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ABSTRACT
Alveolar bone deficiency remains one of the main challenges in implant-driven oral rehabilitation. 
Calcium-phosphate biomaterials are widely used to restore bone volume prior to or alongside 
implant placement. Despite their extensive clinical use, biomaterials are still commonly evaluated 
according to their class, origin, or commercial brand rather than according to the physico-
chemical and structural characteristics that govern their biological behavior. 
This thesis investigated how the physicochemical, structural, and manufacturing-related 
characteristics of calcium-phosphate biomaterials influence biological performance in alveolar 
and cranio-maxillofacial bone regeneration. Six complementary studies addressed this question 
through a combination of systematic evidence synthesis, controlled in vivo and in vitro 
investigations centered on bovine hydroxyapatite, methodological development, and analysis of 
emerging next-generation biomaterial concepts. The systematic synthesis demonstrated that 
distinct physicochemical parameters influence different regenerative outcomes, with no single 
parameter optimizing all outcomes simultaneously and no biomaterial category consistently 
outperforming all others. The experimental studies further demonstrated that biomaterials 
sharing the same chemistry, origin, and clinical indication may nevertheless exhibit distinct 
regenerative behaviors when produced through different manufacturing pathways. These 
differences were most pronounced during early healing and could be mechanistically linked 
to changes in physicochemical characteristics, protein interactions, and cellular response. In 
parallel, a digital-twin workflow based on intraoperative optical scanning was developed to 
prospectively define histomorphometric regions of interest, providing a methodology to improve 
spatial standardization and reduce cross-study heterogeneity in preclinical bone regeneration 
research. Finally, the thesis explored future directions in biomaterial development, including 
multiscale structural design, dynamic bioresponsive behavior, computational optimization, and 
patient-specific approaches.
Together, the findings of this thesis support a shift in how calcium-phosphate biomaterials are 
evaluated. Rather than considering biomaterials primarily according to their class or commercial 
designation, the results highlight the importance of the relationship between manufacturing, 
physicochemical characteristics and biological behavior. For clinicians, these findings suggest 
that differences between biomaterials within the same class may influence regenerative 
outcomes and should therefore be considered during material selection. For the scientific 
community, the work provides experimental, methodological, and conceptual foundations for 
a more biologically grounded approach to biomaterial evaluation and design. 

Abstract
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RéSUMé
Le déficit osseux alvéolaire demeure l’un des principaux défis de la réhabilitation orale implanto-
portée. Les biomatériaux à base de phosphate de calcium sont largement utilisés pour restaurer
le volume osseux avant ou lors de la pose d’implants. Malgré leur utilisation clinique étendue, 
les biomatériaux sont encore couramment évalués selon leur classe, leur origine ou leur marque 
commerciale, plutôt qu’en fonction des caractéristiques physicochimiques et structurelles qui 
régissent leur comportement biologique.
Cette thèse a étudié l’influence des caractéristiques physicochimiques, structurelles et liées 
aux procédés de fabrication des biomatériaux à base de phosphate de calcium sur leurs 
performances biologiques dans le cadre de la régénération osseuse alvéolaire. Six études 
complémentaires ont abordé cette question en combinant une synthèse systématique des 
données disponibles, des investigations contrôlées in vivo et in vitro centrées sur l’hydroxyapatite 
bovine, le développement d’une nouvelle approche méthodologique ainsi que l’analyse de 
concepts émergents relatifs aux biomatériaux de nouvelle génération.
La synthèse systématique a montré que différents paramètres physicochimiques influencent des 
résultats régénératifs distincts, sans qu’un seul paramètre permette d’optimiser simultanément 
l’ensemble de ces résultats ni qu’une catégorie de biomatériaux surpasse systématiquement 
toutes les autres. Les études expérimentales ont également démontré que des biomatériaux 
présentant une composition chimique, une origine et une indication clinique identiques peuvent 
néanmoins adopter des comportements régénératifs différents lorsqu’ils sont obtenus par des 
procédés de fabrication distincts. Ces différences étaient particulièrement marquées durant 
les premières phases de cicatrisation et ont pu être reliées, sur le plan mécanistique, à des 
variations des caractéristiques physicochimiques, des interactions protéiques et de la réponse 
cellulaire.
Parallèlement, un protocole fondé sur un jumeau numérique et sur la numérisation optique 
peropératoire a été développé afin de définir prospectivement les régions d’intérêt
histomorphométriques. Cette approche méthodologique vise à améliorer la standardisation 
spatiale et à réduire l’hétérogénéité entre les études précliniques consacrées à la régénération 
osseuse. Enfin, cette thèse a exploré de futures orientations pour le développement des 
biomatériaux, notamment la conception structurelle multi-échelle, les comportements bio-réactifs 
dynamiques, l’optimisation computationnelle et les approches spécifiques au patient.
Pris dans leur ensemble, les résultats de cette thèse plaident en faveur d’une évolution de la 
manière dont les biomatériaux à base de phosphate de calcium sont évalués. Plutôt que de les 
considérer principalement selon leur classe, leur origine ou leur désignation commerciale, 
ces résultats soulignent l’importance des relations entre les procédés de fabrication, les 
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caractéristiques physicochimiques et le comportement biologique. Sur le plan clinique, ces 
résultats montrent que des biomatériaux appartenant à une même classe peuvent présenter 
des performances régénératives différentes, un facteur qui mérite d’être considéré lors de la 
sélection du matériau. Sur le plan scientifique, ces travaux établissent des bases expérimentales, 
méthodologiques et conceptuelles pour une évaluation et une conception des biomatériaux 
davantage guidées par leur comportement biologique.
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GENERAL Introduction & AIMS
The replacement of missing teeth by osteointegrated dental implants has become a foundation 
stone of contemporary oral rehabilitation. The demand for implant rehabilitation has continued 
to grow over the past decades, driven by population aging, expanded access to advanced 
dental care, and the well-documented functional improvements and quality of life benefits with 
implant-supported prostheses [1, 2]. The recurrent clinical challenge associated with this trend 
is the insufficient alveolar bone volume at the prospective implant site, which limits the correct 
three-dimensional, prosthetically driven implant placement [3, 4]. Several augmentation 
strategies have become routine in periodontology, oral surgery, and implantology, including 
socket preservation, horizontal and vertical guided bone regeneration, sinus floor elevation, and 
block grafting. Across these indications, the clinical purpose is to restore a sufficient volume of 
vital, well-vascularized and mechanically resistant bone, while maintaining its volumetry over the 
lifetime of the implant [5, 6]. Evidence from systematic reviews and consensus reports indicates 
that these procedures are predictable when appropriate techniques and materials are selected, 
but that the choice of grafting material remains a determinant factor in the regenerative outcome 
[7, 8]. 
Bone is a dynamic and highly vascularized tissue that is continuously maintained through the 
coordinated activity of osteoblasts, osteoclasts, and osteocytes within a mineralized collagen 
matrix. Unlike most tissues of the human body, bone retains an important capacity for true 
regeneration rather than simple fibrous repair. This regenerative potential is, however, limited, 
and large defects or defects healing under compromised conditions often fail to regenerate 
spontaneously [9]. Bone healing occurs through three overlapping phases, an inflammatory, a 
reparative (proliferative), and a remodeling phase. Following injury, the initial inflammatory phase 
leads to hematoma formation and recruitment of immune cells to the defect site. It overlaps 
with the ensuing reparative (proliferative) phase, during which mesenchymal progenitor cells 
migrate, proliferate, and differentiate into osteoblasts capable of producing new bone matrix. 
Finally, a prolonged remodeling phase gradually replaces the initially formed woven bone with 
mature lamellar bone [10, 11]. The early, inflammatory phase of this cascade exerts a particular 
influence on the final outcome. Macrophages recruited at this stage undergo a functional 
polarization between pro-inflammatory and reparative phenotypes, and a balanced, well-resolved 
inflammatory response favors the subsequent transition to osteogenesis [12, 13]. Adequate 
vascularisation is a further prerequisite, supplying oxygen, nutrients, and progenitor cells to the
healing defect [14]. 
When a bone substitute biomaterial is implanted into a defect, it interacts with this regenerative
cascade. Its contribution is traditionally described through three principal mechanisms: 

GENERAL Introduction & AIMS
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osteoconduction, defined as the ability to support bone growth along the material surface; 
osteoinduction, referring to the stimulation of progenitor cells toward osteogenic differentiation; 
and osteogenesis, which corresponds to direct bone formation by viable cells contained within 
the graft itself [15]. This interaction can be appreciated at successive levels of observation: from
the clinical placement of the biomaterial within the bony defect, to the histological apposition of 
newly formed bone along the particle surface, down to the cellular adhesion occurring at the 
material interface (Figure 1).

GENERAL Introduction & AIMS

The biomaterial–tissue interaction observed across length scales. (A) Clinical view of a particulate 
calcium-phosphate biomaterial packed within an alveolar bone defect. (B) Non-decalcified 
histological section illustrating osteoconduction: newly formed bone (magenta) deposited directly 
along the surface of a biomaterial particle (outlined in yellow), the interface at which bone-to-
material contact is quantified. (C) Scanning electron micrograph showing osteogenic cells spread 
and adhering across the biomaterial surface. Together, the panels show that the regenerative 
performance of a bone substitute is governed by characteristics acting simultaneously at the 
clinical, tissue, and cellular levels

Figure 1

Calcium-phosphates are a family of bioceramics widely used as bone substitutes because of 
their chemical similarity to the mineral phase of bone. They differ in their calcium-to-phosphorus 
(Ca/P) ratio and crystallinity, properties that determine their solubility and biological behaviour. 
Hydroxyapatite (HA; Ca/P = 1.67) is the most stable crystalline phase and most closely 
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resembles biological apatite, whereas tricalcium-phosphates (TCP) are more soluble. The 
calcium-phosphate biomaterials investigated in this thesis, centred on bovine hydroxyapatite, 
primarily act as osteoconductive scaffolds. Their interaction with the regenerative environment 
begins immediately after implantation, when proteins from blood and interstitial fluids rapidly 
adsorb onto the biomaterial surface. Cells therefore interact first with this adsorbed protein layer 
rather than with the bare material itself, and this early interface governs subsequent processes 
such as cell attachment, proliferation, differentiation, and matrix deposition [16]. Consequently, 
the physicochemical and structural characteristics of the biomaterial surface are positioned at 
the very beginning of the regenerative cascade, within the early inflammatory and reparative 
phases and may substantially influence the overall biological response.
Over the past two decades, the development and clinical adoption of bone substitute biomaterials 
have progressed faster than the systematic understanding of why one material outperforms 
another in each clinical setting [17]. The same calcium-phosphate chemistry, when subjected to 
different manufacturing routes, can create products with substantially different physicochemical 
characteristics and biological behaviors [18]. It progressively became clear that production-
related variations in surface morphology, porosity, ion exchange behavior, hydrophilicity, and 
crystallinity could substantially influence cell response, osteoconductivity, volumetric stability, 
and integration with host tissues, thereby reshaping the design principles of bone substitute 
biomaterials [17, 19]. The consequence of this conceptual shift is that biomaterials of the same 
nominal class can no longer be assumed to behave equally. Two bovine hydroxyapatites, or 
two β-tricalcium-phosphate scaffolds, may share chemistry, origin, and intended indication 
and yet differ substantially in their osteoconductivity, dissolution behavior, and integration with 
host tissues [20-23]. This variability has been documented across xenografts, alloplasts, and 
biphasic materials, and traces back to differences in the manufacturing pathway. Compounding 
this complexity, regenerative performance is itself multidimensional. Parameters such as newly 
formed bone, bone-to-material contact, residual graft content, volumetric stability, and integration 
with host tissues do not necessarily respond uniformly to a given biomaterial. A material may 
therefore perform favorably according to one regenerative endpoint while showing less favorable 
behavior in another [6, 24]. As a result, classifying bone substitutes solely according to their 
origin or commercial category obscures both the heterogeneity within each biomaterial class and 
the diversity of biological outcomes against which they should be evaluated. This perspective 
progressively shifted the focus of the field away from the biomaterial category itself and toward the 
structure–function relationships governing biological performance. Attention is now increasingly 
centered on how manufacturing-related variations in physicochemical and structural properties 
influence osteoconductivity, tissue integration, volumetric stability, and remodeling dynamics. 

GENERAL Introduction & AIMS
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GENERAL Introduction & AIMS

However, this evidence remained fragmented across heterogeneous experimental conditions, 
including different animal models, defect morphologies, biomaterial configurations, and outcome 
measures [25, 26]. In addition, preclinical studies are typically conducted under controlled 
conditions characterized by standardized defects, preserved vascularity, and young healthy 
animals, which may overestimate the regenerative performance achievable in clinical practice. 
A systematic and quantitative synthesis of this fragmented body of evidence was therefore 
needed.
The biological performance of a bone substitute biomaterial is strongly determined by its 
manufacturing pathway [27]. Sintering, in particular, is a near-universal step in the processing of 
calcium-phosphate biomaterials, applied to synthetic hydroxyapatite, β-tricalcium-phosphate, 
biphasic calcium-phosphates, and natural xenografts, with documented effects on crystallinity, 
surface morphology, mechanical properties, and dissolution kinetics across all these classes 
[28-30]. Among the calcium-phosphate biomaterials clinically used in cranio-maxillofacial 
regeneration, bovine hydroxyapatite occupies a particular position. It is the most widely used 
xenograft for alveolar bone augmentation [31], it retains, when produced under appropriate 
conditions, the hierarchical architecture of native bone and its production requires a 
deproteinization step that constitutes a major manufacturing decision point. This step is typically 
achieved either through high-temperature sintering above 1000 °C, which simultaneously 
removes organic compounds and improves mechanical properties at the cost of surface, 
crystalline, and morphological changes, or through chemical extraction which avoids high-
temperature exposure of the apatite phase. However, the extent to which such manufacturing 
decisions translate into differences in newly formed bone, bone-to-material contact, and 
regenerative performance in vivo remained insufficiently characterized [32, 33]. Likewise, the 
mechanistic links connecting physicochemical properties, in vitro biological response, and in 
vivo regeneration had rarely been investigated within an integrated experimental framework.
Comparative studies evaluating manufacturing variants of the same xenogenic biomaterial are 
particularly limited, in clinically relevant guided bone regeneration models that approximate 
human GBR conditions. Moreover, these studies are rarely performed under sufficiently 
standardized conditions to confidently attribute the observed differences to manufacturing-
related variables rather than experimental variability. Demonstrating that manufacturing variants 
can produce divergent regenerative outcomes in vivo raises a second and equally important 
question: through which mechanisms do these differences emerge? Early biological processes 
such as ion exchange, hydrophilicity, protein adsorption, cell attachment and proliferation, and 
immunomodulatory behavior had previously been investigated in isolated in vitro assays but 
were rarely studied in conjunction with clinically relevant in vivo observations. As a result, the 
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mechanistic pathways linking manufacturing-dependent physicochemical variations to 
differential regenerative performance remained incompletely integrated. The demonstration 
that biomaterials sharing the same nominal chemistry could nevertheless produce distinct 
regenerative outcomes in vivo therefore created the need for complementary physicochemical 
and cellular investigations.
Such inferences, however, are only as solid as the methods that can produce them. Across the 
preclinical literature, the spatial unit against which bone regeneration is measured is rarely 
the defect that was created, but instead, what remains of that defect after weeks or months 
of the healing have reshaped its geometry, narrowed its boundaries, or folded them into the 
regenerated tissue itself. The measurement reference and the object being measured therefore 
co-evolve, and outcomes depend not only on what regenerated but also on how the boundary 
of the analysis was retrospectively reconstructed by the observer. The implications for cross-
study comparability are well recognized. Identical regenerative responses can yield different 
reported outcomes depending on operator, sectioning orientation, and the rules used to 
redraw the original defect contour [34-36]. The alternative was to create a methodology able 
to capture the original defect geometry before healing begins and carry it forward as a stable 
spatial reference for quantitative analysis. Such methodology has so far remained outside the 
workflow of preclinical studies.
Despite advances in structure and function understanding and biomaterial characterization, the 
bone substitutes currently used in alveolar bone regeneration remain largely passive materials. 
Most are designed to provide structural support and osteoconductive surfaces, but only partially 
reproduce the hierarchical organization of native bone across the pico-, nano-, micro-, and 
macroscales to which osteogenic cells respond. In addition, bone regeneration is a dynamic 
biological process evolving through inflammatory, reparative, and remodeling phases, whereas 
the properties of the scaffold generally remain static over time. These limitations have stimulated 
growing interest in a new generation of biomaterials integrating multiscale architecture, 
bioresponsive behavior, computationally optimized geometries, and patient-specific design 
strategies [37, 38]. Despite these advances, the field still lacks a unified design framework 
capable of integrating multiscale architecture, dynamic responsiveness, and computational 
personalization within the alveolar and cranio-maxillofacial context.
Together, these unresolved questions outline the scope of the present thesis, whose general 
aim and specific research questions are stated in the following section.

GENERAL Introduction & AIMS
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AIMS
The general aim of this thesis is to investigate how physicochemical, structural, and 
manufacturing-related properties of calcium-phosphate biomaterials influence their biological 
performance in alveolar and cranio-maxillofacial bone regeneration. To address this objective, 
commercially available and experimental bovine hydroxyapatites were used as models to explore 
the relationships between manufacturing processes, material properties, in vitro biological 
behavior, and in vivo regenerative outcomes. The thesis also aimed to refine preclinical methods 
for outcome assessment and to explore current concepts guiding the design of next-generation 
biomaterials. On this basis, the following research questions were formulated:

How do the physicochemical and structural properties of calcium-phosphate biomaterials
influence bone regeneration outcomes in preclinical cranio-maxillofacial models?

How does the sintering temperature of chemically deproteinized bovine hydroxyapatite affect its 
biological performance in vivo?

Can bovine hydroxyapatites, produced through different manufacturing processes, achieve
equivalent regenerative outcomes in guided bone regeneration?

How do the physicochemical and biological characteristics of differently manufactured bovine 
hydroxyapatites influence their regenerative performance?

Can intraoral optical scanning accurately reconstruct the original geometry of bone defects for
histomorphometric analysis?

Which multi-scale structural and dynamic principles may guide the design of next-generation
biomaterials for alveolar ridge bone regeneration?

By addressing these questions, the present thesis aims to provide four complementary 
contributions to alveolar bone regeneration: (i) a structure–function framework for calcium-
phosphate biomaterials grounded in preclinical evidence; (ii) experimental and mechanistic 
evidence that manufacturing processes influence biomaterial behavior and regenerative 
performance; (iii) a methodological framework for prospective region-of-interest definition in 
preclinical histomorphometry; and (iv) a discussion of emerging multiscale concepts that may 
inform the development of next-generation biomaterials.

1.

2.

3.

4.

5.

6.
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This thesis is presented as a compilation of published and submitted manuscripts. The detailed 
methodology is described within each respective chapter. To facilitate navigation, this section 
provides an overview of the biomaterials, characterization methods, and experimental models 
used throughout this thesis, highlighting the methodological elements shared across multiple 
studies before the individual manuscripts are presented.

