLS because of the high temperatures generated by the laser. While SLS
methods excel in producing highly detailed printed scaffolds with thin walls [92], they have
drawbacks, such as poor dimensional accuracy within the range of 150—180 pum [93]. Furthermore,
incorporating growth factors and cells during printing poses a challenge for SLS methods [93, 94].
The process is also susceptible to issues such as scaffold shrinking and warping due to thermal
distortion [95]. Various scaffold materials fabricated using the L-PBF machine are shown in Figure
1. WE43 is an alloy composed of magnesium, yttrium, and rare-earth elements and is known for its
excellent biocompatibility and mechanical properties. The biodegradability of the WE43 scaffold is
a key advantage, as it gradually degrades over time, eliminating the need for surgical removal and
reducing the risk of complications. This property also facilitates the integration of scaffolds with the
surrounding tissue, promoting cell infiltration, neovascularization, and tissue regeneration. The use
of biodegradable metal scaffolds made of L-PBF from WE43 holds great potential for vertical bone
augmentation [96, 97]. A diamond lattice was adopted to construct a cylindrical porous scaffold, the
design of which was the same as that of iron scaffolds prepared as shown in Figure 1(d-f) [98, 99].
The zinc scaffold, shown in Figure 1 (g-1), possesses biocompatibility, controlled degradation, and
customizable pore size, enabling optimal tissue integration and regeneration. Their properties make
them promising for enhancing bone formation in vertical bone augmentation procedures [99].

L

3

[]] ] .
\ !
4

Fig. 1: Biodegradable metal scaffolds made by L-PBF: (a-c) WEA3 [96, 97, (d-f) pure Fe [98, 99], (¢-i) pure Zn [100].
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2.2.3.Powder bed and inkjet head 3D printing (3DP)

In additive manufacturing (AM), powder bed and inkjet head 3D printing (3DP) systems are notable
for their versatility. An inkjet head deposits a liquid-fusing substance onto a powder bed, binding
particles together [101]. There are variations, including thermal printing, which uses localized
temperatures (100-300 °C) to create bubbles for droplet ejection, and piezoelectric printing, which
generates droplets using pressure or acoustic waves [102]. While thermal inkjet printing faces
challenges with shear and thermal stresses [103], especially for natural polymer inks [104], piezo
inkjet printing is cost-effective and adaptable to various materials, though it requires low-
concentration inks [105]. This technique is particularly beneficial for creating bone scaffolds due to
its flexible material options, as long as the materials are in powder form [106]. Figure 2 illustrates
the two different mechanisms employed in powder bed inkjet printing, highlighting its potential for
creating a wide range of materials into intricate and customized bone scaffolds [106].

1 2
)
4 \/l
<> ;
Leveling Roller O ___— Binder Droplets

—  Powder Bed

Scaffold

Material T Fabrication
delivery piston Piston

Fig. 2: Two inkjet printing mechanisms, thermal-based and piezoelectric-based, operating on a powder bed. Inkjet
printheads apply a binding solution to the powder. Reproduced with permission from [106].

2.2.4.Extrusion Printing (Fused deposition modeling (FDM))

Extrusion printing, commonly known as FDM, has emerged as a noteworthy contender in the realm
of vertical bone augmentation. This technique shows promise for crafting personalized scaffolds
with intricate geometries tailored to individuals with varying degrees of bone loss. Extrusion
printing encompasses methods like fused deposition modeling (FDM) and the extrusion of gelling
liquid materials. In the fused deposition modeling (FDM) method, the material is heated until it
reaches a molten state, subsequently being extruded through a nozzle via pressured extrusion,
screw-based extrusion, or a hybrid of both [107]. The precision and form of the final scaffold hinge
on the rate at which the molten extruded filament cools and solidifies post-dispensation. However,
this method is confined to the fabrication of biodegradable materials such as PCL and PLA, along
with metal 3D scaffolds [107]. Extrusion printing techniques boast advantages such as cost-
effectiveness and rapid processing speed [108]. Nonetheless, challenges like low resolution
(approximately 200 um) [109] and the necessity for high-viscosity inks are acknowledged as
drawbacks associated with these methods. Despite these limitations, the versatility and suitability of
extrusion printing make it a noteworthy player in the landscape of additive manufacturing for
vertical bone augmentation.

One of the main challenges with FDM products is surface roughness [110]. This can be addressed
through pre-manufacturing methods, such as optimizing design parameters like layer thickness and
part orientation, or through post-processing techniques [111]. Heshmat et al. carried out a number
of investigations to look at how various FDM processes affected the products' rough surface. In
order to improve surface roughness, they look at an online polishing method that uses a hot-air jet
applied concurrently during the printing process [112]. It has been demonstrated that the hot-air jet
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improves average roughness by 65.3% by locally melting the staircase effect on the surface, making
it smoother [112]. In a similar study, Heshmat et al. investigated the effectiveness of slurry impacts
in improving the roughness of the surface parts made using FDM. They utilized a silica-water
mixture to soften the surface's staircase effect during the process. The results showed that the
surface roughness has significantly decreased by more than 70% in the traverse direction and more
than 40% in the longitudinal direction [113].