METHODOLOGICAL OVERVIEW ACROSS STUDIES

Table 1

BIOMATERIAL	 TYPE	 MANUFACTURING / 	 STUDIES USED IN	 CHAPTER	
			  KEY VARIABLE	

HAN	 Bovine HA xenograft	N ot sintered	 Sintering study	 Chapter 2

HA820	 Bovine HA xenograft	 Sintered 820 °C, 	 Sintering study	 Chapter 2
		  30 min	

HA1200	 Bovine HA xenograft	 Sintered 1200 °C, 	 Sintering study	 Chapter 2
		  30 min	

WHA	 Bovine HA xenograft	 Chemically 	 Dog GBR + in vitro	 Chapter 3, 4
		  deproteinized 
		  (mid-range
		  temperature)  			 

BO (Bio-Oss)	 Bovine HA xenograft	 Commercial 	 Dog GBR + in vitro	 Chapter 3, 4	
	 material	 reference

Biomaterials investigated across the experimental studies.
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Table 2

	 METHOD	 WHAT IT MEASURES	 CHAPTER(S)	

SEM	 Surface morphology / microtopography	 Chapter 2, 3, 4

BET (N₂ adsorption)	 Specific surface area (SSA)	 Chapter 2, 3, 4

XRD	 Crystallinity / phase composition	 Chapter 2, 3

FTIR	 Surface chemical composition	 Chapter 4

ICP-MS	 Ion release (Ca2+, Mg2+)	 Chapter 4

Capillarity test	H ydrophilicity / wettability	 Chapter 4

Protein adsorption	 Surface–protein interaction	 Chapter 4
(total + albumin)	

Cell attachment &	O steoblast response	 Chapter 4 
viability (MC3T3)	

Chemotaxis (RAW 264.7	 Immune / inflammatory recruitment	 Chapter 4
macrophages)	

ALP activity	O steogenic differentiation	 Chapter 4

Physicochemical and in vitro characterization methods

Table 3

		 MODEL	 SPECIES / SETUP	 DEFECT	 TIME POINTS	 CHAPTER	

Sintering in 	 Yucatan mini pig	 6 socket	 3 months	 Chapter 2 
	vivo model	 (n = 5), maxilla	 defects/animal			 

GBR validation 	 Beagle dog (n = 24),	 4 critical-size wall 	 4, 12, 26 weeks	 Chapter 3
model	 mandible	 defects/animal

Digital-twin / 	 Intraoperative optical	 ROI1 reconstruction	 —	 Chapter 5
IOS workflow	 scanning + GOM Inspect	 (dog mandible)

In vivo and methodological models

35
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Influence of Physicochemical Characteristics 
of Calcium-phosphate based Biomaterials 
in Cranio-maxillofacial Bone Regeneration. 
A Systematic Literature Review and Meta-
analysis of Preclinical Models
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ABSTRACT
Objectives: Calcium-phosphate-based biomaterials (CaP) are the most widely used biomaterials 
to enhance bone regeneration in the treatment of alveolar bone deficiencies, cranio-maxillofacial 
and periodontal infrabony defects, with positive preclinical and clinical results reported. This 
systematic review aimed to assess the influence of the physicochemical properties of CaP 
biomaterials on the performance of bone regeneration in preclinical animal models.
Methods: The PubMed, EMBASE and Web of Science databases were searched to retrieve 
preclinical studies investigating the physicochemical characteristics of CaP biomaterials. The 
studies were screened for inclusion based on the intervention (physicochemical characterization 
and in vivo evaluation) and the reporting of measurable outcomes.
Results: A total of 1,532 articles were retrieved, and 58 studies were ultimately included in the 
systematic review. A wide range of physicochemical characteristics of CaP biomaterials was 
assessed in the included studies. Despite a high degree of heterogeneity, a meta-analysis of 39 
studies demonstrated significant effects 
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of biomaterial characteristics on bone regeneration outcomes. Specifically, macropore size, Ca/P
ratio, and compressive strength significantly influenced the formation of newly regenerated bone. 
Moreover, particle size, Ca/P ratio, and surface area affected bone-to-material contact 
during the regeneration process. Regarding biodegradability, the amount of residual graft was 
determined by macropore size, particle size, and compressive strength.
Conclusion: This systematic review demonstrated that the physicochemical characteristics of 
CaP biomaterials are key determinants of scaffold performance, emphasizing their importance 
in designing the next generation of bone scaffolds to achieve enhanced bone regeneration.

INTRODUCTION
Bone defects in the cranio-maxillofacial (CMF) region can be caused by injuries, cancerous bone 
resections, periodontal diseases, congenital disorders, and bone resorption following tooth 
extraction. They often require bone regeneration prior to or simultaneously to implant placement
in order to restore deformities and the patient’s functions [1–4]. Autologous bone graft procedures 
remain the clinical gold standard owing to the highest level of biological safety, biocompatibility,
matched mechanical requirements and structural similarity in terms of growth factors and 
biomolecules for osteogenesis [5,6]. Nevertheless, autografts suffer multiple drawbacks such as 
limited availability, donor-site morbidity, high resorption rates and difficulty in shaping into desired 
geometries [7–10]. Tissue engineering (TE) using cell-based or growth factor strategies, usually 
combined with a carrier material, can be used to regenerate the defect site. The application of 
TE strategies is still limited in the clinic setting due to cost and tissue complexities in the CMF 
region. Moreover, TE strategies require cumbersome processes in laboratories [11]. Therefore, 
guided bone regeneration (GBR) combined with biomaterials has become an alternative used 
in periodontology, implantology and oral surgery for the regeneration of CMF bone defects 
[12–14]. This biomaterial-based strategy consists in implanting an acellular biodegradable 
scaffold that can recruit the necessary mesenchymal stem cells and/or osteoprogenitor cells 
from the surrounding tissues to regenerate the defect [15]. GBR solutions offer several potential 
advantages such as no restrictions on availability, reduced risk of immunoreactivity, fewer surgical 
complications as well as the possibility of tailoring the structure to regulate the bone formation 
microenvironment by manipulating the physicochemical specifications [16,17].
A wide variety of biomaterials have been utilized in CMF bone regeneration, belonging to different
material classes and from different origins such as autografts, allografts, xenografts and alloplasts 
(synthetic biomaterials). Bioceramic materials comprise the majority of inorganic biomaterial 

Influence of Physicochemical Characteristics of Calcium-phosphate based Biomaterials in Cranio-
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scaffolds whereas biopolymers represent the majority of organic ones. While the ideal bone 
graft substitute should be accessible, economical and free of ethical and immunological issues 
with predictable handling, the morphological and physicochemical properties of biomaterials 
seem to play an important role in their regenerative performance as suggested by several 
authors [18–20]. Polymers like polylactic acid (PLA), polyglycolic acid (PGA), polycaprolactone 
(PCL), and methacrylates present advantages such as customizable forms, low 
immunogenicity, controllable resorbability, porosity, and tunable physiochemical properties 
[21,22]. These characteristics make them attractive for applications requiring tailored solutions 
and biocompatibility. Nevertheless, concerns persist regarding the release of acidic degradation 
byproducts, which can alter local pH levels and potentially hinder osteoconductivity. Additionally, 
these polymers may exhibit poor cell adhesion capacity, limiting their utility in certain dental 
procedures where robust tissue integration is crucial [23]. On the other hand, Metals such as 
nickel-titanium and magnesium-based bone substitutes offer desirable properties like 
osteoconduction, robust mechanical strength, and resistance to corrosion. These qualities 
support their effectiveness in providing structural support and promoting bone healing. 
However, their use may require surgical follow-ups and pose risks such as the possibility of soft 
tissue dehiscence [24]. CaP ceramics have demonstrated enhanced bone formation and the 
potential to serve as substitutes for bone grafting, thanks to their osteoconductive characteristics, 
resorbability, and outstanding biocompatibility [25,26]. Nevertheless, they may suffer from low 
mechanical adaptability such as brittleness, rapid resorption, and degradation [24].
In this systematic review, we focus on CaP-based biomaterials for CMF bone regeneration as 
this application domain presents its own unique challenges for bone regeneration that are not 
entirely overlapping with that of applications in the appendicular skeleton, as discussed above. 
Furthermore, as the addition of cells, coatings or growth factors alters the mechanism of action of 
bone regeneration in the biomaterial, and increases the cost of the implant, we focus on studies
investigating the results of biomaterials-only strategies. The majority of CaP biomaterials currently 
used in clinical applications are of natural (human and animal) origin because of their similarities 
with natural bone structures. However, there is an increasing interest in the development and 
use of synthetic biomaterials in the clinic to increase safety (risk of disease transmission), ethics 
compliance and availability. The most widely used CaP biomaterials in CMF bone regeneration 
are based on hydroxyapatite (HAp), α and β-tricalcium-phosphate (TCP) and/or biphasic calcium 
phosphate (BCP) [27]. However, synthetic biomaterials also present some limitations such as a 
lack of osteoconductivity or high resorption rates that might compromise the volumetric
dimensions of the regenerated bone [28,29]. Given all this, producing optimized synthetic CaP 
biomaterials is crucially dependent on the fundamental understanding of the influence of the 
physicochemical biomaterial properties on the bone healing mechanisms [30] (Fig. 1).
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This systematic review aimed to provide a comprehensive overview of the effect of the physico
chemical properties of the CaP biomaterials on the biological performance of bone graft 
substitutes used for CMF bone regeneration or intra-oral bone augmentation in animal models.
Following a well-documented approach, the current state of the art was assessed from reports 
published in the literature, and a meta-analysis was performed on the data extracted from these 
reports. The presented information can be used as input for the optimization of the structure and 
composition of future CaP biomaterials developments.

Material and methods
2.1. Study design

The present study was designed as a systematic literature review on the influence of physico-
chemical properties of CaP biomaterials implanted in cranio-maxillofacial bone defects. All studies 
involving the physicochemical characterization of CaP biomaterials and their in vivo evaluation in 
a cranio-maxillofacial animal model were assessed. The protocol for this review was registered 
with the international prospective register of systematic reviews (PROSPERO) with registration 
number CRD42019121604.

1. 

2. 

Influence of Physicochemical Characteristics of Calcium-phosphate based Biomaterials in Cranio-
maxillofacial Bone Regeneration. A Systematic Literature Review and Meta-analysis of Preclinical Models

An illustration of the key physicochemical properties influencing biological events. Biomaterials 
can manipulate molecular and cellular responses through their structural characteristics and 
composition (ECM: extracellular matrix).

Figure 1
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2.2. Focused question and search strategy

The systematic review was performed according to SYRCLE’s (SYstematic Review Centre for 
Laboratory animal Experimentation) guidelines [31], and the focus question was: “What is the 
influence of different physicochemical characteristics of CaP biomaterials in the preclinical 
cranio-maxillofacial bone regeneration process?“. An electronic search of the literature was run 
on November 14, 2023, in the following databases: PubMed (MEDLINE), EMBASE and Web of 
Science (all databases). Only articles in the English language were included without restrictions on 
the geographical area of the study. A detailed search strategy including all search terms 
and relationships between them (Table 1) was developed for PubMed and then adopted 
appropriately for EMBASE and Web of Science.
Eligibility was initially determined by reading the title and abstracts identified in each search. For 
this purpose, all references were imported into an Endnote X9 database. After eliminating the 
duplicates [32] and non-relevant ones, they were exported to an online webtool (Rayyan QCRI) 
to perform the screening. An Excel sheet with all references was generated from the database. 
The list of unique titles and abstracts was screened by two independent reviewers (ESD and 
BDC) to determine the eligibility of each study based on the inclusion and exclusion criteria
described below. The two lists of selected references were then compared in the webtool, and all 
disagreements were solved by discussion, or if persistent, by a third reviewer (FL). For the
potentially relevant publications, the full-text paper publication was collected and screened to 
check if all specified inclusion criteria were indeed met.

2.3. Inclusion/exclusion criteria

Studies were selected according to the inclusion and exclusion criteria specified in Table 2.

2.4. Data extraction

The data extraction started once the selection process was validated. One reviewer (ESD) 
extracted the data from the included studies. The second reviewer (BDC) revised the extraction 
results to check the quality. Studies meeting the criteria for inclusion were read carefully to identify 
the following information: authors, title, year of publication, scaffold used in the study, scaffold’s 
physical form, characterization methods, animal characteristics (species and numbers), bone 
defect model, duration of implantation, scaffold’s physicochemical characteristics (primary 
outcomes), and tissue regeneration responses (secondary outcomes). The data were collected 
in an excel file. In case the information was not reported, the table entry was indicated as N/P 
(Not Provided).
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Table 1

		N umber 	 Search terms and combinations	

	 #1	 “calcium-phosphate, dibasic, anhydrous” [Supplementary Concept] OR calcium-
		  phosphate[TIAB] OR hydroxyapatite[TIAB] OR “Hydroxyapatites» [MeSH] OR 	
		  “tricalcium-phosphate” [Supplementary Concept] OR “beta-tricalcium-phosphate” 
		  [Supplementary Concept] OR “hydroxyapatite-beta tricalcium-phosphate” 
		  [Supplementary Concept] OR tricalcium-phosphate[TIAB]	

	 #2	 “Periodontal Atrophy»[MeSH] OR “guided tissue regeneration, periodontal»
		  [MeSH] OR “alveolar ridge augmentation»[MeSH] OR “Parietal Bone/surgery»
		  [MeSH] OR “Skull/drug effects»[MeSH] OR “Skull/injuries»[MeSH] OR “Skull 	
		  Fractures»[MeSH] OR “Skull/surgery»[MeSH] OR maxillofacial injury[MeSH] OR
		  periodontal-resorption[TIAB] OR Periodontal-Atrophy[TIAB] OR periodontal-
		  guided-tissue-regeneration[TIAB] OR guided-bone-regeneration[TIAB] OR 
		  alveolar-bone*[TIAB] OR maxillofacial-bone-defect[TIAB] OR mandibledefect
		  [TIAB] OR mandibular-bone-defect[TIAB] OR maxilla-defect [TIAB] OR maxillary-
		  bone-defect[TIAB] OR maxillary-sinus-lift[TIAB] OR sinus-lift-model[TIAB] OR 	
		  sinus-augmentation[TIAB] OR alveolarridge-augmentation[TIAB] OR skull-defect
		  [TIAB] OR jaw-defect[TIAB] OR parietal-defect[TIAB] OR cranial-defect[TIAB] 	
		O  R tooth-defect* [TIAB] OR calvarial-defect[TIAB] OR calvarial-defect[TIAB] OR
 		  calvarium-defect[TIAB] OR socket-preservation[TIAB] OR socketgrafting[TIAB] 	
		O  R dental-socket*[TIAB]	

	 #3	 “Microscopy, Electron, Scanning»[MeSH] OR «X-Ray Diffraction»[MeSH] OR
		  “Spectroscopy, Fourier Transform Infrared»[MeSH] OR “Microscopy, Scanning
		  Tunneling»[MeSH] OR “Microscopy, Electron, Transmission»[MeSH] OR 
		  “Microscopy, Atomic Force»[MeSH] OR Brunauer–Emmett–Teller[TIAB] 
		O  R profilometr*[TIAB] OR X-Ray[TIAB] OR XRD[TIAB] OR ATM[TIAB] OR atomic-
		  force-microscop*[TIAB] OR STM[TIAB] OR scanning-tunneling-microscop*
		  [TIAB] OR scanning-tunnelling-microscop*[TIAB] OR FT-IR[TIAB] OR FTIR [TIAB] 
		O  R infrared-microscop*[TIAB] OR electron-microscop*[TIAB] OR electron-
		  scanning-microscop*[TIAB] OR TEM[TIAB] OR SEM[TIAB] OR surface-roughness
	  	 [TIAB] OR surface-propert*[TIAB] OR chemicalcharact*[TIAB] OR chemical-
		  propert*[TIAB] OR physical-charact* [TIAB] OR physical-propert*[TIAB] OR 	
		  morphological-charact*[TIAB] OR morphological-propert*[TIAB] OR mechanical-
		  charact*[TIAB] OR mechanical-propert*[TIAB]  			 
	
	 #4	 (#1) AND (#2) AND (#3)

The search terms used in PubMed. [MeSH]: medical subject headings; [Supplementary
concept]: terms in supplementary concept records (a thesaurus distinct from MeSH); [TIAB]: 
title/abstract terms.
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Table 2

		 PICOS 	 Inclusion criteria 	E xclusion criteria	

Population

Intervention

Comparator

Outcome

Study design

All animals receiving a pure CaP
biomaterial implant in periodontal and 
craniomaxillofacial intra-bone defects 
induced by researchers

CaP biomaterial implants with
distinct microstructural properties 
(particle size, porosity, pore size, 
mechanical properties, chemical
composition, surface properties) 
in any physical form without tissue 
engineering or regenerative 
medicine approach (cell/drug/growth 
factor loaded)

Not applicable

Tissue regeneration responses
(one or more) including newly
formed bone (NB), bone-to-material 
contact (BMC), residual graft (RG)

In vivo experimental animal studies

Human subjects, in vitro research, 
animals receiving implants in tissues
other than cranio-maxillofacial 
bones, animals receiving implants 
that are not purely CaP biomaterials, 
animals receiving implants for bone 
defects that are not experimentally 
induced

All implants that are not CaP
biomaterials, all implants that are 
not the only treatment in the defect 
site and have interference with 
other treatments, CaP biomaterial 
implants in the non-scaffold 
applications like coating, film, 
carrier, membrane etc.

Not applicable

None

Clinical trials, in vitro studies, 
reviews, case reports, observational 
research, uncontrolled studies

NB refers to the bone tissue that grows and integrates into the surface of the implanted 
bone biomaterial; BMC corresponds to the physical interaction between the host bone 
tissue and the implanted biomaterial; RG pertains to the remaining portion of the graft 
material that has not integrated with the surrounding bone tissue.

Preliminary inclusion and exclusion criteria used in this systematic review.
PICOS is abbreviation of population, intervention, comparator, outcome, and study design.
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2.5. Quality assessment and risk of bias

The methodological quality of the selected articles was assessed using the criteria outlined in the 
SYRCLE’s Risk of Bias (RoB) tool which is specifically developed for animal studies [33]. The tool 
contains 10 entries that are related to selection bias, performance bias, detection bias, attrition 
bias, reporting bias and other biases. Following the signaling questions proposed by Hooijmans 
et al. (2014), the items in the RoB tool were scored as low risk, high risk or “unclear”, the latter
indicating that the item was not reported and, therefore, the risk of bias was unknown. 
Supplementary Table S1 presents the risks and how they were scored for RoB assessment. As 
animal studies are known for their poor reporting quality in comparison with randomized 
controlled  trials, it is likely that many items of the RoB tool were not reported or poorly reported 
(Hooijmans et al.2014). Therefore, in addition to the RoB assessment, four indicators of 
methodological  quality were checked. One overall study quality indicator (Q11 in Table S1) 
scored whether any  randomization was reported for any level of the experiment. Likewise, we 
included two overall  study quality indicators to acquire additional information on the reporting 
quality of the studies  (Q12 & Q13 in Table S1). Specifically, the number of interventions for the 
animals and the number  of animals to be analyzed for each time point were retrieved. In 
addition, we included a final  study quality indicator related to how the outcomes were reported 
in different studies: quantitative numeric format versus qualitative (Q14 in Table S1). When study 
results were only available graphically, the item was scored “unclear”. To extract data from graphs, 
WebPlotDigitizer was used (A. Rohatgi, https://automeris.io/WebPlotDigitizer, v4.7, 2024) was 
used. One reviewer (ESD) conducted the RoB and methodological quality assessment, and in 
case of doubt, a second reviewer (BDC) was consulted.
Prior to the meta-analysis, a descriptive review of the study characteristics was carried out. The 
meta-analysis was performed on a dataset including all covariates (quantitative physicochemical 
properties of biomaterials used in the studies) and outcome variables (NB, BMC, and RG).

2.6. Statistical methods

Each outcome variable Y (NB, BMC, or RG) was analyzed with respect to covariates available 
from N experimental samples (meta statistical units), each sample resulting from a clearly 
identified experiment conducted on a number (n) of animals over a certain time, whether published 
in the same paper or in different papers, whether involving the same animals or not. Results 
were expressed as mean, standard deviation (SD) and range for quantitative variables, while 
frequency tables (number and percent for each category) were used for categorical findings. In 
some cases, to avoid the influential effect of outliers or extreme values, the mean was replaced 
by the median and the standard deviation by a robust version SD = 0.74 x (P75 – P25), with P25 
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and P75, the 25th and 75th percentiles of the sample data, respectively. The Spearman correlation 
coefficient was used to quantify the association between the physicochemical characteristics 
of biomaterials. Agreement between reviewers was assessed by the Cohen kappa coefficient 
(κ). A log-transform was applied to some covariates to normalize their skewed distribution. 
Outcomes being expressed in percent, a logit transform was applied to normalize their 
distribution, specifically Logit (Y) = log [Y/(100 – Y)]. Furthermore, outcome data being obtained 
from a varying number (n) of animals, a weight (w) was associated with each value as the 
inverse of their sampling variance (SE2 = SD2/n), provided SD and n were available; if not, w was 
estimated by regression and imputed from existing data. Lastly, since outcome data were not all 
statistically independent (some were correlated because repeated on the same animals), meta 
weighted generalized linear mixed effects models (W-GLMM) were used to estimate outcomes 
and assess the potential effect of covariates like time or type of biomaterial. All meta regression 
coefficient estimates were presented with their standard error and p-value. Results were
considered significant at the 5 % critical level (p < 0.05). Calculations were performed using 
SAS (Version 9.4; Analytics Software and Solution, SAS Institute, Cary, North Carolina) and R 
(Version 3.6.1; R Foundation for Statistical Computing, Vienna).

Results
3.1. Systematic review and study data description

The initial literature search yielded 2103 potentially eligible articles. After removing the duplicates 
and the ones not in English, 1532 articles were screened in the subsequent process. Of this 
number, 1342 were excluded based on inclusion and exclusion criteria. The full text of 190
articles were assessed after which another 132 were excluded, resulting in 58 articles meeting 
the final inclusion/exclusion criteria. The interreviewer agreement was κ = 0.92 for titles and 
abstract evaluation and κ = 0.89 for full-text evaluation. The search strategy and retrieved 
articles are summarized in Fig. 2 and Table 3, the latter providing a summary of the study 
characteristics of the included publications. In 25 out of the 58 final included studies, HAp 
scaffolds were characterized and implanted; TCP scaffolds were used in 15 studies, BCP 
scaffolds in 24 studies, octacalcium-phosphate (OCP)/amorphous calcium-phosphate (ACP) 
and their combination in 2 studies, dicalcium-phosphate (DCP) in one study and other types of 
CaPs in 2 studies (eggshell CaPs, respectively non-defined CaP). The scaffolds were implanted 
in the form of 3D rigid structures (disc, block, cylinder, cube, sponge, and tube) in 24 studies, 
non-rigid structures (granules, particles, spheres, and powder) in 32 studies, and aqueous 

3. 
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Figure 2

Id
en

tif
ic

at
io

n
Sc

re
en

in
g

El
ig

ib
ilit

y
In

cl
us

io
n

Excluded based on the titles
-     Duplicates: 517
-     Non-English: 54

Studies selected for
Meta-analysis: 39

Excluded full texts based on
inclusion/exclusion criteria: 132

Excluded abstracts based on
inclusion/exclusion criteria: 1342

Studies used for data
extratction: 58

Full text: 190

Abstracts of potentially
relevant articles: 1532

Database search of potentially relevant studies using searched terms
                PubMed: 673             EMBASE: 694             Web of Science: 736

Flow diagram for the review and selection process of studies included in the systematic review.

structures (paste and injectable cement) in 2 studies. The actual physical form is provided in 
Table 3. In terms of animal models, there was substantial heterogeneity between studies with 
rats used in 23 out of 58 studies (for a total number of animals n > 608), rabbits in 20 studies 
(n > 208), dogs in 9 (n > 67), mini-pigs in 3 (n = 19), sheep in one (n = 6), mice in one (n = 5) 
and baboons in one (n = 4). Bone defect models were the typical defects used in CMF bone 
regeneration studies: calvarial defects (32 studies), mandibular defects (9), parietal defects (4), 
alveolar defects (4), sinus augmentation (2), skull defects (3), bilateral (maxilla and mandibular) 
defects (1), cranial defects (2) and mastoid obliteration (1). Outcomes were assessed over
observation periods (time) ranging from 30 days to 40 weeks (Table 3).
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Table 3

		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Abdel-Fattah	 VHAP	 Block	 XRD 	 Diffraction pattern 	 Rabbit 	 6 	 Mandibular	 3 months 	 Radiography	 Bone healing
	et al. (1994)							       defect		  SEM	 Bone-implant		
	[34]									         Infra-red spectral	 integration
										         analysis	 Carbonate and
											          phosphate resorption
  
	Denissen et al.	H Ap 	 Tube 	 SEM, AES,  	 Particle diameter, 	 Dog	 2	 Mandibular	 6 months	 Radiography	 Interfaces observation
	(1995) [35]			   XRD, IRRS	 diffraction pattern, 			   defect		H  istology	 Bone ingrowth
					    absorbance spectra,
					    surface area, Ca/P 
					    ratio
  
	Roy et al	H Ap-Ch. 	 Disk	 Mercury porosimetry,	 Particle size, diffraction	N ew	 12 	 Mandibular	 6 months 	H istology	N ew bone area(%)
	(2003) [36]	H Ap-No		  XRD	 pattern, surface area, 	 Zealand				H    istomorphometry	 Linear ingrowth(%)
					    Ca/P ratio	 white					     Mineral apposition rate
						     rabbits					     (um/day) continuity
											          index
  
	Fleckenstein	H Ap/TCP	 macroporous	 SEM	 micro-pore size	 Rat 	 33 	 calvarial defect 	 10 weeks 	H istology	N ew bone formation 
	et al. (2006)		  disk							H       istomorphometry	 (%)
	[37]		  microporous
 			  disk
			  granules
  
 Suzuki et al.	O CP	 Granules 	 XRD, FT-IR 	 Diffraction pattern,	 Rat 	 30 	 Calvaria defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2006) [38]	 Ca-deficient HAp			   absorbance spectra, 					H     istomorphometry	 Structural changes
		 (HL6h)			   surface area, chemical 					     Radiography
		 Ca-deficient HAp			   composition, Ca/P 					     XRD
		 (HL48h)			   ratio
  
	Simon et al.	H Ap(DW250S)	 Disc 	O M, SEM 	 Void volume 	N ew	 16 	 Calvarial defect 	 16 weeks 	 microCT 	 Bone ingrowth volume
	(2007) [39]	H Ap(DW250 M)				    Zealand				    radiography	 (mm3)
		H Ap(DW250L)				    white					N     ormalized bone
		H Ap(DW400S)				    rabbits					     ingrowth(%)
		H Ap(DW400 M)
		H Ap(DW400L)
  
	Park et al.	 BioOss	 Granules 	 SEM, EDXA, XRD,  	 Diffraction pattern,	 Rat 	 30 	 Calvarial defect 	 8 weeks 	H istology	N ewly formed bone
	(2008) [40]	 Egg-shell(ES)		  FT-IR	 absorbance spectra, 					H     istomorphometry	 area(%)
		 ES-CaP-1			   Ca/P ratio						      Remaining bone graft	
		 ES-CaP-2									         particle area(%)
		 ES-CaP-3									         BMC(%)

	

	
 										                                    (continued on next page è)	
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Summary characteristics of the papers included in the systematic review. Papers with 
qualitative outcomes were not included in the meta-analysis. XRD: X-ray diffraction; SEM: 
scanning electron microscopy; AES: auger electron microscopy; IRRS: infrared reflection 
spectroscopy; FT-IR: Fourier-transform infrared spectroscopy; OM: optical microscopy; 
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		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Abdel-Fattah	 VHAP	 Block	 XRD 	 Diffraction pattern 	 Rabbit 	 6 	 Mandibular	 3 months 	 Radiography	 Bone healing
	et al. (1994)							       defect		  SEM	 Bone-implant		
	[34]									         Infra-red spectral	 integration
										         analysis	 Carbonate and
											          phosphate resorption
  
	Denissen et al.	H Ap 	 Tube 	 SEM, AES,  	 Particle diameter, 	 Dog	 2	 Mandibular	 6 months	 Radiography	 Interfaces observation
	(1995) [35]			   XRD, IRRS	 diffraction pattern, 			   defect		H  istology	 Bone ingrowth
					    absorbance spectra,
					    surface area, Ca/P 
					    ratio
  
	Roy et al	H Ap-Ch. 	 Disk	 Mercury porosimetry,	 Particle size, diffraction	N ew	 12 	 Mandibular	 6 months 	H istology	N ew bone area(%)
	(2003) [36]	H Ap-No		  XRD	 pattern, surface area, 	 Zealand				H    istomorphometry	 Linear ingrowth(%)
					    Ca/P ratio	 white					     Mineral apposition rate
						     rabbits					     (um/day) continuity
											          index
  
	Fleckenstein	H Ap/TCP	 macroporous	 SEM	 micro-pore size	 Rat 	 33 	 calvarial defect 	 10 weeks 	H istology	N ew bone formation 
	et al. (2006)		  disk							H       istomorphometry	 (%)
	[37]		  microporous
 			  disk
			  granules
  
 Suzuki et al.	O CP	 Granules 	 XRD, FT-IR 	 Diffraction pattern,	 Rat 	 30 	 Calvaria defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2006) [38]	 Ca-deficient HAp			   absorbance spectra, 					H     istomorphometry	 Structural changes
		 (HL6h)			   surface area, chemical 					     Radiography
		 Ca-deficient HAp			   composition, Ca/P 					     XRD
		 (HL48h)			   ratio
  
	Simon et al.	H Ap(DW250S)	 Disc 	O M, SEM 	 Void volume 	N ew	 16 	 Calvarial defect 	 16 weeks 	 microCT 	 Bone ingrowth volume
	(2007) [39]	H Ap(DW250 M)				    Zealand				    radiography	 (mm3)
		H Ap(DW250L)				    white					N     ormalized bone
		H Ap(DW400S)				    rabbits					     ingrowth(%)
		H Ap(DW400 M)
		H Ap(DW400L)
  
	Park et al.	 BioOss	 Granules 	 SEM, EDXA, XRD,  	 Diffraction pattern,	 Rat 	 30 	 Calvarial defect 	 8 weeks 	H istology	N ewly formed bone
	(2008) [40]	 Egg-shell(ES)		  FT-IR	 absorbance spectra, 					H     istomorphometry	 area(%)
		 ES-CaP-1			   Ca/P ratio						      Remaining bone graft	
		 ES-CaP-2									         particle area(%)
		 ES-CaP-3									         BMC(%)

	

	
 										                                    (continued on next page è)	
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EDXA: energy dispersive X-ray analysis; FESEM: field-emission scanning electron microscopy; 
Mech: mechanical characterization; ICP-AES: Inductively coupled plasma atomic emission 
spectroscopy; BET: Brunauer–Emmett–Teller.
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	Ripamont et al.	HAp/β-TCP(19/	 Disc 	 SEM, XRD, FT-IR 	 Macro and micro-	 Baboon 	 4 	 Calvarial defect 	 365 days 	H istology	 Bone volume fraction(%)
	(2008) [41]	 81)			   pore size,					H     istomorphometry	 Matrix volume fraction
		H Ap/β-TCP(4/			   diffraction pattern,						      (%)
		 96)			   absorbance spectra						      FVA(%)
  
	Xu et al. (2008)	β-TCP	 Bulk 	 FESEM, XRD, Mech. 	 Porosity, Macro-pore	 Rabbit 	 12 	 Calvarial defect 	 16 weeks 	 Micro-CT 	N ew bone(%)
	[42]				    size, diffraction pattern,					H     istology	 Residual material(%)
					    compressive strength					H     istomorphometry
  
	Appleford et al.	Micro and Nano-	 Cylinder 	 SEM, XRD 	 Porosity 	 Dog 	 10 	 Mandibular	 12 weeks 	 Micro-CT	 Mineralized bone
	(2009) [43]	H Ap						      defect		H  istology	 formation(%)
										H         istomorphometry	 Area of Total Tissue(%)
											          Area of Mineralized
											          Bone (%)BV/TV, BS/
											          TV, BS/BV, Tb.N, 
											          Tb.Sb, Tb.Th
  
	Hirota et al.	 β-TCP	 Granules 	 SEM 	 Particle size, porosity, 	 Rat 	 10 	 Mandibular	 5 weeks 	H istology	 Bone formation rate(%)
	(2009) [44]	 (OSferion®)			   Macropore size			   defect		H  istomorphometry	 Amount of material(%)
  
	Takahashi et 	 TCP 	 Sponge 	 SEM 	 Macro-pore size 	 Dog 	 10 	 Mandibular	 8 weeks 	H istopathology 	 Average bone mass
	al. (2009) [45]							       defect			   (center and top of
											          cavity) (mm2)
  
	Wang et al.	 β-TCP 	 Cube 	 SEM 	 Porosity, Macro-pore  	 Dog 	 4 	 Mandibular	 24 weeks 	H istomorphometry	N ewly formed bone(%)
	(2009) [46]				    size			   defect		  Radiography	H eight and thickness 
										         Sequential	 of alveolar ridge bone
										         fluorescent labeling	 (mm)
											          Mineralization level(%)
  
	Yao et al.	 BCP 	 Cylinder 	 SEM, XRD 	 Porosity, Macro and	 Dog 	 10 	 Mandibular 	 8 weeks 	 99mTc-MDP SPECT	N ew bone filled 
	(2009) [47]				    micropore, size,			   defect		  Mech. Pro analysis
					    chemical composition,					H     istology
					    mechanical properties
  
	Park et al.	 CaP 	 Evacuated	 XRD, SEM 	 Particle size, diffraction 	N ew	N /P 	 Calvarial defect 	 6 weeks 	H istology 	 Bone formation
	(2010) [48]		  and filled		  pattern, wall thickness,	 Zealand
			  microspheres		  evacuated area	 white
						     rabbits
  
	Park et al.	 n-BCP-1	 Granules 	 SEM 	 Particle size, chemical	N ew	 20 	 Calvarial defect 	 8 weeks 	H istology	N ew bone(%)
	(2010) [49]	 n-BCP-2			   composition	 Zealand				H    istomorphometry
		 MBCP				    white
		O steon				    rabbits
		 Cerasorb				  
		 Bio-Oss

										                                    (continued on next page è)
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	Ripamont et al.	HAp/β-TCP(19/	 Disc 	 SEM, XRD, FT-IR 	 Macro and micro-	 Baboon 	 4 	 Calvarial defect 	 365 days 	H istology	 Bone volume fraction(%)
	(2008) [41]	 81)			   pore size,					H     istomorphometry	 Matrix volume fraction
		H Ap/β-TCP(4/			   diffraction pattern,						      (%)
		 96)			   absorbance spectra						      FVA(%)
  
	Xu et al. (2008)	β-TCP	 Bulk 	 FESEM, XRD, Mech. 	 Porosity, Macro-pore	 Rabbit 	 12 	 Calvarial defect 	 16 weeks 	 Micro-CT 	N ew bone(%)
	[42]				    size, diffraction pattern,					H     istology	 Residual material(%)
					    compressive strength					H     istomorphometry
  
	Appleford et al.	Micro and Nano-	 Cylinder 	 SEM, XRD 	 Porosity 	 Dog 	 10 	 Mandibular	 12 weeks 	 Micro-CT	 Mineralized bone
	(2009) [43]	H Ap						      defect		H  istology	 formation(%)
										H         istomorphometry	 Area of Total Tissue(%)
											          Area of Mineralized
											          Bone (%)BV/TV, BS/
											          TV, BS/BV, Tb.N, 
											          Tb.Sb, Tb.Th
  
	Hirota et al.	 β-TCP	 Granules 	 SEM 	 Particle size, porosity, 	 Rat 	 10 	 Mandibular	 5 weeks 	H istology	 Bone formation rate(%)
	(2009) [44]	 (OSferion®)			   Macropore size			   defect		H  istomorphometry	 Amount of material(%)
  
	Takahashi et 	 TCP 	 Sponge 	 SEM 	 Macro-pore size 	 Dog 	 10 	 Mandibular	 8 weeks 	H istopathology 	 Average bone mass
	al. (2009) [45]							       defect			   (center and top of
											          cavity) (mm2)
  
	Wang et al.	 β-TCP 	 Cube 	 SEM 	 Porosity, Macro-pore  	 Dog 	 4 	 Mandibular	 24 weeks 	H istomorphometry	N ewly formed bone(%)
	(2009) [46]				    size			   defect		  Radiography	H eight and thickness 
										         Sequential	 of alveolar ridge bone
										         fluorescent labeling	 (mm)
											          Mineralization level(%)
  
	Yao et al.	 BCP 	 Cylinder 	 SEM, XRD 	 Porosity, Macro and	 Dog 	 10 	 Mandibular 	 8 weeks 	 99mTc-MDP SPECT	N ew bone filled 
	(2009) [47]				    micropore, size,			   defect		  Mech. Pro analysis
					    chemical composition,					H     istology
					    mechanical properties
  
	Park et al.	 CaP 	 Evacuated	 XRD, SEM 	 Particle size, diffraction 	N ew	N /P 	 Calvarial defect 	 6 weeks 	H istology 	 Bone formation
	(2010) [48]		  and filled		  pattern, wall thickness,	 Zealand
			  microspheres		  evacuated area	 white
						     rabbits
  
	Park et al.	 n-BCP-1	 Granules 	 SEM 	 Particle size, chemical	N ew	 20 	 Calvarial defect 	 8 weeks 	H istology	N ew bone(%)
	(2010) [49]	 n-BCP-2			   composition	 Zealand				H    istomorphometry
		 MBCP				    white
		O steon				    rabbits
		 Cerasorb				  
		 Bio-Oss
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Table 3 (continued)

		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Hung et al.	 PC-HAp/β-TCP,	 Granules 	 SEM, XRD 	 Particle size, chemical	 Dog 	 4 	 Bilateral maxilla	 16 weeks 	H istology	N ew bone(%)
	(2011) [50]	 MBCP			   composition, crystallite			   and mandible		H  istomorphometry	 Ratio of new bone 		
					    size			   defect			   formation
  
	De Oliveira	 BCP 	 Granules 	 SEM, XRD, FT-IR 	 Particle size, diffraction	 Rat 	 10 	 Calvarial defect 	 45 days 	H istology	N ew bone tissue(%)
	Lomelino et al.				    pattern, absorbance 					H     istomorphometry
	(2012) [51]				    spectra, chemical
					    composition
  
	Klijn et al.	 CPC-IP 	 injectable	 SEM, μCT, Gillmore  	 Porosity, Chemical	 Rat 	 12 	 Skull defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2012) [52]		  cement	 test	 composition					H     istomorphometry	 Appositional bone
											          height(μm)
  
	Lee et al.	 synthetic	 Granules 	 FT-IR, XRD, SEM	 Granule size, diffraction	N ew	 16 	 Calvarial defect 	 8 weeks 	H istomorphometry 	 Total new bone(%)
	(2012) [53]	 hydroxyapatite			   pattern, absorbance 	 Zealand					     Residual graft(%)
		 (sHA) eggshell			   spectra	 white
		 hydroxyapatite				    rabbits
		 (eHA)				  
  
	Cho et al.	H Ap 	 Granules 	 FESEM, XRD, EPMA,	 Particle size, diffraction  	N ew	 8 	 Calvarial defect 	 4 weeks 	H istomorphometry 	N ewly formed bone(%)
	(2013) [54]			   FTIR, ICP-AES, ion	 pattern, absorbance	 Zealand					     Implanted granule(%)
				   chromatography	 spectra	 white					     Soft tissue(%)
						     rabbits
  