In another study, Heshmat et al. explores the enhancement of surface roughness in 3D printed PLA
by examining three factors: printing orientation, layer thickness, and slurry impact angle. A
Whirling Arm Slurry Test (WASET) rig is used to assess these effects. The results indicated a 42%
improvement in surface roughness in the transverse direction and a 24% improvement in the
longitudinal direction. Also, they developed an Adaptive Neuro-Fuzzy Inference System (ANFIS)
model to effectively predict surface roughness values. Optimal conditions for minimizing surface
roughness were identified as a medium layer thickness of 0.2 mm, a building orientation of 40°, and
an impact angle of 45°. The model demonstrated precise output values, confirming its effectiveness [114].
2.2.5.CAD/ CAM methods
In recent developments, cutting-edge techniques leverage Computer-Aided Design (CAD) and
Computer-Aided Manufacturing (CAM) technologies to facilitate the 3D printing of structures
based on predefined CAD files, specifying precise scaffold dimensions [115]. This innovative
approach has revolutionized the landscape of bone reconstructive surgery planning, considering
aesthetic, prosthetic, and functional requirements [115]. The integration of CAD-CAM technologies
introduces novel solutions for surgical planning, particularly in bone reconstructive procedures. By
utilizing images from computed tomography (CT) scans, CAD models are meticulously crafted to address
patient-specific bone defects, leading to the creation of a bespoke bone graft substitute [116, 117].

2.2.6.Other methods

Continuous Filament Fabrication (CFF) stands as a fabrication method akin to Fused Deposition
Modeling (FDM), employing a polymeric filament locally molten in the printing head. The
extrusion force is generated through filament movement facilitated by rollers, offering a unique
approach to 3D scaffold manufacturing [118]. Primarily used for nylon and Kevlar, CFF contributes
to the production of robust and tailored 3D scaffolds. Another noteworthy method is Direct Ink
Writing (DIW), an innovative approach to scaffold fabrication involving the extrusion of polymeric
ink or a binder. This process yields scaffolds with high resolution, although the initially produced
objects tend to be soft and fragile. Concurrent printing of support materials is common to address
this limitation. Post-printing steps, including drying, debinding, and sintering, are crucial for
optimizing mechanical characteristics [119]. DIW demonstrates compatibility with a diverse range
of materials, including ceramics, ceramic and metal matrix composites, sol-gel, and polymers [120].
Table 2 offers a comprehensive overview of the concepts and applications of 3D-printed scaffolds
in the realm of bone tissue engineering, showcasing the diverse capabilities and potential
applications of these advanced fabrication techniques.

Furthermore, the different types of scaffold materials and their additive manufacturing approaches,
emphasizing their biodegradability, mechanical strength, bioactivity, and clinical applicability, are
summarized in Table 3.
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Table 2: Principles and applications of 3D printing of vertical augmentation scaffolds

Class Manufacturing Advantage Disadvantage Reference
method
Low cost, simple Low precision, only
Fused deposition manufacturing, creating layer | thermoplastic materials, [121, 122]
modeling (FDM bonding, and a wide rough surface, and slow
application range. speed.
Direct ink writing/ | | 25t printing Sp‘fed’ Low molding accuracy and |  [123]
; robocasting (DIW) casy opergnon, oW easy to deform
Extrusion cost and high precision '
Fast processing speed, high High cost, software
Stereolithography P & speed, g operation difficulty, and [124, 125]
maturity, Namoura materials . .
(SLA) . . . high environmental
options, and high precision. .
requirements.
Poxyder bed and Printable active substances Long drying time and ink [126]
inkjet head 3D and prepared complex are prone to deterioratin
printing (3DP) scaffolds. p &
Powder
bed Electron beam
additive Wide selection of
manufacturing . . . High cost and low [127]
Materials without adding .
(EBM) . . efficiency.
organic adhesives.
Selective laser
sintering (SLS)
Table 3: Summarizing scaffold material types via their characteristics
Scaffold . Additive . | degradabilit | Mechanical | Bioactivit Cll_nlca! .
Tvpe Material | Manufacturi Strensth Applicabilit | Ref.
yp ng Approach y & y y
Collagen,
Chitosan,
Natural | Alginate, . Moderate . .
Polymers | Fibrin, FDM, SLS High High Widely used | [128]
Hyaluroni
c Acid
PLA, [128
Synthetic | PGA, : Moderate | Moderate . -
Polymers PCL., FDM, SLS High Widely used | 131]
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3. Degradable bio-membrane for vertical bone augmentation

Barrier membranes are frequently used in dental surgery to encourage GBR. To allow new bones to
fill the space left by bony defects and restore functioning, the barrier membrane is positioned to
prevent the gingival soft tissues from migrating into the area. Both biodegradable resorbable and
biodegradable non-resorbable membranes are used in GBR. There are two prominent types of bio-
degradable membranes are polymeric membranes and metallic membranes, each offering unique
advantages and challenges. Polymeric membranes, typically made from materials like
polycaprolactone (PCL) or polylactic acid (PLA), are favored for their biocompatibility and
controlled degradation rates. These membranes provide a flexible, lightweight option that can
conform to various anatomical shapes, promoting effective bone regeneration. Their gradual
degradation allows for sustained support during the healing process while minimizing the risk of
inflammatory responses. Conversely, degradable metallic membranes provide superior mechanical
strength and stability. Their robust structure makes them ideal for applications requiring significant
load-bearing capacity. However, the long-term presence of metals can induce foreign body
reactions, potentially complicating healing. The distinct properties and applications of both
polymeric and metallic membranes in vertical bone augmentation are summarized in Table 4,
highlighting their respective benefits and limitations.

Table 4: Properties of bio-degradable polymeric and metallic membranes.

Feature Degradable Polymeric Membranes Degradable Metallic References
Membranes
Mechanical | Lower mechanical strength compared to | High mechanical strength. [136-138]
Strength metallic membranes.
Maintaining space for bone regeneration can | Excellent space
Space be challenging, especially in large vertical | maintenance due to
. defects, often used with bone grafts or bone | inherent rigidity, and it can | [139, 140]
Maintenance . e
substitutes to provide initial support. be shaped to fit the defect
precisely.
Small to moderate vertical defects. | Large vertical defects Sites
P refera.ble Sites with good soft tissue coverage with  compromised  soft | 137, 139]
Scenarios tissue coverage.
Potential  for  premature  degradation, | Risk  of  soft tissue
compromising space maintenance; | dehiscence and membrane
Complications | inflammatory  reactions to  degradation | exposure. [140, 141]
products may occur. Risk of membrane | Potential for infection.
collapse if not properly supported.

3.1. Degradable Polymeric Membrane for Vertical Bone Augmentation

GBR emerges as a pivotal technique in vertical bone augmentation, particularly in maxillary and
mandibular alveolar bones. This method uses a barrier membrane to control blood clots, secure
space for newly formed bone, and exclude soft tissue [36, 142].

3.1.1. A biodegradable polymeric membrane compared with the titanium membrane

A notable innovation in this domain involves the use of 3D membranes composed of a slow-
degrading polymer (polycaprolactone, PCL) and a rapidly degrading polymer (poly-lactic-co-
glycolic acid, PLGA 85/15) as introduced by Kim et al [143-145]. Kim et al. [143] employed
MHDS to produce 3D membranes from a PCL/PLGA/B-TCP composite [143], whose half-life in
vivo was around 9 weeks previously reported for a porous sponge [146]. Furthermore, the
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combination of 3D polymeric membranes with particulate materials, such as bone morphogenetic
proteins (BMPs), has been explored for enhancing vertical bone augmentation.

Shim et al. carried out multiple studies examining the efficacy of rhBMP-2-loaded PCL/PLGA/B-
TCP GBR membranes [143, 144, 147]. These 3D-printed membranes, characterized by their small
pore sizes, demonstrated significant results in promoting bone formation and enhancing
osseointegration. In a rabbit model, the researchers evaluated the performance of the thBMP-2-
loaded membranes in reconstructing calvarial defects. The findings revealed that the BMP-2-loaded
membranes significantly outperformed the control group, effectively facilitating bone formation and
filling interstitial spaces by 8 weeks post-implantation [143].

Comparatively, a study by Shim et al. [144] compared the effects of a 3D-printed (PCL/PLGA/B-
TCP) membrane with a titanium mesh membrane using extrusion-based 3D printing technology.
The study, conducted on beagle dogs, revealed significant new bone formation around implants in
buccal defect regions for the PCL/PLGA/B-TCP group. Notably, the membrane was either fully or
partially absorbed, or retained bone graft materials were surrounded by bony tissues. In contrast, the
control group exhibited minimal bone formation, emphasizing the efficacy of the 3D-printed
membrane in osseointegration as illustrated in Figure 3. However, challenges arise with the rapid
degradation of PLGA, potentially triggering inflammatory reactions and compromising mechanical
properties in the longer term. These findings underscore the potential of 3D-printed polymeric
membranes, emphasizing their role in advancing GBR techniques for vertical bone augmentation.

mplantation. (A): 3D CAD

model design of the PCL/PLGA/B-TCP membrane; (B), Titanium mesh design. (C) The open buccal

defect model. (D, E): Surgical protocol shows the placement of a dental implant overlayed by the 3D-

printed membrane. (F-K): tissue morphology of the various groups (F, G): no membrane, (H, I) 3D-
printed membrane, (J, K): Titanium membrane [144].
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o ¥ ) . 4
Fig. 4: Comparison of PCL and PCL/B-TCP 3D-printed membranes with a collagen membrane in a
canine mandibular defect model. (A, B) Surgical preparation of standardized defects. (C)
Implantation of particulate bone graft materials. (D) Placement of membranes (collagen, PCL, or
PCL/B-TCP) fixed with titanium screws. (E-M) Histological evaluation: Hematoxylin and eosin
staining (E, H, K) and Goldner’s Trichrome staining (F, G, I, J, L, M) for collagen (E-G), PCL (H-J),
and PCL/B-TCP membranes (K-M) [147].