	Lee et al.	 60 TCP40HA 	 Granules 	 XRD, SEM 	 Porosity, Macro-pore	 Rat 	 52 	 Calvarial defect 	 8 weeks 	H istology	 BV/TV, BS/BV, Tb.Pf,
	(2013) [55]				    size, diffraction pattern, 					     Micro-CT	 SMI,
					    chemical composition						      Tb.Th, Tb.N, Tb.Sp, DA
  
	Lee et al.	 HAp, β-TCP, BCP 	Granules 	 XRD, SEM, FE-SEM,	 Granule size, porosity,	 Rat 	 130 	 Calvarial defect 	 8 weeks 	H istology	 BV/TV, BS/BV, Tb.Pf, 
	(2013) [56]			   Micro-CT	 Macro-pore size, 					     Micro-CT	 SMI,
					    diffraction pattern,						      Tb.Th, Tb.N, Tb.Sp, DA 
					    chemical composition,
					    interconnectivity
  
	Jang et al.	H Aps 	 Granules 	 SEM 	 Granule size 	 Rat 	 10 	 Mastoid	 12 weeks 	 Fluorescent labeling	O steoconduction
	(2014) [57]							       obliteration		H  istology	 Ca deposition
										         Micro-CT	 Resorption
  
	Kobayashi	O CP	 Granules 	 FT-IR, XRD, SEM 	 Granule size, diffraction	 Rat 	N /P 	 Calvarial defect 	 12 weeks 	 Radiography	 Radiopacity(%) 
	et al. (2014)	 ACPOCP/ACP			   pattern, absorbance					     XRD	N ew bone(%)
	[58]				    spectra, chemical					H     istology 
					    composition, Degree					H     istomorphometry 
					    of Supersaturation
  
	Lee et al. 	 sHA	 Powder 	 FT-IR, XRD, SEM 	 Diffraction pattern,	 Rat 	 30 	 Parietal defect 	 8 weeks 	H istomorphometry 	 Total new bone(%)
	(2014) [59]	 eHA			   absorbance spectra						      Residual graft(%)

										                                    (continued on next page è)
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		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Hung et al.	 PC-HAp/β-TCP,	 Granules 	 SEM, XRD 	 Particle size, chemical	 Dog 	 4 	 Bilateral maxilla	 16 weeks 	H istology	N ew bone(%)
	(2011) [50]	 MBCP			   composition, crystallite			   and mandible		H  istomorphometry	 Ratio of new bone 		
					    size			   defect			   formation
  
	De Oliveira	 BCP 	 Granules 	 SEM, XRD, FT-IR 	 Particle size, diffraction	 Rat 	 10 	 Calvarial defect 	 45 days 	H istology	N ew bone tissue(%)
	Lomelino et al.				    pattern, absorbance 					H     istomorphometry
	(2012) [51]				    spectra, chemical
					    composition
  
	Klijn et al.	 CPC-IP 	 injectable	 SEM, μCT, Gillmore  	 Porosity, Chemical	 Rat 	 12 	 Skull defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2012) [52]		  cement	 test	 composition					H     istomorphometry	 Appositional bone
											          height(μm)
  
	Lee et al.	 synthetic	 Granules 	 FT-IR, XRD, SEM	 Granule size, diffraction	N ew	 16 	 Calvarial defect 	 8 weeks 	H istomorphometry 	 Total new bone(%)
	(2012) [53]	 hydroxyapatite			   pattern, absorbance 	 Zealand					     Residual graft(%)
		 (sHA) eggshell			   spectra	 white
		 hydroxyapatite				    rabbits
		 (eHA)				  
  
	Cho et al.	H Ap 	 Granules 	 FESEM, XRD, EPMA,	 Particle size, diffraction  	N ew	 8 	 Calvarial defect 	 4 weeks 	H istomorphometry 	N ewly formed bone(%)
	(2013) [54]			   FTIR, ICP-AES, ion	 pattern, absorbance	 Zealand					     Implanted granule(%)
				   chromatography	 spectra	 white					     Soft tissue(%)
						     rabbits
  
	Lee et al.	 60 TCP40HA 	 Granules 	 XRD, SEM 	 Porosity, Macro-pore	 Rat 	 52 	 Calvarial defect 	 8 weeks 	H istology	 BV/TV, BS/BV, Tb.Pf,
	(2013) [55]				    size, diffraction pattern, 					     Micro-CT	 SMI,
					    chemical composition						      Tb.Th, Tb.N, Tb.Sp, DA
  
	Lee et al.	 HAp, β-TCP, BCP 	Granules 	 XRD, SEM, FE-SEM,	 Granule size, porosity,	 Rat 	 130 	 Calvarial defect 	 8 weeks 	H istology	 BV/TV, BS/BV, Tb.Pf, 
	(2013) [56]			   Micro-CT	 Macro-pore size, 					     Micro-CT	 SMI,
					    diffraction pattern,						      Tb.Th, Tb.N, Tb.Sp, DA 
					    chemical composition,
					    interconnectivity
  
	Jang et al.	H Aps 	 Granules 	 SEM 	 Granule size 	 Rat 	 10 	 Mastoid	 12 weeks 	 Fluorescent labeling	O steoconduction
	(2014) [57]							       obliteration		H  istology	 Ca deposition
										         Micro-CT	 Resorption
  
	Kobayashi	O CP	 Granules 	 FT-IR, XRD, SEM 	 Granule size, diffraction	 Rat 	N /P 	 Calvarial defect 	 12 weeks 	 Radiography	 Radiopacity(%) 
	et al. (2014)	 ACPOCP/ACP			   pattern, absorbance					     XRD	N ew bone(%)
	[58]				    spectra, chemical					H     istology 
					    composition, Degree					H     istomorphometry 
					    of Supersaturation
  
	Lee et al. 	 sHA	 Powder 	 FT-IR, XRD, SEM 	 Diffraction pattern,	 Rat 	 30 	 Parietal defect 	 8 weeks 	H istomorphometry 	 Total new bone(%)
	(2014) [59]	 eHA			   absorbance spectra						      Residual graft(%)
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Table 3 (continued)

		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Xia et al.	 macroporous	 Block 	 SEM 	 Rod diameter, 	 Rat 	 6 	 Calvarial defect 	 8 weeks 	 Micro-CT	 BMD(mgHA/cm)Tb.Th
	(2014) [60]	H Ap			   Macropore size					H     istology	N ew bone area(%)
					    and interconnected 					H     istomorphometry	N ew vessel area(%)
					    pore size
  
	Yang et al.	 β-TCP (Cerasorb),	 Granules 	 SEM, XRD 	 Particle size, porosity, 	N ew	 10 	 Calvarial defect 	 8 weeks 	H istology	 Area of augmentation
	(2014) [61]	 BCPs			   Macro and micro-pore	 Zealand				H    istomorphometry	 (mm2) 
					    size, diffraction pattern, 	 white					N     ew bone are	
					    chemical composition	 rabbits					     (mm2,%)
											          Residual particle area
											          (mm2,%)
  
	Calasans-Maia	H Ap and	 Spheres 	 SEM 	 SEM image 	 Rat 	 15 	 Alveolar defect 	 42 days 	H istomorphometry 	 BV/TV(%)BiomatV/TV
	et al. (2015)	 carbonated HAp									         (%)
	[62]										          RANKL(pg/mL)
											O          PG(pg/mL)
  
	Calvo-Guirado	 BCP (4Bone®) 	 Granules  	 SEM  	 Granule size, Porosity, 	N ew	 7 	 Parietal defect 	 12 weeks 	H istomorphometry 	 Cortical Defect Closure
	et al. (2015)				    Macro and micro-pore	 Zealand					     (%)
	[63]				    size, chemical 	 white					N     ew bone(%)
					    composition	 rabbits					     Connective tissue(%)
											          Residual material(%)
  
	Khan et al.	 BCP 	 Granules 	 helium pycnometry,	 Particle size distribution,	N ew	 12 	 Parietal defect 	 8 weeks 	H istomorphometry 	 Bone growth(%)
	(2015) [64]			   Acoustic &	 Chemical composition,	 Zealand					     Graft(%)	
				   electro-acoustic	 Surface area, Density	 white					     Soft tissue(%)
				   spectrometer		  rabbits
  
	Lim et al.	 BCPs 	 Block 	 XRD, SEM, Mech. 	 Porosity, Macro-pore size, 	N ew	 12 	 Calvarial defect 	 8 weeks 	H istology	N ewly formed bone(%)
	(2015) [65]				    Diffraction pattern,	 Zealand				H    istomorphometry	 Residual material(%) 
					    chemical composition,	 white		
					    compressive strength,	 rabbits
					    Crystalline phase (%)
  
	Manchon et al.	 β-TCP 	 Granules 	 SEM, XRD, BET 	 Granule size, Porosity,	N ew 	 4 	 Calvarial defect 	 12 weeks 	H istology	N ew bone(%)
	(2015) [66]				    pores fraction, pore size,	 Zealand				H    istomorphometry	 Residual graft material 
					    diffraction pattern, 	 white					     (%)
					    surface area	 rabbits					     Fibrous tissue(%)
  
	Manchon et al.	 β-TCP 	 Granules 	 SEM, XRD, BET 	 Porosity, pore size, 	N ew	 4 	 Parietal defect 	 12 weeks 	H istology	N ew bone(%)
	(2015) [67]				    pores fraction, 	 Zealand				H    istomorphometry	 Residual graft material
					    diffraction pattern,	 white					     (%)
					    surface area, blend	 rabbits					     Fibrous tissue(%)
					    composition, lattice
					    parameters
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		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Xia et al.	 macroporous	 Block 	 SEM 	 Rod diameter, 	 Rat 	 6 	 Calvarial defect 	 8 weeks 	 Micro-CT	 BMD(mgHA/cm)Tb.Th
	(2014) [60]	H Ap			   Macropore size					H     istology	N ew bone area(%)
					    and interconnected 					H     istomorphometry	N ew vessel area(%)
					    pore size
  
	Yang et al.	 β-TCP (Cerasorb),	 Granules 	 SEM, XRD 	 Particle size, porosity, 	N ew	 10 	 Calvarial defect 	 8 weeks 	H istology	 Area of augmentation
	(2014) [61]	 BCPs			   Macro and micro-pore	 Zealand				H    istomorphometry	 (mm2) 
					    size, diffraction pattern, 	 white					N     ew bone are	
					    chemical composition	 rabbits					     (mm2,%)
											          Residual particle area
											          (mm2,%)
  
	Calasans-Maia	H Ap and	 Spheres 	 SEM 	 SEM image 	 Rat 	 15 	 Alveolar defect 	 42 days 	H istomorphometry 	 BV/TV(%)BiomatV/TV
	et al. (2015)	 carbonated HAp									         (%)
	[62]										          RANKL(pg/mL)
											O          PG(pg/mL)
  
	Calvo-Guirado	 BCP (4Bone®) 	 Granules  	 SEM  	 Granule size, Porosity, 	N ew	 7 	 Parietal defect 	 12 weeks 	H istomorphometry 	 Cortical Defect Closure
	et al. (2015)				    Macro and micro-pore	 Zealand					     (%)
	[63]				    size, chemical 	 white					N     ew bone(%)
					    composition	 rabbits					     Connective tissue(%)
											          Residual material(%)
  
	Khan et al.	 BCP 	 Granules 	 helium pycnometry,	 Particle size distribution,	N ew	 12 	 Parietal defect 	 8 weeks 	H istomorphometry 	 Bone growth(%)
	(2015) [64]			   Acoustic &	 Chemical composition,	 Zealand					     Graft(%)	
				   electro-acoustic	 Surface area, Density	 white					     Soft tissue(%)
				   spectrometer		  rabbits
  
	Lim et al.	 BCPs 	 Block 	 XRD, SEM, Mech. 	 Porosity, Macro-pore size, 	N ew	 12 	 Calvarial defect 	 8 weeks 	H istology	N ewly formed bone(%)
	(2015) [65]				    Diffraction pattern,	 Zealand				H    istomorphometry	 Residual material(%) 
					    chemical composition,	 white		
					    compressive strength,	 rabbits
					    Crystalline phase (%)
  
	Manchon et al.	 β-TCP 	 Granules 	 SEM, XRD, BET 	 Granule size, Porosity,	N ew 	 4 	 Calvarial defect 	 12 weeks 	H istology	N ew bone(%)
	(2015) [66]				    pores fraction, pore size,	 Zealand				H    istomorphometry	 Residual graft material 
					    diffraction pattern, 	 white					     (%)
					    surface area	 rabbits					     Fibrous tissue(%)
  
	Manchon et al.	 β-TCP 	 Granules 	 SEM, XRD, BET 	 Porosity, pore size, 	N ew	 4 	 Parietal defect 	 12 weeks 	H istology	N ew bone(%)
	(2015) [67]				    pores fraction, 	 Zealand				H    istomorphometry	 Residual graft material
					    diffraction pattern,	 white					     (%)
					    surface area, blend	 rabbits					     Fibrous tissue(%)
					    composition, lattice
					    parameters
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Table 3 (continued)

		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Mangano et al.	 BCP 	 Block 	 SEM, XRD 	 Rod diameter, porosity,	 Sheep 	 6 	 Sinus	 90 days 	 Micro-CT	N ewly deposited 
	(2015) [68]				    Macro and micro-					H     istology	 bone area/field 
					    pore size,					H     istomorphometry	 area(%) peripheral
											          and central
  
	Lee et al. 	 nano-sized β-TCP	 Granules 	 SEM, XRD, FT-IR, BET,	 Porosity, Macro-pore 	 Dog 	 18 	 Mandibular	 12 weeks 	H istology 	N ewly formed bone(%) 
	(2016) [69]			   μCT, particle size	 size, diffraction pattern,			   defect			   Residual quantity(%)
				   analyzer, Mech.	 absorbance spectra, 						      Resorption(%)
					    surface area, compressive						       
					    strength
  
	Sheikh et al.	 dicalcium	 Disc 	 SEM, XRD 	 Porosity, diffraction 	N ew	 5 	 Calvarial defect 	 12 weeks 	H istology	 Bone volume(%)
	(2016) [70]	 phosphate			   pattern, surface area,	 Zealand				H    istomorphometry	 Remaining graft(%)
					    Ca/P ratio,	 white				    SEM
					    Density, Compressive	 rabbits				    XRD
					    strength
  
	Lambert et al.	 BHA (Bio-Oss)	 Granules 	 SEM, BET 	 Particle size, surface  	N ew	 24 	 Calvarial defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2017) [71]	 CBHA (Endobon)			   area	 Zealand				H    istomorphometry	 Biomaterial(%)		
	SHA (Osbone)				    white					     BMC(%)	
						     rabbits		
  
	Diao et al.	 3D Plotted β-TCP 	Paste 	 μCT, SEM, XRD 	 Porosity, Macro-pore	 SD Rats 	N /P 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ew bone(%) 
	(2018) [72]				    size,					H     istology	 BMD(g.cm-3)	
					    Diffraction pattern,					     Biomechanical	 BV(mm3)
					    Connectivity						      Max load(N)
											          Stiffness(N/mm)	   
  
	Fan et al.	 ABBM, BioOss 	 Granules 	 SEM, BET, XPS, XRD,	 Macro-pore size,	N ew	 16 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ewly formed bone(%) 
	(2018) [73]			   FTIR	 Diffraction pattern,	 Zealand				H    istology	 remnant graft(%) 
					    absorbance spectra,	 white				H    istomorphometry
					    XPS spectrum, surface	 rabbits 
					    area, average pore 
					    volume
  
	Yao et al.	 BCPs 	 Block 	 SEM, XRD 	 Porosity, Macro-pore	 Dog 	 9 	 Bilateral 	 12 weeks 	 Fluorescent dye	N ew bone formation(%) 	
	(2018) [74]				    size,			   alveolar ridges		  labeling	 Graft volume
					    Diffraction pattern, 					H     istology
					    Chemical composition					H     istomorphometry
										         Spiral CT
  
	Madhumathi	 CDHA	 Granules 	 XRD, FT-IR, TEM 	 Diffraction pattern, 	 Rat 	 12 	 Cranial defect 	 12 weeks 	 Micro-CT	 total healing score
	et al. (2018)	 β-TCP			   surface area					H     istology
	[75]	 CDHA/β-TCP								        Immunohisto-
										         chemistry
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		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

	Mangano et al.	 BCP 	 Block 	 SEM, XRD 	 Rod diameter, porosity,	 Sheep 	 6 	 Sinus	 90 days 	 Micro-CT	N ewly deposited 
	(2015) [68]				    Macro and micro-					H     istology	 bone area/field 
					    pore size,					H     istomorphometry	 area(%) peripheral
											          and central
  
	Lee et al. 	 nano-sized β-TCP	 Granules 	 SEM, XRD, FT-IR, BET,	 Porosity, Macro-pore 	 Dog 	 18 	 Mandibular	 12 weeks 	H istology 	N ewly formed bone(%) 
	(2016) [69]			   μCT, particle size	 size, diffraction pattern,			   defect			   Residual quantity(%)
				   analyzer, Mech.	 absorbance spectra, 						      Resorption(%)
					    surface area, compressive						       
					    strength
  
	Sheikh et al.	 dicalcium	 Disc 	 SEM, XRD 	 Porosity, diffraction 	N ew	 5 	 Calvarial defect 	 12 weeks 	H istology	 Bone volume(%)
	(2016) [70]	 phosphate			   pattern, surface area,	 Zealand				H    istomorphometry	 Remaining graft(%)
					    Ca/P ratio,	 white				    SEM
					    Density, Compressive	 rabbits				    XRD
					    strength
  
	Lambert et al.	 BHA (Bio-Oss)	 Granules 	 SEM, BET 	 Particle size, surface  	N ew	 24 	 Calvarial defect 	 12 weeks 	H istology	N ewly formed bone(%)
	(2017) [71]	 CBHA (Endobon)			   area	 Zealand				H    istomorphometry	 Biomaterial(%)		
	SHA (Osbone)				    white					     BMC(%)	
						     rabbits		
  
	Diao et al.	 3D Plotted β-TCP 	Paste 	 μCT, SEM, XRD 	 Porosity, Macro-pore	 SD Rats 	N /P 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ew bone(%) 
	(2018) [72]				    size,					H     istology	 BMD(g.cm-3)	
					    Diffraction pattern,					     Biomechanical	 BV(mm3)
					    Connectivity						      Max load(N)
											          Stiffness(N/mm)	   
  
	Fan et al.	 ABBM, BioOss 	 Granules 	 SEM, BET, XPS, XRD,	 Macro-pore size,	N ew	 16 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ewly formed bone(%) 
	(2018) [73]			   FTIR	 Diffraction pattern,	 Zealand				H    istology	 remnant graft(%) 
					    absorbance spectra,	 white				H    istomorphometry
					    XPS spectrum, surface	 rabbits 
					    area, average pore 
					    volume
  
	Yao et al.	 BCPs 	 Block 	 SEM, XRD 	 Porosity, Macro-pore	 Dog 	 9 	 Bilateral 	 12 weeks 	 Fluorescent dye	N ew bone formation(%) 	
	(2018) [74]				    size,			   alveolar ridges		  labeling	 Graft volume
					    Diffraction pattern, 					H     istology
					    Chemical composition					H     istomorphometry
										         Spiral CT
  