3.1.2. Biodegradable polymeric membrane compared with collagen membrane

Building on their earlier research, Shim et al. [147] evaluated the effectiveness of 3D-printed PCL
and PCL/B-TCP membranes (in a 4:1 weight ratio) compared to a conventional commercial
collagen membrane for facilitating guided bone regeneration (GBR) in a canine model, as illustrated
in Figure 4 A-D. A 175 mm?® defect was created across six mandibular sites in three different
animals. The membranes were secured with titanium pins, with bovine graft particulate placed
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beneath each, and healing was monitored for over 8 weeks. The results indicated no significant
differences in the amount of bone formed between the collagen and 3D-printed membranes, as
shown in Figure 4 E-M.

Despite variations in pore sizes, the PCL 3D-printed membrane demonstrated superior long-term
space maintenance and handling capabilities compared to the hydrated collagen membrane, which
tends to lose stiffness and handling ability upon exposure to biological fluids. The use of a
polymer/ceramic composite scaffold for bone augmentation yielded promising results; however,
reliance on bone grafting materials raises concerns regarding handling and stability. Furthermore,
inadequate stress distribution across the membrane may hinder effective bone regeneration, and
insufficient control over the volume of regenerated bone could impede the jawbone's ability to
restore its original anatomical structure.

3.2. Degradable bio-metallic membrane for Vertical Bone Augmentation

In the field of maxillofacial surgery, GBR employing membranes or meshes is a common practice
to augment alveolar bone volume and stimulate bone regeneration within bony windows or defects
[148, 149]. Various biomaterials, including non-resorbable metals such as titanium [150] and
stainless steel [151], have been utilized as membranes in GBR due to their exceptional mechanical
properties, preventing bony defects from collapsing and facilitating new bone formation. However,
the differing elastic modulus compared to natural bone poses challenges such as stress-shielding
effects, mastication-related issues, and the potential for long-term inflammatory responses and mesh
exposure, necessitating surgical removal of the bio-inert membrane and causing tissue damage and
discomfort [152]. To overcome the limitations associated with non-degradable membranes, there
has been recent interest in the development of biodegradable metallic membranes for GBR.
Magnesium and its alloys, in particular, have emerged as promising materials due to their sufficient
rigidity for maintaining space at the site and supporting long-term new bone formation, in contrast
to conventional bioresorbable polymeric membranes [153].

Rider et al [154] investigated a biodegradable magnesium membrane (30 x 40 mm with a thickness
of 140 um) created using a hot-rolling technique from high-purity magnesium sheets (99.95%) in a
Beagle dog model, as shown in Figure SA-F. The preparatory phase involved the extraction of four
teeth, specifically from the mandibular second premolar to the first molar (PM2 to M1) on both
sides of the lower mandible, along with corresponding upper maxillary teeth. Following this, the
upper jaw was closed, allowing for a healing period of 12 + 2 weeks, with sutures removed
approximately 2 + 1 weeks post-extraction (Figure 5G-H).

In the experimental phase, two 5 mm diameter and 5 mm deep bone defects were created on each
side of the lower jaw. These defects were filled with BioOss (Geistlich AG) and covered with either
the magnesium membrane or a collagen membrane (Bio-Gide, Geistlich AG), secured in place
using four titanium screws. The study included mechanical tests to evaluate the properties of the
magnesium membrane, as well as an in vitro corrosion assessment.

Results showed that during the initial 8-week healing period, the magnesium membrane effectively
maintained its barrier function, providing space while securely holding the bone graft material
within the defect space, facilitating bone regeneration. In the subsequent phase, a salty corrosion
layer and local gas cavities formed, sustaining the separation between soft and hard tissues. At week
16 post-implantation, the magnesium membrane was fully corroded and resorbed. The in vivo
performance study demonstrated its comparable healing response and tissue regeneration to a
resorbable collagen membrane, suggesting its suitability as a barrier membrane in GBR treatment.
A static tensile strength test revealed a maximum tensile stress of 183.0 = 10.7 MPa [155]. The
magnesium membrane exhibited high resistance to collapse, potentially preventing the reported risk
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observed with collagen [156, 157] and polymeric membranes. Moreover, Mg displayed an increase
in resistance to puncture even after 7 days of degradative conditions compared to the undegraded
collagen membrane. The fixation of the magnesium membrane using a titanium fixation screw
could form a galvanic cell between magnesium and titanium. This galvanic cell leads to an increase
in the dissolution rate of magnesium and the hydrogen evolution on the titanium screw surface.
They assessed the effect of the galvanic corrosion cell between the magnesium membrane and
titanium screw using voltammetry measurements in Hank’s Balanced Salt Solution (HBSS) with
varying surface area ratios between the magnesium membrane and titanium. The result revealed that
the surface area ratio of 10 (Mg):1(Ti) or higher does not enhance the risk of local galvanic
corrosion. In addition, a homogenous corrosive attack was confirmed by microscopic observations
of the magnesium membranes, which were fixed by titanium screws in HBSS up to 54 h. An
interesting finding in this study is the effect of hydrogen gas that is released due to the degradation
process of the magnesium membrane. The released hydrogen gas creates an additional barrier
between the soft and the hard tissues due to the formation of a thin gas pocket layer on the upper
surface of the membrane towards the soft tissue. Therefore, the hydrogen gas that is formed above the
membrane does not affect bone regeneration, and these results agree with the reported results from [154, 158].
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Fig. 5: Surgical procedure using a magnesium (Mg) membrane. (A) Shape of the Mg membrane. (B)
Defect site without Mg membrane. (C) Cutting the Mg membrane. (D) Covering the defect with the
Mg membrane. (E) Fixation of the Mg membrane on both buccal and palatal/lingual sides. (F)
Reflection of the mucoperiosteal flap. (G) Anatomical site: four teeth between the mandibular second
premolar (PM2) and first molar (M1). (H) After a healing period of 12 + 2 weeks, two independent
bone defects were created on each side of the mandible [154].

Yan et al. [159] investigated the viability and effectiveness of a degradable magnesium alloy,
specifically (Mg-2Zn-0.46Y-0.5Nd), for repairing distal bone defects (DBD) in the mandibular
second molar (M2M) using a novel M2M-DBD model with beagle dog mandibles. The study
involved eight beagle dogs, where a standardized two-wall bony defect (5 mm X 5 mm X 5 mm)
was surgically created by removing the distal roots to simulate M2M-DBD conditions, as shown in
Figure 6 (a-1). The thirty-two bone defects were randomly divided into four groups based on the

127



Shaping the Future of Vertical Bone Augmentation: A Detailed Review of Additive Manufacturing and 3D Biodegradable.

GBR membrane used, with two groups utilizing the MAR-Gide (MG) membrane and the others
employing the Bio-Gide (BG) membrane. Histological analysis presented in Figure 6 (j-o0) revealed
complete degradation of the MG membrane within three months post-surgery. The MG membrane
demonstrated favorable in vivo biocompatibility, not associated with subcutaneous emphysema or
an increased risk of infection compared to the BG membrane. Additionally, MG exhibited potential
osteoinductive properties, with its osteogenic effects comparable to those of BG, showing no
significant differences in vertical bone height or the percentage of new bone formation (45.44 +
12.28% for MG vs. 43.49 £+ 7.12% for BG). Importantly, the MG-6m group histologically showed
no gas cavity, as depicted in Figure 6 (n, o). The degradation products of magnesium were closely
linked to new bone, indicating that they did not impede bone formation. While enhancements to the
Mg alloy could improve the osteogenic effects of the MG membrane, the study highlighted a key
limitation, underscoring the necessity for future research to establish the optimal degradation rate
that supports adaptation to bone formation in the oral cavity.
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Fig. 6: (a-i) Surgical procedure for DM grafting and applying MAR/Bio-Gide, (j-0) Quantitative
Histological Assessment of Bone Formation [(j) group MG-3m, (k) group BG-3m), (m, n) TRAP-
stained sections in MG-3m, and BG-3m groups, respectively. (i, 0) The average number of TRAP for

MG-3m and BG-3m groups, respectively [159].

Wu et al. [160] conducted a study to improve the surface properties of pure magnesium mesh in
order to reduce its degradation rate. The research focused on how this surface modification affects
biodegradation and bone regeneration, particularly for guided bone regeneration (GBR)
applications, using a critical-size defect model in rat calvaria. The two-step surface modification
involved plasma electrolytic oxidation (PEO) followed by hydrothermal treatment (HT), resulting in
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a protective layer primarily composed of Mg(OH)., containing approximately 8% phosphorus and
measuring about 1 um in thickness, as demonstrated by X-ray diffraction (XRD) results. After four
weeks of implantation, the untreated magnesium mesh completely degraded, creating gas pockets
between the mesh and the newly formed bone. These gas pockets, a byproduct of the degradation
process, displaced surrounding tissues and impeded blood and body fluid supply, thereby hindering
bone healing and promoting bone resorption. In contrast, the PEO/HT-treated magnesium mesh
showed minimal degradation after the same period. Furthermore, new bone formation was observed
along the surface of the treated mesh, extending from the edge of the base bone to the center of the
defect. Over the 8-week implantation period, the untreated magnesium mesh fully degraded, and
hydrogen gas evolution ceased. However, gas pockets were still observed emanating from the
center of the treated magnesium mesh, attributed to localized corrosion caused by the breakdown of
the PEO/HT coating. A key limitation of this study is its relatively short duration, highlighting the
need for longer-term experiments to establish the complete duration necessary for full bone
regeneration with magnesium.

4. Degradable 3D Scaffolds for Vertical Bone Augmentation

The advancement of three-dimensional biodegradable scaffolds for vertical bone augmentation is an
ongoing area of research. Various biodegradable materials are employed in fabricating 3D scaffolds
for bone augmentation.

4.1. Degradable Polymeric 3D Scaffold for Vertical Bone Augmentation

The flexibility and ductility of polymers utilized in creating 3D scaffolds enable them to conform to
the shape of the defect and be securely affixed with titanium screws. Numerous studies in oro-
dental tissue regeneration have explored the use of 3D-printed polymeric scaffolds [161, 162].
However, the translation of these efforts into clinical applications for vertical alveolar augmentation
is still in progress. The significance of 3D polymeric scaffolds for vertical alveolar bone
augmentation is underscored through various animal models. A noteworthy example involves the
use of 3D polymeric (PCL)-TCP scaffolds, fabricated using fused deposition modeling techniques
[163]. These scaffolds have demonstrated the facilitation of early revascularization and accelerated
bone regeneration by either supporting seeded cells on the scaffold or allowing invading cells from
the local host environment [23, 164, 165]. Additionally, PCL-TCP scaffolds have shown potential
for enhancing mineralized tissue formation [166] and serving as a delivery system for platelet-rich
plasma (PRP) and bone morphogenic protein [15, 167]. The PCL-TCP composite scaffold,
characterized by high porosity (70-75%) and pore size exceeding 300 pum, proves suitable for
hosting and facilitating the transfer of stem cells [167].