	Madhumathi	 CDHA	 Granules 	 XRD, FT-IR, TEM 	 Diffraction pattern, 	 Rat 	 12 	 Cranial defect 	 12 weeks 	 Micro-CT	 total healing score
	et al. (2018)	 β-TCP			   surface area					H     istology
	[75]	 CDHA/β-TCP								        Immunohisto-
										         chemistry
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	da Silva Brum	 BCP 	 nano-particle 	 SEM, XRD, mercury	 Porosity, Macro-pore	 Rat 	 48 	 Calvarial defect 	 4 weeks 	H istology	 Graft remaining 
	et al. (2019)			   intrusion porosimetry,	 size,					H     istomorphometry	 particles area(%)
	[76]			   helium gas pycnometry	 Diffraction pattern,						      Graft remaining 
					    Density						      particles number(%)		
											N          ew tissue area(%)
  
	De Carvalho	N on-sintered	 Granules 	 SEM, XRD, BET 	 Macro and micro-	 mini-pig 	 5 	 Alveolar defects 	 3 months 	H istology	 Regenerated area 
	et al. (2019)	H AP			   pore size,					H     istomorphometry	 Regeneration(%)
	[77]	H Ap sintered at			   Diffraction pattern,						N      ewly formed bone(%)
		 820 °C			   Surface area, 						      Biomaterial(%)
		H Ap sintered at			   Pore volume						      Soft tissue(%)
		 1200 °C									         Bone-to-material contact(%)
  
	Park et al.	 β-TCPs(a,b,c,d)	 Block 	 SEM 	 Porosity, Macro and 	 Rat 	 48 	 Calvarial defect 	 4 weeks 	 Micro-CT	N ew bone formation
	(2019) [78]				    micropore size					H     istology	O steoblastic
										         Immunohisto-	 differentiation
										         chemistry	 Type I collagen
  
	Zhang et al.	H Ap	 Disc 	 SEM, XRD, Mech. 	 Diffraction pattern,	 Dog 	N /P 	 Skull defect 	 8 months 	H istology 	N ew bone regeneration
	(2019) [79]	 α-TCP			   Ca/P ratio, Compressive						      Vascularization
		 β-TCP			   strength,						      Bone resorption
		 BCP (30 % β-TCP)			   Solubility
		  BCP (70 % β-TCP)
  
	Hung et al.	 BCP 	 Granules 	 SEM 	 Porosity, Macro-pore	 mini-pig 	 6 	 Sinus	 12 weeks 	 Micro-CT	N ew bone(%)
	(2019) [80]				    size, 			   augmentation		H  istometry	 Connective tissue(%)
					    Chemical composition,						      Residual particles(%)	
					    Compressive strength,						      Bone density variables
					    Density						      (BA/TA and BS/TV)
											          Bone architecture
											          variables (Tb.Th and Tb.N)
											          Bone spacing variable
											          (Po.(OP))
  
	Chi et al.	 3D-HAp 	 Cylinder 	 SEM, Mech. 	 Pore size, Compressive	 Rat 	 6 	 Skull defect 	 12 weeks 	 Micro-CT	 BV/TV(%), Tb.N, Tb.Sp,
	(2020) [81]				    modulus					H     istometry	 Tb.Th,
  
	Jensen et al.	 TCP 	 Cylinder 	 XRD, Mech. 	 Pore size, Diffraction	 Mouse 	 5 	 Calvarial defect 	 8 weeks 	 Luciferase scanning	 Implant surface with
	(2020) [82]				    pattern,					     histology	 bone(%)
					    Compressive forc
  
	Intapibool et al.	BCP(30 %	 Granules 	 SEM, XRD 	 Granules size,	 Pig 	 8 	 Calvarial defect 	 16 weeks 	H istology	N ew bone(%)	
	(2020) [83]	 TCP70 %HAP)			   Diffraction pattern,					H     istomorphometry	 Residual graft material
		 BCP(70 %			   Micro-pore size,						      (%)
		 TCP30 %HAp)			   Macro-pore size						      Bone-to-material
					    Chemical composition						      contact(%)
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	da Silva Brum	 BCP 	 nano-particle 	 SEM, XRD, mercury	 Porosity, Macro-pore	 Rat 	 48 	 Calvarial defect 	 4 weeks 	H istology	 Graft remaining 
	et al. (2019)			   intrusion porosimetry,	 size,					H     istomorphometry	 particles area(%)
	[76]			   helium gas pycnometry	 Diffraction pattern,						      Graft remaining 
					    Density						      particles number(%)		
											N          ew tissue area(%)
  
	De Carvalho	N on-sintered	 Granules 	 SEM, XRD, BET 	 Macro and micro-	 mini-pig 	 5 	 Alveolar defects 	 3 months 	H istology	 Regenerated area 
	et al. (2019)	H AP			   pore size,					H     istomorphometry	 Regeneration(%)
	[77]	H Ap sintered at			   Diffraction pattern,						N      ewly formed bone(%)
		 820 °C			   Surface area, 						      Biomaterial(%)
		H Ap sintered at			   Pore volume						      Soft tissue(%)
		 1200 °C									         Bone-to-material contact(%)
  
	Park et al.	 β-TCPs(a,b,c,d)	 Block 	 SEM 	 Porosity, Macro and 	 Rat 	 48 	 Calvarial defect 	 4 weeks 	 Micro-CT	N ew bone formation
	(2019) [78]				    micropore size					H     istology	O steoblastic
										         Immunohisto-	 differentiation
										         chemistry	 Type I collagen
  
	Zhang et al.	H Ap	 Disc 	 SEM, XRD, Mech. 	 Diffraction pattern,	 Dog 	N /P 	 Skull defect 	 8 months 	H istology 	N ew bone regeneration
	(2019) [79]	 α-TCP			   Ca/P ratio, Compressive						      Vascularization
		 β-TCP			   strength,						      Bone resorption
		 BCP (30 % β-TCP)			   Solubility
		  BCP (70 % β-TCP)
  
	Hung et al.	 BCP 	 Granules 	 SEM 	 Porosity, Macro-pore	 mini-pig 	 6 	 Sinus	 12 weeks 	 Micro-CT	N ew bone(%)
	(2019) [80]				    size, 			   augmentation		H  istometry	 Connective tissue(%)
					    Chemical composition,						      Residual particles(%)	
					    Compressive strength,						      Bone density variables
					    Density						      (BA/TA and BS/TV)
											          Bone architecture
											          variables (Tb.Th and Tb.N)
											          Bone spacing variable
											          (Po.(OP))
  
	Chi et al.	 3D-HAp 	 Cylinder 	 SEM, Mech. 	 Pore size, Compressive	 Rat 	 6 	 Skull defect 	 12 weeks 	 Micro-CT	 BV/TV(%), Tb.N, Tb.Sp,
	(2020) [81]				    modulus					H     istometry	 Tb.Th,
  
	Jensen et al.	 TCP 	 Cylinder 	 XRD, Mech. 	 Pore size, Diffraction	 Mouse 	 5 	 Calvarial defect 	 8 weeks 	 Luciferase scanning	 Implant surface with
	(2020) [82]				    pattern,					     histology	 bone(%)
					    Compressive forc
  
	Intapibool et al.	BCP(30 %	 Granules 	 SEM, XRD 	 Granules size,	 Pig 	 8 	 Calvarial defect 	 16 weeks 	H istology	N ew bone(%)	
	(2020) [83]	 TCP70 %HAP)			   Diffraction pattern,					H     istomorphometry	 Residual graft material
		 BCP(70 %			   Micro-pore size,						      (%)
		 TCP30 %HAp)			   Macro-pore size						      Bone-to-material
					    Chemical composition						      contact(%)

									                                                         (continued on next page è)

Influence of Physicochemical Characteristics of Calcium-phosphate based Biomaterials in Cranio-
maxillofacial Bone Regeneration. A Systematic Literature Review and Meta-analysis of Preclinical Models

		 Paper ID 	 Biomaterial(s) 	 Physical  	 Characterization 	 Characteristics 	 Animal	 Qty. 	 Bone defect 	 Duration 	Observati on 	O utcome
				   form	 METHODS	

59



60

	Kiyochi et al.	 BCP 	 Disc 	 SEM, XRD, Mech.,	 Diffraction pattern, 	 Rat 	 35 	 Calvarial defect 	 60 days 	 SEM	 Bone mineralization
	(2020) [84]			   Micro-hardness	 Particle size, Density, 					H     istology	 Presence of blood
					    Porosity,						      vessels	
					    Vickers hardness,
					    Compressive strength
  
	De Oliveira	 BioOss, BCPs 	 Granules 	 SEM, BET 	 Pore volume, specific	 Rat 	 45 	 Calvarial defect 	 90 days 	H istology	 Bone neoformation
	Junior et al.				    surface area					H     istomorphometry	 (μm2)
	(2021) [85]
  
	Seo et al. 	 BCPs 	 Granules 	 SEM 	 Pore diameter, porosity,	 Rabbit 	 6 	 Calvarial defect 	 8 weeks 	 Micro-CT	N ew bone formation
	(2021) [86]				    chemical composition					H     istometry	 (mm3)
											          Residual graft(mm3)
  
	Wang et al.	H Ap fiber,	 Fiber,	 FE-SEM, XRD 	 Diffraction pattern, 	 Rabbit 	 8 	 Cranial defect 	 8 weeks 	 Micro-CT	 BV/TV(%)
	(2021) [87]	 BioOss	 Granules		  Particle diameter, Pore 					H     istometry	N ew bone area(mm2)
					    size						      Residual graft(%)
  
	Ghayor et al.	H Ap1100	 Cube 	 SEM, Mech,	 Grain size, surface 	 Rabbit 	N /P 	 Calvarial defect 	 8 weeks 	H istomorphometry 	 Bone regeneration(%)
	(2022) [88]	H Ap1200		  Microporosity, BET	 area	
		H Ap1300			   Microporosity, 
		H Ap1400			   Compressive strength
  
	Da Silva et al.	 BCP 	 Cylinder 	 XRD, SEM/EDS 	 Diffraction pattern, 	 Rat 	 25 	 Alveolar defect 	 120 days 	H istology 	 Alveolar regeneration
	(2023) [89]				    Chemical composition
  
	Wu et al. 	 BCPs 	 Disc 	 SEM, FT-IR, Mech. 	 Porosity 	 Rat 	 6 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ew bone area(%)BV/
	(2023) [90]									H         istology	 TV(%)
  
	Youseflee et al.	 nHAp 	 Disc 	 FE-SEM, XRD 	 Diffraction pattern 	 Rat 	 5 	 Calvarial defect 	 45 days 	H istopathology	 Fibrous connective
	(2023) [91]									         histomorphometry,	 tissue(%) New bone
										         Immunohisto-	 formation(%)
										         chemistry	 Angiogenesis(%)
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	Kiyochi et al.	 BCP 	 Disc 	 SEM, XRD, Mech.,	 Diffraction pattern, 	 Rat 	 35 	 Calvarial defect 	 60 days 	 SEM	 Bone mineralization
	(2020) [84]			   Micro-hardness	 Particle size, Density, 					H     istology	 Presence of blood
					    Porosity,						      vessels	
					    Vickers hardness,
					    Compressive strength
  
	De Oliveira	 BioOss, BCPs 	 Granules 	 SEM, BET 	 Pore volume, specific	 Rat 	 45 	 Calvarial defect 	 90 days 	H istology	 Bone neoformation
	Junior et al.				    surface area					H     istomorphometry	 (μm2)
	(2021) [85]
  
	Seo et al. 	 BCPs 	 Granules 	 SEM 	 Pore diameter, porosity,	 Rabbit 	 6 	 Calvarial defect 	 8 weeks 	 Micro-CT	N ew bone formation
	(2021) [86]				    chemical composition					H     istometry	 (mm3)
											          Residual graft(mm3)
  
	Wang et al.	H Ap fiber,	 Fiber,	 FE-SEM, XRD 	 Diffraction pattern, 	 Rabbit 	 8 	 Cranial defect 	 8 weeks 	 Micro-CT	 BV/TV(%)
	(2021) [87]	 BioOss	 Granules		  Particle diameter, Pore 					H     istometry	N ew bone area(mm2)
					    size						      Residual graft(%)
  
	Ghayor et al.	H Ap1100	 Cube 	 SEM, Mech,	 Grain size, surface 	 Rabbit 	N /P 	 Calvarial defect 	 8 weeks 	H istomorphometry 	 Bone regeneration(%)
	(2022) [88]	H Ap1200		  Microporosity, BET	 area	
		H Ap1300			   Microporosity, 
		H Ap1400			   Compressive strength
  
	Da Silva et al.	 BCP 	 Cylinder 	 XRD, SEM/EDS 	 Diffraction pattern, 	 Rat 	 25 	 Alveolar defect 	 120 days 	H istology 	 Alveolar regeneration
	(2023) [89]				    Chemical composition
  
	Wu et al. 	 BCPs 	 Disc 	 SEM, FT-IR, Mech. 	 Porosity 	 Rat 	 6 	 Calvarial defect 	 12 weeks 	 Micro-CT	N ew bone area(%)BV/
	(2023) [90]									H         istology	 TV(%)
  
	Youseflee et al.	 nHAp 	 Disc 	 FE-SEM, XRD 	 Diffraction pattern 	 Rat 	 5 	 Calvarial defect 	 45 days 	H istopathology	 Fibrous connective
	(2023) [91]									         histomorphometry,	 tissue(%) New bone
										         Immunohisto-	 formation(%)
										         chemistry	 Angiogenesis(%)
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Various types of physicochemical characteristics were recorded from various studies. Pore size 
and porosity were assessed in 29 studies (N 98 experimental samples) and 24 studies (N = 84), 
respectively. Particle and granule sizes were reported in 23 studies (N = 79); 20 studies (N = 53) 
reported the composition of CaP used for their in vivo tests. XRD patterns were reported in 34 
studies (N = 105) and FT-IR spectra in 12 studies (N = 40), confirming the chemical composition 
and phases of biomaterials. Surface properties were characterized in 12 studies (N = 42) and 
mechanical properties in 11 studies (N = 30). Ca/P ratio was reported in 6 studies (N = 18) and 
some other characteristics were reported less frequently: density (5 studies, N = 9), pore or 
void volume (4 studies), interconnectivity (2 studies), crystallinity (2 studies) and wall thickness 
(1 study). Thirty-nine studies reported bone regeneration responses in a quantitative way and 
the remaining 19 studies reported the responses qualitatively. Consequently, the meta-analysis 
was conducted on the 39 studies with quantitative outcomes. The outcome variables reported 
in these studies were distributed as follows: newly formed bone (38 studies, N = 163), residual 
graft (21 studies, N = 80) and bone-to-material contact (4 studies, N = 31). All the outcomes 
reported in the included articles are detailed in Table 3.

3.2. Quality assessment and risk of bias

Due to the insufficient number of reported items, the RoB and methodological quality 
assessments yielded many “unclear” scores, representing an unknown risk of bias (Fig. 3). The 
individual scores of the RoB tool and the methodological quality indicators of each included 
study are provided in Supplementary Table S2. Regarding selection bias (Fig. 3; Q1–Q3), the 
sequence generation process was reported in only one study (2 %; Q1), mentioning the use of 
software for group randomization (Calvo-Guirado et al., 2015). The randomization method was 
unclear in all other studies, however, many of them mentioned that the animals were randomly 
assigned to exposure groups. Baseline similarities were reported more often (41 %; Q2), 
whereas information about allocation concealment was not reported at all (Q3). Likewise, no 
study reported on random housing and blinding of caregivers (Q4 and Q5, respectively). As a
result, performance bias could not be judged. With respect to detection bias (Q6 and Q7), no 
study described the random selection of animals for outcome assessment (Q6) and in only 
three studies (5 %; Q7) the outcome assessor for the histological assessment was reported to 
be blinded (Yang et al., 2014; Lim et al., 2015 and Mangano et al., 2015). Incomplete outcome 
data were adequately addressed in most of the included studies (89 %; Q8), resulting in a low 
attrition risk of bias for these studies. In the assessment of reporting bias (Q9), no study was 
found to have a high risk of bias. Other potential sources of bias were identified in one study 
(2 %; Q10) because of simultaneous additional implantations (Ripamonti et al., 2008). In 
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Results of the risk of bias and methodological quality indicators for all included studies. The items 
in SYRCLE’s Risk of Bias assessment; Questions Q1–Q10 were scored indicating a low or high 
risk of bias or were scored “unclear” when the item was not reported, resulting in an unknown 
risk of bias [33]. Questions Q11-Q14 are additional study quality indicators. For Q14, “low risk” 
indicates a numeric quantitative value was provided in the study, and a “high risk” indicates only 
qualitative results were reported. The label “unclear” was used for studies showing indicators only 
in graphical format. For additional information on the questions and indicators, see the methods 
section and Hooijmans et al. (2014).

Figure 3

addition to the risk of bias, four study quality indicators were used to assess the methodological 
quality of the studies. In 41 % of the studies, randomization at any level of the experiment was 
reported (Q11). In all studies, the number of interventions on the animals was reported (Q12) 
and most of them reported the number of animals to be analyzed at each time point (89 %; 
Q13). Assessment of the outcomes revealed that 68 % of the studies reported the outcome in 
a numeric quantitative format, 15 % of them reported qualitatively and the remaining 17 % 
showed their results using graphs only (Q14).

3.3. Meta-analysis

The meta-analysis was based on N = 164 experimental samples, resulting from 73 animal 
experiments from 39 scientific articles, each experimental sample yielding at least one outcome 
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value. NB was missing for one experimental sample (da Silva Brum et al., 2019), while BMC and 
RG were available for 31 and 80 experimental samples, respectively. Overall brute force mean 
± SD (range) for NB values was 29.4 ± 22.6 % (1.6–95.5 %), for BMC values 45.3 ± 23.8 % 
(6.2–78.8 %), and for RG values 34.2 ± 17.3 % (4.6–91.5 %). Data for each outcome were 
widely dispersed which may be explained by the many factors characterizing the in vivo 
experiments discussed below. The distributions of all study characteristics employed in the 
meta-analysis are provided in Supplemental Table S3.

3.3.1. Analysis of new bone (NB)
Mean NB values were weighed by the inverse of their sampling variance, specifically by 
w = n/SD2. Weights could not be calculated for 32 experimental samples (SD and/or n missing). 
Instead, they were estimated by regressing log(w) on logit(NB), namely w = exp{-2.52 – 0.95 
log[NB/(100-NB)]}, as pictured in Supplemental Fig. S1. Indeed, a highly significant relationship 
was found between the two variables (r = 0.65, p < 0.0001). Five NB values (all < 5 %) had 
extremely high weights (w > 15) compared to the other w-values (median ± robust SD of 
weights equal to 0.24 ± 0.41). These highly influential NB observations, respectively w = 49.9 
and 15.9 (Xia et al., 2014), 15.9 (Yang et al., 2014), 33.3 and 30.8 (Intapibool et al., 2020), were 
ultimately discarded (see Supplemental Table S5), leaving 158 data points for the metaanalysis.
A weighted generalized linear mixed model (W-GLMM) fitted to NB values alone (without 
covariates) yielded an estimated NB average of 11.4 %. Thus, when taking into consideration 
the statistical precision of NB values, the global mean was much lower than the one computed
bluntly from all observations.

3.3.1.1. Effect of time. As displayed in Fig. 4, a highly significant relationship (p < 0.0001) was 
found between NB and time (i.e. the duration of the experiment expressed in days), and the 
estimated regression equation was Logit (NB) = -5.31 + 0.87 log(time). Thus, for an experiment 
duration of e.g. 50 days, the expected NB would be 12.9 %.

3.3.1.2. Biomaterials. The W-GLMM model evidenced significant differences of NB between 
biomaterials (p = 0.0021). The estimated NB values were low for HAp, TCP and BCP (8.6 - 13 %) 
and much higher for OCP-ACP-OA, DCP and CaP (25.7 - 39 %), but the latter were based on
smaller sample sizes. Multiple comparisons showed significant difference between TCP and 
CaP (p = 0.016). When restricting the comparison of biomaterials to the first three types (HAp, 
TCP and BCP), significant differences were still detected (p = 0.027), the largest difference
being between TCP and BCP (Supplemental Table S4). No interaction was found between 
biomaterials and time.
3.3.1.3. Experimental features. No significant association was found between NB and the 
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Relationship between new bone NB (%) and duration of the animal experiment (log-scale) derived 
by weighted generalized linear mixed modeling. Five NB values with outlying weights (big hollow 
dots at days 14; 28 and 56) were eliminated from the analysis.

Figure 4

Influence of Physicochemical Characteristics of Calcium-phosphate based Biomaterials in Cranio-
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number of implantations (p = 0.56), nor between NB and the physical form of the biomaterial 
(p = 0.35). By contrast, NB varied with the animal species used in the experiment (p = 0.0025),
being 51.7 % for baboons, 10.6 % for dogs, 19.9 % for mini-pigs, 12.4 % for rabbits and 8.0 % 
for rats. The two latter species were also among the most used in the studies reported. NB 
values also differed significantly according to type of defect (p ω 0.0001), being 9.6 % for 
calvarial defect (the most frequent, N = 131) and higher elsewhere but based on lower sample 
sizes: mandibular (N = 11, 10.4 %), alveolar (N = 6, 10.8 %), skull (N = 1, 10.8 %), sinus 
augmentation (N = 2, 25.4 %), cranial (N 4, 41.1 %), parietal (N =  4, 47.2 %), and bilateral 
maxillary and mandibular defect (N = 4, 61.2 %). Estimated NB values (mean ± SE) with respect 
to the type of biomaterial, animal species and types of defects are displayed in Supplemental 
Fig. S2.
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3.3.1.4. Biomaterial characteristics. When fitting W-GLMM to NB data according to each 
biomaterial characteristic, significant effects were observed for macropore size (N = 71, 
slope = -0.0016 ± 0.00031, p < 0.0001), and to a lesser extent to Ca/P ratio (N = 18, 
slope = -5.31 ± 2.33, p = 0.041) and to compressive strength (N = 20, slope = -0.11 ± 0.035, 
p = 0.020) (Fig. 5). The two first effects remained significant when including time in the regression 
analysis. Of note, no effect was observed for particle size (N = 79, p = 0.85), porosity (N = 74, 
p = 0.13), log-transformed micropore size (N = 27, p = 0.64), surface area (N = 32, p = 0.18), 
and density (N = 6, p = 0.40).

3.3.2. Analysis of bone-to-material contact (BMC)
BMC (%) was reported in only 4 papers involving 9 animal studies yielding a total of N = 31 
experimental units. Weights could be calculatedfor all 31 BMC values, but one observation 
(Intapibool et al., 2020) was discarded due to an abnormally high weight (w = 20.8 compared to
a median ± robust SD weight of 0.053 ± 1.74) (see Supplemental Table S5). Thus, 30 BMC values 
were used in the analysis. A W-GLMM was fitted to BMC values alone (without covariates)
yielding an estimated BMC average of 34.1 %, lower than the value reported in Supplemental
Table S3 based on all observations.

3.3.2.1. Effect of time. A time effect was evidenced by W-GLMM analysis (slope for log-
transformed time equal to 1.53 ± 0.38, p = 0.0004) indicating that BMC values reported in the 
literature increased with respect to experiment duration (Fig. 6). The regression equation was:
Logit (BMC) = - 6.88 + 1.53 log(duration). Thus, for an experiment duration of e.g. 50 days, the 
expected BMC would be 29 %.

3.3.2.2. Biomaterials. No difference was found in BMC values according to the three 
biomaterials utilized (p = 0.58), namely HAp (N = 11, 12.2 %), BCP (N = 12, 32.8 %) and CaP 
(N = 8, 68.6 %), as displayed in Fig. 7a.

Experimental features. A significant association was found between BMC and number of 
implantations (p < 0.0001), especially between 2 and 4 implantations (see Fig. 7b). By contrast, 
all BMC values were associated with non-rigid structures, and no significant association was
detected between BMC and animal species (p = 0.97, mini-pig, rabbits, or rats), or between 
BMC and type of defect (p = 0.81 for alveolar or calvarial defects).

3.3.2.3. Biomaterial characteristics. When fitting W-GLMM to BMC data according to each 
biomaterial characteristic, significant effects were observed for the particle size (p < 0.0001, 
especially between 750 and 1500 μm), the Ca/P ratio (N = 8, slope = -12.3 ± 1.27, p < 0.0001) 
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Relationship between new bone (NB) and biomaterial characteristics (macropore size, Ca/P ratio 
and compressive strength respectively) derived by weighted generalized linear mixed modelling. 
NB values with outlying weights (big hollow dots) were eliminated from the analysis. Experimental 
samples data from the same animals are joined by dashed lines.

Relationship between BMC (%) and duration of the animal experiment (log scale) derived by 
weighted generalized linear mixed modelling. One BMC value with outlying weight (big hollow dot 
at day 84) was eliminated from the analysis.

Figure 5

Figure 6
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and to a lesser extent to surface area (N = 9, slope = 0.017 ± 0.0063, p = 0.042). Those three 
effects are illustrated in Fig. 8. Of note, no effect was observed for macropore size (N = 10, 
p = 0.86) nor for log-transformed micropore size (N = 10, p = 0.73); porosity was identical for 
all observations (N = 8, all 80 %) and there were no data on compressive strength nor density.

3.3.3. Analysis of residual graft (RG) 
RG (%) was reported in 21 papers involving 43 animal studies yielding a total of N = 80 
experimental units. Weights could be calculated for all RG values, but two observations (Yang et 
al., 2014 and Da Silva Brum et al., 2019) (Supplemental Table S5) had to be discarded because 
of an abnormally high weight (w = 11.5 and w = 84.9 compared to a median ± robust SD weight 
of 0.20 ± 0.41). Thus, 78 RG values were used in the meta-analysis. A weighted generalized 
linear mixed model (W-GLMM) was fitted to RG values alone (without covariates) yielding an 
estimated RG average of 20.1 %, much lower than the value reported before based on all 
observations.

3.3.3.1. Effect of time. No time effect could be evidenced by W-GLMM analysis (slope for 
log-transformed time is 0.37 ± 0.20, p = 0.067) indicating that RG values were relatively stable 
with respect to experiment duration.

3.3.3.2. Biomaterials. By contrast (Fig. 9a), significant RG differences were seen between 
biomaterials (p = 0.039); namely HAp (N = 22, 27.2 %), TCP (N = 15, 28.0 %), BCP (N = 33, 
15.8 %), DCP (N = 2, 50.2 %) and CaP (N = 8, 24.7 %). When combining time and biomaterials, 
both effects became non-significant (p = 0.050 for biomaterial and p = 0.11 for time).

3.3.3.3. Experimental features. RG differed significantly according to several experimental 
features: physical form (p = 0.039) being 43.8 % for 3D rigid structures (N = 15) and 18.9 % for 
non-rigid structures (N = 65) (Fig. 9b); animal species (p = 0.022) being 40.9 % in dogs (N = 3)
compared to 15.6 % in rabbits (N = 42), 18.3 % in rats (N = 17), 21.4 % in mini-pigs (N = 14) 
and 25.5 % in baboons (N = 4) (Fig. 9c). Interestingly, no significant association was detected 
between RG and the number of implantations (p = 0.080) neither between RG nor bone defects
(p = 0.33).

3.3.3.4. Biomaterial characteristics. For biomaterial characteristics, only macropore size 
(N = 44, slope = -0.0025 ± 0.00060, p = 0.0001), compressive strength (N = 16, slope = 0.13 
± 0.024, p = 0.0030) and particle size (N = 42, slope = 0.00089 ± 0.00034,= 0.016) were
significantly associated with RG values.
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Estimated bone-to-material contact (BMC) values (mean ± SE), globally (horizontal dotted lines) 
and with respect to (a) the biomaterials and (b) the number of implantations, as derived by 
weighted generalized linear mixed modelling.

Figure 7

Relationship between bone-material-contact (BMC) and characteristics (particle size, surface area 
and Ca/P ratio respectively) derived by weighted generalized linear mixed modeling. Experimental 
samples data from the same animals are joined by dashed lines.

Figure 8
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Estimated residual graft (RG) values (mean ± SE), globally (horizontal dotted lines) and concerning 
(a) biomaterials, (b) physical structure and (c) animal species, as derived by weighted generalized 
linear mixed modeling

Figure 9

3.4. Physicochemical characteristics of biomaterials

Spearman correlation analysis of the physicochemical characteristics of biomaterials exhibited 
perfect correlations between some of the reported characteristics such as macropore size and 
Ca/P ratio (r = +1, p < 0.0001), macropore size and density (r = -1, p < 0.0001), and particle 
size and compressive strength (r = +1, p < 0.0001). The surface area was shown to have
significant correlations with particle size (r = +0.58, p = 0.028), porosity (r = -0.86, p = 0.0033), 
macropore size (r = +0.61, p = 0.022), and Ca/P ratio (r = +0.85, p = 0.0020). A negative 
correlation was also found between macropore size and compressive strength (r = -0.61, 
p = 0.022). It should be noted that correlations were computed on small sample sizes and did 
not consider repeated observations. Correlations between all characteristics with an indication 
of the corresponding sample size are provided in Supplemental Table S6.
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Discussion
The demand for technologies capable of enhancing the biomaterials used to treat CMF bone 
defects has been on the rise. This quest, accompanied by the advent of functionally tailored, 
biocompatible, and biodegradable materials, has motivated an enormous research interest in 
bone TE. As a result, different materials and fabrication methods have been investigated 
towards  this end, leading to a deeper understanding of the geometrical, mechanical, and 
biological requirements associated with bone scaffolds. CaPs are a highly used scaffold material 
for bone regeneration because they actively promote osteogenesis. Structural control and 
optimization of CaPs in multi-scaled level may lead to significant developments in bone TE.
The aim of this study was to systematically review the preclinical in vivo evidence for the 
influence of biomaterial characteristics on CMF bone regeneration. Overall, the results of this 
systematic review and meta-analysis demonstrated that physicochemical characteristics of
biomaterials influence bone regenerative responses; moreover, experimental features affect both 
the percentage of newly formed bone and the volume of the residual graft. 
In some prior systematic reviews, the performance of bone tissue engineering scaffolds in in 
vivo animal models has been studied. In 2016, de Misquita et al. concluded that in the studies 
with calvarial bone defects, CaPs had important osteoinductive effects which increased when
combined with other classes of biomaterials [92]. Their study aimed to determine which class 
of materials had achieved a higher rate of bone neoformation, so no correlation between the 
materials’ properties and their regenerative capacity was developed. Additionally, in 2017,
Shanbhag et al. conducted a systematic review of animal models to study how cell-based bone 
TE strategies enhance bone regeneration and/or biomaterial osteointegration in experimental 
peri-implant defects, compared to grafting with autogenous bone or only biomaterial scaffolds.
They observed that bone regeneration and osseointegration in peri-implant defects were 
enhanced by the addition of osteogenic cells to biomaterial scaffolds [93].
To the best of our knowledge, the current study is the only systematic review and meta-analysis 
that has evaluated the effect of physicochemical characteristics of CaP biomaterials on CMF 
bone regeneration. To do so, we employed a comprehensive search and robust data 
assimilation procedure. For the 58 studies that were finally selected, a database was built based 
on the physicochemical characteristics of scaffolds and their bone regeneration capacity. The 
risk of bias (RoB) was assessed using SYRCLE’s RoB tool. Each study was subjected to 10 
questions related to the general risk of bias and 4 questions related to the quality of
randomization and study item reporting. Meta-analysis was only performed for the 39 studies 
reporting quantitative outcomes. Our analysis of data from these studies demonstrates the 
impact of structural characteristics along with the experimental features on CMF bone
regeneration.

4. 
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4.1. Characteristics of animal models

Guidelines for designing preclinical animal models in bone TE have indicated some essential 
criteria as follows: (1) the models should match the clinical and biological environment and 
material formulation to the greatest extent possible; (2) they should allow the use of quantifiable 
parameters to evaluate success and functional performance of regenerated tissues; and (3) they 
should detect and predict clinically relevant differences in biological performance between the 
regenerative therapies assessed [94]. In the present study, all these experimental features were 
attentively observed and their effect on the regeneration outcomes was analyzed. The average 
time of implant placement within included studies was 83.6 ± 53.5 days. Although some 
studies with relatively long evaluation times (Ripamonti et al., 2008 and Zhang et al., 2019)
were present among the included studies, additional long-term in vivo assessments are needed 
to ensure preclinical safety. In the present meta-analysis, a significant effect of time on new bone 
tissue formation was observed. Regarding the animal models, seven different species were 
used across the included studies and small animals composed most tested animals (66 % rats 
and 22.7 % rabbits). The remaining 11.3 % were large animals (dog, mini-pig, mouse, sheep 
and baboon). In general, large animals resemble the clinical conditions in bone TE better than 
small ones. This is due to similarities to the human bone in terms of composition and density [95]. 
Nevertheless, rodents are more frequently used for the assessment of bone biomaterials for 
CMF indications (and in general) as they are less costly and easier in housing. However, they are
primarily being used for preliminary screenings followed by verification in large animals that are 
considered for the last phase of validating a new intervention [95,96]. Moreover, small rodents 
have a more controlled and clearer genetic background with less variation among individual
animals requiring a lower number of experimental values to achieve statistically valid data [96,97]. 
Rabbits also have the advantages of small size and easy handling while achieving their skeletal 
maturity by 6 months of age allowing higher volumes of bone tissue to be formed in set-ups for 
testing periodontal and CMF reconstruction therapies. They also report higher reliability in terms 
of critical size defects [98].

4.2. Types of bone defects and biomaterials

Various types of defects, both acute and chronic, are studied in the CMF region. In this 
systematic review, 70.6 % of the included studies assessed cranial defects (calvarial, parietal 
and skull) and 29.4 % of them tested maxillo-facial ones (mandibular, alveolar, bilateral maxillo-
mandibular and sinus augmentation). It should be remembered that the focus point in this 
review is the impact of physicochemical characteristics on the regeneration process. Therefore, 
only acute surgically created defects were studied here by excluding the defects with any factors 
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interfering with bone regeneration. Likewise, for the biomaterial type, only pure CaP-based 
biomaterials free of any bioactive substances (cells, drugs, growth factors etc.) were included. 
This gives a better indication of how the physicochemical cues can affect the regeneration
phase. There are some systematic reviews in which the implementation of cell-based approaches 
was studied in pre-clinical periodontal animal models [99–101]. A wide variety of biomaterial 
physical forms has been used in these bone defects. To avoid confusion due to the different 
terms used, they were grouped into three main categories. In total, 65.9 % of the biomaterials 
applied in the meta-analysis were non-rigid structures including granules, particles, spheres, 
and powder; 28 % were in 3D rigid forms including disc, block, cylinder, cube, sponge and 
tube; and 6.1 % were putties. Generally, the latter materials consist of a mixture of granules and 
an aqueous solution. They harden after in situ implantation or injection. The mechanical stability 
in these biomaterials is provided by the physical entanglement of CaP crystals. Their good 
handling and injectability extend their field of application, for instance for the treatment of bone 
fractures by minimally invasive techniques [102].

4.3. Outcome measures

Bone regenerative outcomes in this systematic review showed differences across all experimental 
circumstances mentioned above. Both NB and BMC increased significantly over time. NB also 
differed notably among animal species and defect types. BMC was influenced by the number of 
implantations and physical form of biomaterials. RG was influenced significantly by biomaterial 
type, animal species and physical form. On the biomaterial type, the NB value for TCP was 
lower than for HAp and BCP while presenting the lowest RG in the meantime. Undoubtedly,
the experimental variables documented across the studies included (such as biomaterial type, 
implantation time, number of implantations, animal species, defect type and biomaterial’s 
physical form) have demonstrated varying degrees of influence on the regenerative outcomes.
It should be noted that BMC analysis allows the evaluation of the osteointegration and 
osteoconductive behavior of the bone substitutes and can be correlated to surface topography 
and/or to sintering temperatures used in the fabrication process. The manufacturing method of
bone fillers allows for the preservation of a certain surface roughness favoring cell colonization, 
osteoconductivity and better bone regeneration [71,77]. High osteoconductive properties are 
important from a regenerative point of view since a tight network between bone and biomaterial 
plays a key role in implant primary stability and implant survival rates [71,103,104].
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4.4. Influence of physicochemical characteristics on 
       regenerative responses

A series of structural properties of CaPs have been analyzed within the regeneration process 
of included studies. Macropore size exhibited a significant effect on both NB and RG. The 
pore architecture at the macro and micro level affects the capability of the surrounding tissue 
to promote cell infiltration, migration, vascularization, and nutrient and oxygen flows [105]. The 
distribution of macropores in the included studies ranged from 0.4 μm to 850 μm and the ones 
of the micropores from 4 nm to 150 μm. These ranges are wider than what is usually suggested 
in the literature for successful bone regeneration (100–600 μm for macropores and micropores 
bigger than 20 nm) [105,106]. The significant effect of macro and micropore size on both NB 
and RG in the models developed here emphasizes the crucial role of porosity in the biomaterial’s 
design regardless of the size. However, the issue remains for the optimal architecture of the 
pores in the structure. The presence of macropores favors osteointegration and angiogenesis 
while micropores increase the surface area available for protein adsorption [106]. It has been 
shown that the distribution of micropores on the walls of macropores could play a positive role 
in favoring the adsorption of proteins [107]. The pore size distribution was shown to influence 
the degradation performance of the scaffold, as shown here in RG values and, therefore, the 
biodegradation kinetics could be modulated by varying the pore architecture [108]. Another 
parameter that has mostly been dealt with in the included studies on non-rigid CaPs is particle 
size. This quantity varied from 0.5 μm to 1500 μm in the included articles and showed a 
significant effect on BMC and RG. Particle size was shown to be a highly determinant feature 
for the bioactivity of granulated CaPs that could be influenced by altering available surface area, 
roughness, mechanical performance and the resorbability of scaffolds [105].
Among the surface properties within the included studies, extensive attention has been directed 
toward the surface area, with ten studies spanning a wide range from 0.24 to 87.5 (m2/g). This 
parameter plays a vital role in cellular attachment, offering ample anchoring sites for cell 
expansion and proliferation [109]. High surface areas exhibit a remarkable capability to absorb 
large quantities of biomolecules, thereby promoting extracellular responses [110]. The meta-
analysis conducted herein elucidated a significant effect of surface area on BMC, emphasizing 
its crucial role in influencing cellular behaviors and material performance.
Mechanical properties were barely investigated in the included studies, and this is mainly 
because the CMF defects studied here were low or non-load bearing and did not require 
biomaterials matching the natural mechanical properties. Of note, the compressive modulus of
sections of bone from the skull containing both cortical and cancellous regions is on the order of 
0.36–5.6 GPa, depending on the direction of the load. These mechanical characteristics can be 
difficult to achieve with porous materials. CaPs may more easily approach these characteristics
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(though with lower toughness then native bone); however, it seems that such a high degree of 
mechanical competence is not necessarily needed (or even desirable) for bone repair [111].
Compressive strength is the most reported mechanical property in the literature as it is the 
dominant type of loading on BTE scaffolds in the body [112]. The compressive strength of 
various CaPs in the included studies varies from 1.8 MPa to 14 MPa and showed a significant 
effect on both NB and RG values. Nonetheless, mechanical properties can come with concerns 
in the CMF area when the implanted biomaterial does not fit the defect space. In the stiffer 
biomaterials, stress-shielding at the bone-material interface can cause greater bone loss and 
in the softer biomaterials, instability and limited motion can cause further damage [111]. One 
approach to overcome this issue is to employ in situ implantable CaPs that harden within the 
defect space [113,114].
Another physicochemical parameter that exhibited an impact on the regenerative responses of 
CaP biomaterials in the included studies is the Ca/P ratio. Overall, this ratio for CaP biomaterials 
used in biological applications can vary, depending on stoichiometry, from 1 to 1.67 for dicalcium 
phosphate (DCPA) and pure HAp, respectively. The values of almost the whole of this range 
have been extracted from the studies and then fed to the meta-analysis. The analysis showed a 
significant effect of the Ca/P ratio on NB and, to a lesser extent, on BMC. CaP biomaterials offer 
fast or slow degradation rates depending on their Ca/P molar ratio. β-TCP with a Ca/P ratio 
of 1.5 has been classified as a resorbable material while sintered HAp with a Ca/P ratio of 1.67 
may show slower resorbability. Nevertheless, HAp becomes more resorbable in the presence of 
certain impurities, such as water-soluble binders and biodegradable polymers [115,116]. The 
other approach to increase HAp’s resorbability is to reduce its grain size to nano-scale [117]. 
Hence, Ca/P ratio is a compositional parameter that is quite tunable for various functions. In 
some situations, fast resorbing materials with low mechanical properties are needed, therefore 
a lower ratio of Ca/P such as TCP is preferred. In other cases, materials in a higher ratio of Ca/P 
with more stability and slower resorption characteristics (e.g., HAp) or a proper combination of 
both (TCP and HAp) are recommended.
Although the meta-analysis is able to extract quantified conclusions from the reviewed literature, 
the results do not permit going beyond establishing the general trends of influence of specific 
physicochemical parameters. The range of tested parameters are constrained by the choices 
made in the individual studies and often do not cover the entire parameter space. Furthermore, 
finding optimal properties also depends on the context of use for the biomaterial, requiring 
dedicated studies for each condition (cfr section on clinical relevance). For example, in a previously 
published study, we analyzed a series of in-house experiments performed in a rabbit sinus 
augmentation model, allowing us to use a different empirical model linking physicochemical 
biomaterial characteristics to intra-oral bone formation [118].