In a study conducted by Khojasteh et al [168], vertical bone augmentation was investigated using a
3D-printed B-TCP/PCL scaffold (20 x 10 x 10 mm?). The research assessed the impact of a 3D-
printed PCL/TCP scaffold infused with mesenchymal stem cells (MSCs) 24 hours before
implantation on repairing a critical-sized vertical bone defect in a dog's mandible, with an 8-week
healing period illustrated in Figure 7A-B. Results from the study highlight the superior performance
of the cell-laden scaffold compared to the one without cell filling, as indicated by
histomorphometric measurements detailed in Table 5. SEM micrograph analysis in Figure 7 (C—F)
illustrates the dispersion of MSCs within the scaffold pores and their adhesion to the PCL-TCP
scaffold. The authors attribute these outcomes to the bioinert nature of PCL, even when blended

129



Shaping the Future of Vertical Bone Augmentation: A Detailed Review of Additive Manufacturing and 3D Biodegradable.

with inorganic fillers. Notably, a prior study demonstrated the scaffold's secure fixation using a
titanium screw, underscoring the resilience-enhancing properties of the PCL polymer block.

Table 5: The Amount of new bone formation in the control and the test groups [168].

Test Bone formation % Remaining Scaffold %
Control groups MSCs containing Control groups MSCs containing
groups groups
Mean + SD 17.27+£3.29 48.63 £ 4.66 36.55+£3.76 24.1+4.13
Minimum 13.32 41.45 28.26 17.64
Maximum 24.45 55.78 40.12 30.21

Fig. 7: (A) Creating a critical-size vertical defect in the posterior mandible area of dogs; (B) fixation of
the PCL-TCP blocks with a mini screw. C—F: SEM analysis of the PCL-TCP scaffold loaded with
MSC:s [(C) x10)]. MSCs were entrapped in the porosity and attached to the walls [(D-F) x1000] [168].

Kumar et al. [169] investigated the potential of a biphasic PCL scaffold combined with a hyaluronic
acid-based hydrogel containing BMP-2 for vertical bone regeneration in rabbits [33]. Using fused
deposition modeling (FDM), they created 3D-printed biphasic scaffolds featuring an outer polymer
shell that mimicked native cortical bone for mechanical support, while the interior resembled
cancellous bone to enhance vascularization, as illustrated in Figure 8A. By employing PLLA domes
during guided bone regeneration, they successfully prevented fibrous tissue infiltration. In their
study, they examined the hydrogel-loaded BMP-2 within the scaffold using an extraskeletal lapine
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model. They implemented a groove technique instead of transcortical perforations, which
effectively reduced blood clot formation and delayed the initiation of the healing cascade, thereby
influencing neovascularization and bone formation within the scaffold. The results indicated that
the biphasic construct fulfilled the criteria for vertical bone augmentation, demonstrating both
biomechanical stability and effective space maintenance. However, limited vertical bone formation was
predominantly observed near the resident calvarial bone, as shown in Figure 8B-1 (H&E). This limitation
may be linked to insufficient vascularization post-implantation due to the surgical model employed.
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Fig. 8: PCL biphasic scaffold loaded with hydrogel. (B-I) H& E-stained images. (B) PLLA dome, (C)
PLLA dome combined with a biphasic scaffold. Magnified images for the empty dome (D) and the
biphasic scaffold (E). (F) a PLLA dome combined with a biphasic scaffold and Hydrogel, (G) a PLLA
dome combined with a biphasic scaffold, Hydrogel, and 30 pg BMP-2. (H) PLLA dome combined with
a biphasic scaffold and composite Hydrogel, and (I) PLLA dome combined with a biphasic scaffold,
composite hydrogel, and 30 pg BMP-2 [169].

In a follow-up study using an extraskeletal ovine calvarium model, Vaquette et al. [11] assessed the
efficacy of a PCL 3D-printed/melt-electrowritten biphasic scaffold for vertical bone augmentation.
The study was conducted in two stages: the first stage focused on examining the effects of the
scaffold and various BMP-2 dosages on bone formation, while the second stage evaluated bone
maintenance and implant osseointegration through surgical re-entry and dental implant placement.

The experimental setups included an empty dome, a biphasic scaffold functionalized with a gelatin-
hyaluronic hydrogel, and biphasic scaffolds functionalized with gelatin-hyaluronic hydrogel
containing either 75 or 150 pg of BMP-2. Additionally, a gelatin-hyaluronic hydrogel alone or with
BMP-2 at the same dosages was tested. Bone formation was observed exclusively in the elevated
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space beneath the PLLA domes across all groups, with notably greater formation in the BMP-2-
containing specimens, as illustrated in the three-dimensional reconstructions of CT scans and bone
volume quantifications in Figure 9A-G.