76

FOUNDATIONS AND STATE OF THE ART

4.5. Limitations

One of the limitations of this systematic review is that only four studies have reported BMC. 
Additional data on this aspect would provide a more robust indication of how the experimental 
features and material characteristics interact with BMC. Likewise, some physicochemical
characterizations were only scarcely investigated in the included studies, which limits interpreting 
their impact on the regeneration process. Mechanical properties were less thoroughly considered
in the included studies, even though facial bones such as maxillary and mandible act as load-
bearing bones for the dental region [119]. The mechanics of biomaterials are highly important 
for CMF defect treatments and future biomaterial developments should focus on this. These 
considerations should not only include the stiffness difference between biomaterial and bone 
(potentially leading to stress shielding) but also the fixation of the biomaterial (avoiding movement) 
as well as ease of application. Other characteristics mostly neglected in the studies were 
surface energy, crystallinity and surface roughness. Surface roughness has a key role in protein 
adsorption [106], requiring further investigation in particular when the CaP biomaterials are 
implanted with biomacromolecules. Though there are studies that study these factors in detail, 
in this review we only selected studies that include an in vivo assessment. As a consequence, 
many of the selected studies had a focus that was not necessarily on the quantification of all 
the aforementioned physicochemical characteristics that have been shown to be. Finally, the 
meta-analysis was limited to the studies reporting the responses in a quantitative manner, so 
the studies using qualitative outputs were excluded from the analysis.
Despite searching for relevant studies in major electronic databases, we cannot rule out the
possibility of missing studies. It should be noted as well that there was substantial heterogeneity 
across studies for all outcomes assessed, hence the results should be interpreted with caution.
The study of applications combining scaffolds with cells, drugs or growth factors would be 
useful to elucidate how the structural elements should be tailored in their presence.

4.6. Clinical relevance

Systematic reviews and meta-analyses of animal studies can be useful for designing future cli-
nical trials, capturing the underlying heterogeneity between studies and treatment effects, and 
improving the methodological quality of future studies [33]. The biomaterial design and selection 
for clinically successful CMF bone regeneration is fully dependent on the treatment strategy’s 
requirements, emphasizing the role of biomaterial composition and physicochemical properties 
[120]. To test the efficacy and predictability of bone substitute materials, preclinical in vivo studies 
in clinically relevant animal models are a fundamental step in translational research [97,98,121]. 
Multiple experimental and preclinical studies demonstrate impressive results on bone 
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neoformation in CaP scaffolds with a wide variety of characteristics [122,123], however, not all 
of them have exhibited similar efficacy in humans [124]. Developing statistical models for the 
meta-analysis of such studies, as done here for the preclinical models, will provide an indication 
of the most influencing elements to be considered in the early phases of biomaterial design. 
Future prospective randomized clinical trials should then be performed to identify clear indications 
in humans and to demonstrate clinical outcomes. The inherent limitation of preclinical modeling 
should always be considered while interpreting the results of the meta-analyses. In the context 
of in vivo experiments, the defects are usually surgically created and well controlled, with intact 
surrounding soft tissues and generally uncompromised blood supply, and most often in young 
and healthy animals. These conditions are often not present in clinical scenarios which may lead 
to the overestimation of clinical performance [94]. Therefore, the experimental defect models 
should be standardized in future preclinical investigations to better represent the clinical settings 
[125]. Moreover, in synthesizing the preclinical data encompassing regions from the cranium to 
the midface, mandibular bone, and the dento-alveolus, it is crucial to recognize inherent 
physiological, anatomical, and biomechanical distinctions within the human body. While the 
animal studies incorporated in this review predominantly focused on evaluating the regenerative 
potential of substitute materials, they did not sufficiently address the specific pre requisite 
characteristics crucial to each distinct region (e.g., the use of animal cranial defect for human 
mandibular bone applications). Consequently, the outcomes were combined in a unified meta-
analysis in the present study. Moving forward, it is imperative for future clinical studies to 
acknowledge and address these differences. The selection of biomaterials and their requisite 
characteristics should be tailored to meet the unique specifications of each region. Therefore, a 
strategic approach involving separate sub-analyses is warranted, ensuring a more refined 
understanding of the regenerative outcomes and paving the way for more targeted and effective 
clinical interventions.

Conclusion
This systematic review provides tangible evidence in support of the influence of fundamental 
and structural properties on the bone regenerative capacity of CaP biomaterials. Our findings 
from the included studies showed that macropore size, Ca/P ratio and compressive strength 
are influencing factors for newly formed bone in the regeneration process. Additionally, the 
contact between biomaterials and their surrounding tissue was notably influenced by particle 
size, Ca/P ratio and surface area. Regarding biodegradability, macropore size and compressive 
strength seemed to determine the amount of residual graft. Furthermore, the experimental 

5.
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setting is strongly determining the scaffold’s performance. These observations may be useful in 
designing the next generation of bone scaffolds to target higher rates of regeneration. Additional 
investigations of CaP scaffolds in standardized preclinical studies could provide more insight 
into their fundamental features, promoting their application on a more regular basis and
improving clinical outcomes.
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ABSTRACT
The influence of the manufacturing process on physicochemical properties and biological
performance of xenogenic biomaterials has been extensively studied, but its quantification on
bone-to-material contact remains poorly investigated. The aim of this study was to investigate 
the effect of different heat treatments of an experimental chemically-deproteinized bovine 
hydroxyapatite in vivo in terms of new bone formation and osteoconductivity. Protein-free 
hydroxyapatite from bovine origin was produced under sub-critical conditions and then either 
sintered at 820 °C or 1200 °C. Structural and morphological properties were assessed by 
scanning electron microscopy (SEM), measurement of surface area and X-ray diffractometry 
(XRD). The materials were then implanted in standardized alveolar bone defects in minipigs and
histomorphometric evaluations were performed using non-decalcified sections. Marked 
topographical differences were observed by SEM analysis. As the sintering temperature of the 
experimental material increased, the surface area significantly decreased while crystallite size 
increased. In vivo samples showed that the highly sintered BHA presented a significantly lower 
percentage of newly formed bone than the unheated one (p = 0.009). In addition, the percentage 
of bone-to-material contact (BMC) was significantly lowered in the highly sintered group when 
compared to the unsintered (p = 0.01) and 820 °C sintered (p = 0.02) groups. Non-sintered 
or sintered at 820 °C BHA seems to maintain a certain surface roughness allowing better bone 
regeneration and BMC. On the contrary, sintering of BHA at 1200 °C has an effect on its 
morphological and structural characteristics and significantly modify its biological performance 
(osteoconductivity) and crystallinity.
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Introduction
Alveolar bone regeneration procedures are often performed to treat bone defects in order 
to replace missing teeth with dental implants in a multitude of situations in dentistry [1,2]. If 
autogenous bone grafts are still considered as the “gold standard” due to their osteogenic 
properties, their use is associated with several limitations, including limited bone supply, high 
resorption rates [3] and morbidity at the donor site, affecting patient compliance [4,5]. Therefore, 
biomaterials have become an alternative increasingly used in oral surgery, implantology and 
periodontology as bone void fillers allowing bone in-growth, acceleration of bone remodeling 
and osteoconductive structural guidance [6,7].
Calcium-phosphate-based (CaP) materials have received a lot of attention due to their chemical 
similarity to bone, but also due to their excellent biocompatibility [8,9]. Natural and synthetic CaP 
materials such as hydroxyapatite (HA) and tricalcium-phosphate (TCP) are the most commonly 
used biomaterials for alveolar bone regeneration [10]. TCP materials are osteoconductive and 
support bone growth by delivering calcium and phosphate ions in situ [11,12]; however, their 
fast biodegradation rate may not be the most appropriate to maintain bone volume overtime, 
which is indicated in cases of implant site development [12–14]. By contrast, HA which is also 
highly osteoconductive and similar to the mineral composition of natural bone, has the 
advantage of being more stable in body fluids [10,14,15]. Natural HA from bovine origin (bovine 
hydroxyapatites, BHA) remains the most used material in oral surgery, compared to synthetic 
HA, exhibiting physicochemical properties close to natural bone such as surface structure, 
morphology and microporosities (1–50 μm) [16,17]. According to some authors, these 
characteristics may influence the osteoconductivity of the materials and, therefore, their clinical 
performance [18–21]. Additionally, their slowly resorbable feature is of great interest in the field 
of dentistry and maxillofacial surgery, as one of the goals of bone regenerative treatment is to 
maintain the volume over time [22].
For safety reasons, xenogenic materials of bovine origin need to be completely deproteinized 
through thermal or chemical strategies, to eliminate the risk of transmission of bacteria, virus or 
prion particles [21,23–25]. One easy and cheap process to deproteinize BHA is sintering at 
temperatures higher than 1000 °C, ensuring the complete removal of the organic compounds 
and improving mechanical properties (density, grainsize, compressive, flexural and torsional 
strength) [26,27]. Commercially available xenogenic HA are manufactured with sintering 
temperatures up to 1300 °C. Despite the effect of sintering temperature on the physical and 
chemical characteristics of HA being well documented [16, 26, 28–32], its quantification on bone 
to material contact is poorly investigated. Thus, it is essential for the clinician to know what is the 
biological impact of this particular manufacturing process. Sintering hydroxyapatite has a 
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significant impact on the surface properties; involving surface roughness, on microstructure 
including the crystallinity and microporosity [33–35] and may, therefore, influence the in vivo 
biological performance of the biomaterial [20,36,37]. Structural characteristics, such as 
microporosity, surface roughness, and specific surface area were shown to be of great 
importance in promoting protein adsorption on the material surface and capillary effect, and 
would consequently influence cell adhesion, proliferation, and bone tissue growth [17,38–42]. 
The physical characteristics seem to be a key feature, significantly influencing bone-
regeneration outcomes [39].
The primary objective of this study was to investigate the effect of different sintering temperatures 
of chemically-deproteinized bovine hydroxyapatite in vivo in terms of biological performance 
(new bone formation and osteoconductivity). The secondary objective was to correlate the in 
vivo results with the structural and morphological characterization of the studied biomaterials.

Materials and Methods
2.1. Experimental Biomaterials

Three experimental hydroxyapatite xenografts from bovine origin were tested in the present 
study for physicochemical characterization and biological evaluations. The three groups were 
chemically deproteinized, in which the complete elimination of organic residues was performed 
under sub-critical conditions and a continuous flow of a basic solution following the patented 
extraction method developed by Wishbone SA (WO 2015/049336 A1) [44]. After elimination of 
the organic compounds, the two BHA samples were sintered under atmospheric conditions for 
30 min at the chosen temperature; after 30 min, the furnace was shut down and the material 
was retrieved once the furnace had naturally reached room temperature again. All sintering 
parameters (time and temperature) were controlled by the internal controller of the furnace. The 
samples, HAN, HA820 and HA1200, were further sterilized in a drying oven at 120 °C. The 
material was not rinsed between sintering and sterilization. For all samples, small granules 
(particles size: 250–1000 μm) were used.   

2.2. Animals

Yucatan mini-pigs were used for this study because their bone turns over in a similar manner to
that of humans. Moreover, these animals are used in dental research due to similarities with 
humans in tooth development eruption time and sequence of tooth eruption [45]. The animals 
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were 18 months old with a weight between 50 to 60 kg and presenting a complete eruption 
of  the permanent teeth. All experimental procedures and protocols used in this 
investigation  were reviewed and approved by the CIRE platform agreement number 
A37-175-4, Tours, France. The Animal Research Reporting of In Vivo Experiments 
(ARRIVE) guidelines as well as national and European legislation were carefully followed.

2.3. Study Design

Before implantation, the raw experimental biomaterials were characterized by scanning 
electronic microscopy (SEM) for qualitative analysis, measurement of the surface specific 
area (BET) and by X-ray diffractometry (XRD) to identify the crystalline phases and 
measurement of the crystallite size. The biological performance of the biomaterials was 
then evaluated in vivo in a mini-pig model (Figure 1). Dental extractions (T0) were 
performed in the maxillae of 5 mini-pigs. After a healing period of 3 months, six 
standardized bone socket defects were created per animal (3 per hemi-maxilla) and 
then filled with each of the three experimental biomaterials. A total of 10 samples per 
condition were considered for analyses. The software GPower was used to calculate the 
total sample size for 3 groups of biomaterial considering a statistical power of 0.8 and an 
effect size of 0.6 obtaining a total sample size of 30. Given the number of 6 implantation 
sites per animal, a total of 5 mini-pigs were chosen for this study. Euthanasia was 
performed after a healing period of 3 months, and the samples were subjected to non-
decalcified histological analysis and histomorphometry.

Study time line on biological performance.

Figure 1
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2.4. Scanning Electronic Microscopy (SEM) Analysis

The three biomaterials were mounted on a glass slide double-sided carbon tape with platinum 
(20 nm) coated in a Balzers SCD030 sputtering unit. The surface characteristics were then
captured using a scanning electron microscope ESEM-FEG XL30 (Philips Electron Optics, 
Hillsboro, OR, USA) at magnification levels of ×20,000, ×5000, and ×50 for descriptive analysis.

2.5. Brunauer–Emmett–Teller (BET) Specific Surface Area 	
	 Analysis

The specific surface area of each product was measured by N2 adsorption according to 
the Brunauer–Emmett–Teller (BET) method. Nitrogen adsorption-desorption isotherms 
were registered on a TriStar 3000 equipment (Micromeritics, Norcross, GA, USA). Prior to the 
measurements, the samples were degassed overnight under vacuum at 120 °C on a VacPrep 
061(Micromeritics, Norcross, GA, USA). For each product, the measurement was repeated two 
times on three independent samples.

2.6. X-ray Diffraction (XRD) Analysis

Powder X-ray diffraction (XRD) was performed in Bragg–Brentano geometry using a Bruker D8 
Twin-Twin diffractometer with Cu Kα radiation (Billerica, MA, USA). The three products were 
ground into fine powders using an agate mortar. Three independent diffractograms were collected
on each product in the 3°–70° 2θ-range with a 0.02° step  size. The TOPAS software [46] was
used to estimate the crystallite size; structure parameters for the hydroxyapatite phase were 
taken from the PDF 01-085-5086 reference (ICCDPDF4+ database) and the fundamental 
parameters approach was used to model the instrumental contribution to the reflection profiles.
The crystallite size contribution to the peak profiles was modeled as lorentzian and convoluted 
with the instrumental contribution; the crystallite size (CS) and the integral breadth β of the 
lorentzian (= area under the diffraction peak divided by maximum height of the peak) are related 
through the equation CS = λ / (β cos θ) where λ is the CuKalpha1 wavelength and θ is half of the 
2θ angle [47].

2.7. Surgical Procedure

All the animals were sedated with xylazine (Ronpums,1 mg/kg, Bayer, Munchen, Germany and 
imalgene 1000 (Imalgene®, 15 mg/kg, Merial Laboratory, Lyon, France). During the surgery, the
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animals inhaled O2, were surveyed with an electrocardiogram and were maintained with a 
perfusion of imalgene 1000 (Imalgene®, 15 mg/kg, Merial Laboratory, Lyon, France) in the saline. 
One hour before surgery, an injection of rimadyl® (carprofen, Kalamazoo, Michigan, USA) 
1.5 mg/kg was performed. All the surgical procedures were performed under aseptic conditions. 
After disinfection of the surgical field with povidone iodine 10 % (Iso-Betadine® titratable iodine, 
Meda Manufacturing, Merignac, France), a local anesthesia was performed at the maxillae (4 % 
articaine hydrochloride with epinephrine 1:100,000 Septanest Sp; Septodont Inc. Créteil, 
Saint-Maur-des-Fossés, France). An intrasulcular incision and a full thickness flap were made 
from the canine to the second molar in each hemi arcade. The extractions of the four pre-
molars and first molar were made carefully by a technique of root separation. After the 
extractions, the surgical sites were closed with resorbable sutures (Vicryl 4-0, Ethicon GmbH, 
Norderstedt, Germany). The following post-surgical treatments and medication were
administered: antibiotic coverage of Amoxiciline for 5 days (Streptocillin® Vet, Boehringer 
Ingelheim, Copenhague, Danemark), analgesics (buprenorphine, Temgesic Schering-Plough, 
Brussels, Belgium) and daily mouth spray of chlorhexidine gluconate 0.2 %, (Corsodyl®, GSK,  
Brentford, UK). After a healing period of 3 months, socket bone defects were created as 
follows. A supra crestal incision was performed and mucoperiosteal flaps were elevated to 
expose the right and left edentulous crest in the maxilla (Figure 2A). Three socket defects of 
7 mm in depth and 5 mm in diameter were created in each hemi arcade (Figure 2B). The 3 
biomaterials were randomly allocated in the standardized socket created at each hemi arcade 
and a collagen membrane (creos xenoprotect, NobelBiocareAB, Göteborg, Sweden) was sized 
to cover the 3 bone defects in order to prevent the internal growing of soft tissue (Figure 2C,D). 

(A) Maxillae alveolar ridge after 3 months’ extraction; (B) Socket defect; (C) Sockets filled with the 
3 experimental biomaterials; (D) Collagen membrane covering socket defects.

Figure 2
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The mucoperiosteal flaps were sutured with non-resorbable sutures (polypropylene 4-0 FS-2; 
Ethicon, Edinburgh, UK).

2.8. Euthanasia

After a healing period of 6 months (T0 + 6), euthanasia was performed with an overdose of 
sodium pentobarbital at 3 %. The maxillary blocks were resected with an oscillating saw autopsy 
and the specimens containing the biomaterial sites and surrounding hard and soft tissues were 
placed in a 4 % formaldehyde solution for sample fixation.