Results from the first stage indicated that the scaffold enhanced vertical bone augmentation due to
its capacity to retain the hydrogel. However, BMP-2 dosage did not significantly affect the volume
of extraskeletal-formed bone, suggesting a threshold dose necessary to initiate bone formation in a
given defect volume.

In the second stage, dental implants were placed in the bone formed by the BMP-2-containing
hydrogel or the BMP-2-functionalized biphasic scaffold after an 8-week healing period post-
implantation. Bone resorption was noted in the absence of a biphasic scaffold, as depicted in Figure
9H-N. These findings demonstrate that a long-term space-maintaining scaffold can prevent early
bone resorption and provide enhanced dimensional stability to the elevated bone. Given that PCL
has a very slow degradation rate (spanning 3 to 5 years), a longer healing period is essential to
determine whether the elevated bone can be maintained over extended durations after the complete
degradation of the PCL scaffold [170, 171].
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Fig. 9: (A-G) Micro-computed tomography of bone volume. NB denotes new bone, and RB denotes
resident bone. (H-N) Histological (H&E) and histomorphometric assessment of bone formation at 8
weeks post-implantation [11].

In a preliminary clinical study, Goh et al. [172] evaluated the feasibility and effectiveness of a 3D-
printed PCL scaffold designed to maintain space in fresh extraction sockets during ridge
preservation. The study involved thirteen patients, with six receiving the PCL scaffold in the
extraction socket and seven acting as a control group without any space filler. Following a six-
month post-surgery period, micro-CT and histological analyses of a central bone segment were
conducted to assess newly formed bone. The findings revealed that patients who received the 3D
scaffold experienced significantly greater bone height compared to those in the control group. This
superior outcome was linked to the low degradation rate of the PCL polymer during the first six
months post-surgery. While both groups exhibited some degree of bone ridge resorption, the PCL
scaffold helped to mitigate this process by preserving its geometry during the initial healing phase.
However, despite its benefits for immediate space preservation, the scaffold's lack of material
resorption could hinder new bone formation, potentially affecting the long-term success of the ridge
preservation procedure.
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Farag et al. [173] explored a multifunctional biphasic PCL 3D scaffold (250 um pore size) using a
melt electrowetting (MEW) device, modifying its surface with calcium phosphate nano-
plates/flakes for periodontal regeneration. They created decellularized tissue-engineered constructs
(TEC) by seeding human osteoblasts (hOBs) within the coated 3D scaffold for a 28-day study,
guiding tissue-specific cellular repopulation. The biphasic construct included an in vitro periodontal
ligament (PDL) cell sheet on the bone compartment's surface. The study also assessed
lyophilization's role in preserving biphasic TEC for periodontal regeneration. The scaffold
replicated the natural bone extracellular matrix (ECM) with adequate porosity for cell movement
and nutrient exchange. SEM analysis showed well-preserved PCL fiber morphology, with a CaP
layer forming after soaking in HBSS. This CaP coating, maintaining its nanostructure through
decellularization and lyophilization, demonstrated effective ECM preservation in both PDL and
bone compartments. The condensed ECM morphology in the PDL compartment suggested lyophilization's
crosslinking effect, contrasting with a well-preserved decellularized matrix without lyophilization.

4.2. Degradable Biometallic 3D Scaffolds for Vertical Bone Augmentation

Titanium and titanium alloys are considered crucial biometallic materials due to their exceptional
biocompatibility, excellent mechanical properties, and elasticity [165]. Their favorable
characteristics make them highly suitable for various bone regeneration applications. Titanium-
based 3D scaffolds, known for good hydrophilicity, facilitate mineral deposition, cell attachment,
and proliferation in vitro [165]. They promote the formation of new bones in vivo without causing
inflammation or necrosis around the implant sites [174]. Despite these advantages, the issue of
permanent implants has led to the exploration of biodegradable metallic alloys.

Creating 3D magnesium scaffolds is possible through various techniques, such as powder
metallurgy, laser etching, and rapid prototyping. Powder bed fusion (PBF), using laser (L-PBF) or
electron beam (EB-PBF), is a commonly used technique for producing metallic implants. However,
challenges arise with magnesium because of its high chemical reactivity and evaporation during the
PBF process. Magnesium-based metals cannot be melted using EB-PBF, as the evaporation
products interfere with the electron beam's propagation in a vacuum [175]. Laser etching
techniques, while capable of producing 3D magnesium scaffolds with high porosity and well-
distributed pore size, face challenges due to magnesium's high affinity to oxygen and low boiling
temperature [176]. Innovative scaffold materials with appropriate properties for bone applications
are being developed to address fabrication method drawbacks for Mg scaffolds, including uneven
pore distribution, residue induction, and high-tech expenses. One such technique is fiber deposition
hot pressing (FDHP) technology, introduced by Zhang et al. to produce a novel 3D porous Mg
scaffold [177] as illustrated in Figure 10A. The study revealed that the pores are evenly distributed
on the magnesium scaffold's surface, with rectangular shapes regardless of the sample direction.
Figure 10 (B)—~(D) indicates that the size of one type of pore (axial pore) is controlled by the fiber
distribution, while the size of the other type (lateral pore) is determined by the fiber height, as
shown in Figure 10(E)—(G).

Lin et al [178] utilized 3DGP to fabricate porous Mg scaffolds and implanted them into the femoral condyle of
rats to evaluate their bone regeneration potential. The scaffolds were designed with a porosity of 60-80% and
interconnected pores ranging from 100 to 300 pm, which are considered optimal for bone tissue ingrowth
[179]. The results showed that the Mg scaffolds exhibited good biocompatibility and supported new bone
formation within the pores. Histological analysis revealed osteoblasts and new bone matrix, indicating that the
scaffolds provided a favorable environment for bone regeneration.
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Fig. 10: B-G) SEM micrographs of two kinds of pores on the surface of axial porous Mg samples with
porosity ranging from 33% to 54%. B, C, and D axial direction with porosity of 33%, 48%, and 54 %
respectively; E, F, and G lateral direction with porosity of 33%, 48%, and 54 % respectively [177].

Wang et al. [180] employed Fused Deposition Modeling (FDM) to create a PCL/Zn 3D composite
scaffold with varying Zn powder contents (1 wt%, 2 wt%, and 3 wt.%). The study
comprehensively evaluated the mechanical properties, cytocompatibility, Zn ion release behavior in
vitro, and osteogenesis and osteoclastogenesis features in a rat model of calvaria defects for the
produced PCL/Zn scaffolds. Notably, the addition of Zn powder enhanced the mechanical
properties, although excessive Zn particles impacted the integrity of the PCL fiber. Due to PCL's
inherent hydrophobic nature, contact angle measurements demonstrated increased scaffold
hydrophilicity with rising Zn content, aligning with a related study incorporating magnesium
particles into a PCL scaffold. [181]. The contact angle measurements demonstrated that the
hydrophilicity of the scaffold increased with increasing Zn content, and these findings supported
those of a related study reported by Zhao et al, when they incorporated magnesium particles into a
PCL scaffold [182]. These changes were attributed to the hydrophilic nature of metal powders
compared to pure PCL and alterations in PCL surface structure during extrusion and molding.
Although no scaffolds exhibited apparent cytotoxicity, those with 2 wt% and 3 wt% Zn showed
increased cell adhesion on the surfaces, consistent with hydrophilicity results. The in vivo bone
formation-promoting effect of Zn was dose-dependent. Eight weeks post-implantation, Zn powder
addition promoted new bone formation across all scaffold-containing groups compared to the blank
control. The PCL scaffold with 2 wt% Zn exhibited the most favorable osteogenic effect on bone
formation. However, concentration increases to 3 wt% Zn led to a significant rise in osteoclasts at
the new bone tissue edge, resulting in decreased new bone formation. This study provides valuable
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insights into Zn's role in bone regeneration, highlighting its potential for endowing composite
materials with enhanced biological functions.

5. Prospects and Future Directions

The future of vertical bone augmentation is being revolutionized by the combination of additive
manufacturing and biodegradable scaffolds. This technology is moving beyond simply creating
custom-shaped, bone-guiding structures and is instead advancing towards the development of
dynamic, "4D" systems [183]. These next-generation scaffolds are designed to change over time
within the body, capable of transforming from a compact shape for minimal surgical invasion into a
complex structure or of releasing growth factors on demand in response to specific biological
signals [184]. This evolution from a passive implant to an active participant allows for a more
precise and sophisticated healing process.

To further mimic natural bone, research is focusing on multi-material printing that creates scaffolds
with graded properties, transitioning from a dense exterior to a porous interior, just like real bone
[185]. A critical parallel goal is ensuring these constructs rapidly develop blood vessels. The
strategy is shifting from merely placing cells on a scaffold to pre-printing them into functional
micro-tissues [186]. By precisely arranging a patient's stem cells and blood vessel-forming cells
together, surgeons can implant a scaffold that already contains a pre-formed network of capillaries
[187]. Through this collaborative effort across scientific disciplines, the goal of reliably
regenerating complex bone defects is becoming an achievable reality, heralding a new era of
personalized regenerative medicine.

6. Conclusions

This review highlighted guided bone regeneration in vertical augmentation and recent progress in
additive manufacturing of biodegradable membranes and scaffolds. These structures, crafted from
biodegradable polymeric and metallic materials, represent a promising frontier in the field of
vertical bone augmentation. The central focus of this review was on the progress achieved through
the utilization of biodegradable membranes and 3D scaffolds for vertical bone augmentation.
Notably, the demand for patient-specific geometries emerges as an important consideration for the
future of this field. Crafting anatomically precise builds is imperative, as it not only facilitates the
generation of extraskeletal bone but also ensures long-term space maintenance. This, in turn,
enables multiple cycles of bone remodeling, ultimately curbing bone resorption post-implant
insertion and thereby enhancing the durability of implants. Despite the strides made, several
technical challenges persist. The optimization of manufacturing processes for enhanced precision,
the development of advanced biomaterials with improved biomechanical properties, and the
establishment of standardized protocols for clinical implementation remain key hurdles. Future
opportunities lie in the continued integration of cutting-edge nanotechnologies to tailor implants to
individual patient needs, thereby ushering in an era of personalized regenerative medicine.
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