Histology
Histological evaluation was performed on undecalcified polymethylmethacrylate (PMMA) 
sections. Dehydration was performed using an ascending concentration ethanol bath for 24 h:
1 x 70° , 1 x 80°, 2 x 95° and 3 x 100°, and then by soaking for 24 h in acetone. Subsequently, 
samples were impregnated with methylmethacrylate for 48 h at 20 °C with a refreshment of the 
medium. Finally, they were embedded in PMMA at 4 °C for 4 days. The sections were stained 
using methylene blue (1 %) for 90 s and basic fuchsin (0.3 %) for 25 s for a descriptive analysis.
Sections were prepared using the cutting-grinding technique of hard tissues according to 
Donath and Breuner, 1982 [48].

3.1. Histomorphometry 

The resulting sections (Figure 3) were digitalized using a Microscope (Leica 205A stereo-
microscope Wetzlar Germany) in order to perform quantitative measurements of mineralized 
bone and biomaterial using image analysis software (ImageJ, National Institute of Health, 
Bethesda, MD, USA). The following parameters were calculated: 
•  Defect area: defined as the total area of the defect (Region Of Interest, ROI1) Figure 4A. 
•  Regenerated area: defined as the defected area colonized by newly formed bone (ROI2)     
    Figure 4B.
•  % of regeneration: proportion of ROI2/ROI1. 
•  % of newly formed bone, % of biomaterial, % of soft tissue within the overall defect area (ROI1). 
•  The osteoconductivity characterized by the bone-to-material contact (BMC) defined by    
    percentage of particles perimeter in contact with newly formed bone within the regenerated    
    area (ROI2).

3. 
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Descriptive histology after 3 months. BP, bone particle; NB, newly formed bone; FT, fibrous
connective tissue.

(A) Defect area (ROI1); (B) Regenerated area (ROI2).

Figure 3

Figure 4
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All images were segmented in 3 colors, red, green and purple, identifying respectively bone,
biomaterial and soft tissue. The segmented images (Figure 5B) were then transformed into binary
images allowing the individualization of each of the segmentations (Figure 5C). The software 
calculated the % of pixels present in each image. For the BMC, the 2 binary images (bone and 
biomaterial) were fused using a macrocode, drawing automatically the contact between the 
2 segments.The total length of the contact lines was then measured and divided by the total 
perimeter of the particles contained in the ROI2.

3.2. Statistical Analysis

Results were presented as means and standard deviation (SD). A general linear mixed model
(GLMM) was used for the comparisons of the parameters between the 3 groups (HAN, HA820
and HA1200) six measurements were done in the same pig. The Scheffé test was used to 
compare temperatures two by two. The results are considered to be significant at the 5 % level 
(p < 0.05). Statistical analyses were performed using SAS software version 9.4 (SAS Institute,
Cary, NC, USA).

Histomorphometry segmentation steps; A Example of histological cut HA820; B Color segmentation 
using ImageJ; C Binary image isolating all the particles of bovine hydroxyapatites (BHA); D Binary 
image isolating the bone content.

Figure 5
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Scanning electronic micrographs (SEM) of the studied biomaterials at different magnifications:
HAN: non-sintered HA; HA820: 820 °C sintered HA; HA1200: 1200 °C sintered HA.

Figure 6

Results 
4.1. Study Design 

During the healing period, one of the mini-pigs showed signs of paralysis of the hind legs 
and early euthanasia was performed. Therefore, a total of 24 bone defects and 8 samples 
per condition were available from the 4 remaining mini-pigs. All samples were assessed 
quantitatively and descriptively.

4.2. SEM Characterization

The SEM analysis provided a graphic insight of the HA structure with respect to porosity. SEM
images of HAN, HA820 and HA1200 are displayed in Figure 6. The bone-like macro-architecture 
with macropores (>50 μm) was visible in all samples. When looking at higher magnification,
micropores could be observed in HAN and HA820 samples. HAN seems to preserve its surface 
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roughness architecture while H820 changed into grain-like architecture presenting a rougher 
surface than HA1200 that presents a rather smooth surface and very few micro porosities. 

4.3. Surface Area, Pore Size and Pore Volume Analysis

Surface area, pore size and volume are presented in Table 1. BET surface area analysis was 
carried out on all samples. From the average of two independent BET isotherms, the surface 
areas of HAN, HA820 and HA1200 were ~36, ~4.2 and ~0.27 m2/g respectively, which showed 
that surface area substantially decreased with sintering. Barrett-Joyner-Halenda (BJH) pore size 
and volume analysis was also carried out. Both pore size and volume decreased with sintering 
temperature, with HAN, HA820 and HA1200 showing respective average pore sizes of ~10, 
~5.2 and ~4.5 nm, and respective total pore volumes of ~0.13, ~0.007 and ~0.003 cm3/g.

4.4. XRD Analysis

The powder XRD patterns of representative samples are presented in Figure 7. For HAN, all 
observed peaks could be indexed to the formation of hydroxyapatite, Ca10(PO4)6(OH)2 
(P63m; a = 9.424 Å, b = 9.424 Å, c = 6.879 Å, α = 90°, β = 90°, γ = 120°) [49]. For HA820 and
HA1200, the majority of peaks could also be indexed to the formation of hydroxyapatite; 
however two other crystalline phases were detected. In HA820, a small broad peak at~43° 
2Θ was observed, which may correspond to the formation of NaCaPO4 (Pn21a; a = 20.397 Å, 
b = 5.412 Å, c = 9.161 Å, α = 90°, β = 90°, γ = 90) [50]. In HA1200, several additional peaks 
corresponding to the presence of NaCaPO4 were observed, and one additional peak at~37.5° 
2Θ that may correspond to the formation of CaO (Fm3m; a = 4.8152 Å, b = 4.8152 Å, 
c = 4.8152 Å, β = 90°, # = 90°, γ = 90°) [51]. With an increase in sintering temperature, peaks 
in the majority hydroxyapatite phase became sharper and narrower, which was a result of an
increase in the average crystallite size. When fitting the reflection with a model taking into 
account crystallite size and instrumental contributions, the average crystallite size increases from 
29 nm in HAN, to ~120 nm in HA820 to ~230 nm in HA1200.

4.5. Descriptive Histology

After 3 months, newly formed bone was observed in the defect of all samples,mainly in the
apical 2/3 and adjacent to the lateral bone walls of the artificially created sockets (Figure 3). The 
typical structure of a newly formed bone is observed, with the presence of osteocytes entrapped 
by lamellar bone. Some chains of osteoblasts are also observed close to the newly formed 
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Surface area, pore size and pore volume results. 

Comparison of the X-ray diffraction patterns of HAN, HA820, HA1200 with the reference
spectra of hydroxyapatite.

Table 1

Figure 7

		H  AN 	H A820 	H A1200
	
Surface area (m2/g) 	 ~36 	 ~4.27 	 ~0.27 
	
Pore size (nm) 	 ~10 	 ~5.2 	 ~4.5 

Total pore volume (cm3/g) 	 ~0.13 	 ~0.007 	 ~0.003 
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bone as well as some blood vessels, with no visible differences between samples. No signs of 
inflammation were visible in any of the sections. Generally, samples of HA1200 showed less 
newly formed bone with more predominance of soft tissue between particles. In all groups it 
was possible to observe the particles in close contact with newly formed bone; however, this 
was predominantly observed in HAN and HA820.

4.6. Quantitative Histomorphometric Analysis

The % of regeneration (Figure 8A) was homogeneous in all groups with no significant differences
(p = 0.10). In terms of % newly bone formation in the regenerated area (Figure 8B), there were 
significant differences between HAN and HA1200 (p = 0.009), although no significant differences 
were detected between HA820 and HAN (p = 0.119) and between HA820 and HA1200 
(p = 0.115). The osteoconductivity (bone-to-material contact) (Figure 8C) was also significantly 
higher in the groups HAN and HA820 compared to HA1200 (HAN vs. HA1200 p = 0.0192; 
HA820 vs HA1200 p = 0.0234). There was no significant difference between HAN and HA820 
(p = 0.8876). 

4.7. Correlation Between Structural Characterization and 	
	 Biological Performance

For all samples, a positive correlation was observed between higher surface area values and % 
of newly bone (p = 0.001) and % of BMC (p = 0.04). By contrast, a negative correlation 
was observed between higher crystallite size values and percentage of newly formed bone 
(p = 0.0002) and percentage of BMC (p = 0.001). 

(A) % of Regeneration; (B) % of newly formed bone within the ROI2; (C) % of Bone-to-material
contact; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.

Figure 8
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Discussion
The present study emphasized that the sintering process at high temperature modulates not 
only the structure but also the biological performance of chemically-deproteinized BHA.
The sintering process can result in increased crystallinity, appearance of new crystalline phases,
decreased porosity and changes in the surface morphology. These characteristics may 
influence the performance results [26,42]. Nevertheless, the sintering temperature remains an 
important parameter for the improvement of mechanical properties of BHA [26,27,52].
The analysis of the hydroxyapatite structure by XRD revealed that the main crystalline phase
present in all samples is hydroxyapatite. This proves that the chemical deproteinization process 
used here does not deteriorate the main crystalline phase initially present in bovine bone. The
peaks corresponding to hydroxyapatite appear sharper when the sintering temperature increases, 
which can be interpreted as an increase in crystallite size and is considered a sign of high 
crystallinity. The crystallinity of a biomaterial is important as it influences its dissolution; therefore,
high crystallinity materials display lower biodegradation rates and better volume stability overtime 
[53–56].
Additional traces of NaCaPO4 and CaO were also detected in HA1200. The formation of CaO 
at 1200 °C could result from the decomposition of the carbonate content initially present in 
natural bone as already observed in other studies [57].
SEM analysis revealed that, from a descriptive point of view, the unsintered particles preserved 
their surface roughness architecture while the particles sintered at 820 °C displayed a grain-like 
architecture. By contrast, the particles subjected to 1200 °C suffered from structural changes on 
the surface morphology, presenting a smoother surface and fewer micro porosities compared 
to the two other BHA which can be correlated to the fusion of crystals as described by Patel, 
2001 [58]. Looking at the porosity using BET analysis, the surface area decreased sharply from 
36 to 4.2 m2/g when the particles were sintered at 820 °C, and even to 0.27 m2/g when 
sintered at 1200 °C. The specific surface area has been often mentioned in the literature as a 
significant parameter for bone regeneration [37,54,58–60]. It is indeed believed that a high 
specific surface area promotes extracellular matrix protein and cell adsorption, and thus favors 
bone formation [38]. According to the present results, the in vivo behavior of biomaterials seems 
to correlate better to their surface morphology than to their specific surface area. When the 
sample is sintered at low temperature (820 °C) the biological performance was not altered 
compared to the non-sintered sample. However, a clear change of the biological behavior was 
observed when the material was sintered at higher temperature (1200 °C) and the surface 
became smoother. Smooth surfaces are less expected to conduct cell colonization [61]. 
Indeed, the histomorphometric results of this study showed that the percentage of newly formed
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bone and the osteoconductivity (bone-to-material contact, BMC) was equivalent for low and 
non-sintered hydroxyapatites, despite their significant difference in specific surface area while 
the BMC was significantly lower for the HA sintered at 1200 °C. Therefore, it seems that the 
surface morphology of BHA (rather than specific surface area) is a key factor that should be 
considered when assessing their biological performance. These results seem in accordance with 
the literature about dental implants as the positive correlation of the roughness of implants and 
osteoconduction has been well described in several systematic reviews [62,63]. Nevertheless, it 
should be emphasized that one of the limitations of the present study was the lack of quantitative 
measurement of the micro-roughness of the experimental materials due to the complexity of 
this technique on particulate materials such as BHA. Another limitation of this study is that no 
comparison was made to BHA that did not undergo chemical deproteinization before sintering, 
which is how the commercially available sintered BHA products are currently made. Such 
variations in the manufacturing process may affect the physicochemical properties and provide 
different in vivo performance. Also, the specific production process steps might influence the
BHA structure and consequently the clinical results. Nevertheless, good osteoconductivity and 
clinical results of sintered bovine bone has been reported many times [31,32].
The present study is one of the few taking into account the BMC to assess the biological 
performance of regenerative biomaterials since it is intended that each particle should be able 
to osteointegrate and have a high contact interface with newly formed bone, forming a tight 
bone–material network, which plays an important role in the subsequent implant placement and 
survival rates [42,64,65].
Further studies should correlate the biological performance of biomaterials with different
viscoelastic properties, hydrophilicity, physicochemical differences and surface roughness, in 
order to better explore the impact of these properties in promoting osteoconductivity and 
long-term volume stability in bone regenerative therapy. Such properties are influenced by the 
production process and origin of the biomaterial and should be considered as requirements in 
regenerative procedures [6,42,57].
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Conclusions
The sintering temperature affects the surface properties of chemically-deproteinized BHA
biomaterials and these parameters influence the in vivo performance in terms of new bone 
formation and BMC. Non-sintered BHA or BHA sintered at low temperature (820 °C) seem to 
maintain a certain surface roughness of chemically-deproteinized BHA, allowing better bone 
regeneration and osteoconductivity (BMC). By contrast, sintering of BHA at 1200 °C has an 
effect on its morphological and structural characteristics and significantly modifies its biological 
performance (osteoconductivity) and crystallinity. Despite the presented results being only 
obtained on chemically deproteinized BHA, they tend to reemphasize the importance of the 
production process on the in vivo performances of bone regeneration biomaterials. The 
osteointegration of each particle of BHA plays an important role on the quality of the regenerated 
bone. Clinicians should take into account that the process of biomaterial manufacturing can 
significantly influence the degree of bone regeneration, when choosing their biomaterial for 
regenerative treatments.
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ABSTRACT
Objectives: This preclinical model study aims to evaluate the performance and safety of a novel 
hydroxyapatite biomaterial (Wishbone Hydroxyapatite, WHA) on guided bone regeneration 
compared to a commercially available deproteinized bovine bone mineral (Bio-Oss, BO).
Material and Methods: Twenty-four beagle dogs were allocated to three time point cohorts 
(4, 12, and 26 weeks) of eight animals each. In all animals, four critical-sized, independent wall 
mandibular defects were created (32 defects/cohort). Each animal received all four treatments, 
allocated randomly to separated defects: WHA + collagen membrane (M), BO + M, no treatment 
(Sham, Sh), and Sh + M. At each time point, the specimens were harvested for histologic and 
histomorphometric analyses to determine the newly formed bone and osteoconductivity.
Results: At 4 weeks, bone regeneration was significantly higher for WHA + M (46.8 %) when 
compared to BO + M (21.4 %), Sh (15.1 %), and Sh + M (23.1 %) (p < 0.05); at 12 and 26 weeks, 
regeneration was similar for WHA and BO. Bone-to-material contact increased over time 
similarly for WHA + M and BO + M. From a safety point of view, inflammation attributed to WHA 
+ M or BO + M was minimal; necrosis or fatty infiltrate was absent.
Conclusions: WHA + M resulted in higher bone regeneration rate than BO + M at 4 weeks. Both 
BO + M and WHA + M were more efficient than both Sh groups at all time points. Safety and 
biocompatibility of WHA was favorable and comparable to that of BO.
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Biological performance of a novel bovine hydroxyapatite in a guided bone regeneration model: 
A preclinical study in a mandibular defect in dogs

Introduction
The use of dental implants to replace missing teeth has increased over the last decades [1]. 
A common problem encountered in the dental implant rehabilitation is the lack of sufficient 
bone volume and alveolar bone augmentation procedures are often necessary prior to or 
simultaneously to implant placement [2–7].
Autogenous bone has long been regarded as the gold standard for bone augmentation
procedures [8–11] as the material is histocompatible and possesses osteoinductive, 
osteoconductive, and osteogenic properties. However, its use is limited by availability, increased 
morbidity and scarring at the donor site, and high resorption rates [8,12–15]. Guided bone 
regeneration using biomaterials as bone fillers represent an alternative used in oral surgery, 
implantology and periodontology as they allow bone ingrowth and osteoconductive structural 
guidance [3,16,17]. Currently, several types of bone graft substitute biomaterials are available, 
each with their own advantages and disadvantages [7,17,18]. Natural and synthetic calcium 
phosphate bone graft substitutes such as hydroxyapatite (HA) and tricalcium-phosphate are the 
most widely used biomaterials for alveolar bone regeneration [15,19,20]. Natural HA of bovine 
origin has some advantages over synthetic scaffolds because of its physicochemical properties 
such as surface structure, morphology and microporosities that closely resemble those of natural 
bone, if not manufactured at high sintering temperature [21–23]. Indeed, high sintering temperature 
of bovine HA have an influence of the surface topography and therefore on the osteoconductive 
potential [24]. Additionally, the slowly resorbable feature of natural bovine HA materials is of 
great interest in the field of dentistry, as one of the goals of bone regenerative treatments is to 
maintain the volume over time and to allow a denser composite regenerated bone tissue [16,25]
Several natural HA biomaterials are available; among these, DBBM has been distinguished itself 
as the most documented natural HA bone substitute of bovine origin in regenerative dentistry 
for over 30 years [26].
Recently, a novel HA bone substitute has been granted marketing approval by the United States
Food and Drug Administration [27] in which the complete elimination of the organic residues is
performed under subcritical conditions and a continuous flow of a basic solution following the 
patented extraction method (WO 2015/049336 A1) [28]. Both biomaterials are xenograft 
biomaterials composed of HA of bovine origin, intended for the filling, augmentation, or 
reconstruction of alveolar bone defects [27,29]. The aim of this study was to evaluate the 
biocompatibility and biological performance (new bone formation and osteoconductivity) of 
novel HA bone substitute on guided bone regeneration in comparison with a control biomaterial 
as it is considered as the gold standard of xenogeneic materials in regenerative dentistry.

1. 
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MATERIALS AND METHODS
2.1. Biomaterials characterization

Two xenografts composed of HA of bovine origin were used in the present study: Wishbone 
Hydroxyapatite (WHA, Wishbone SA, Liège, Belgium) and Bio-Oss (BO, Geistlich Pharma AG, 
Wolhusen, Switzerland). Physicochemical characterization was performed in both xenografts in 
terms of Scanning Electron Microcopy (SEM) x-ray diffraction (XRD), specific surface area (SSA), 
remnant organic compounds, elemental concentration, and volumetric porosity. 
SEM provided the observation of the micro-organization of the surface morphology at 
magnification 500x and 1000x (ESEM-FEG XL30 (Philips Electron Optics, Hillsboro, OR, USA)). 
XRD identified the phase composition, crystallite size and crystallinity ratio present in the samples
and was acquired by means of Rietveld refinement, using the crystal structure model for HA of 
PDF card 01-076-0694. The SSA of each product was measured by N2 adsorption according 
to the Brunauer–Emmett–Teller (BET) method analyzed on the TriStar 3000 equipment. For the 
analysis of the remnant of organic compounds, three samples of each material were heated 
successively to three different temperature stages in a furnace, resulting in thermal oxidation 
and conversion of carbon into gaseous CO2 which is measured by means of an infrared 
detector. A temperature measurement of total carbon was applied to quantify both the total 
organic carbon released up to 400 °C. Elemental composition of Ca, P, Mg, and Na were
calculated in which three samples of each material were digested in concentrated HNO3 and 
diluted 1:100 in a dilute acidic solution for trace/impurity element determination, and 1:1000 for 
Ca and P determination. Calibration solutions are prepared by diluting certified multi- and single-
element standard solutions. Element concentrations in the solutions are quantified on an Agilent 
7700x ICP-MS and evaluated using Agilent “Masshunter” software. To determine volumetric 
porosity 1.5 g granules were filled into a container and tapped 1000 times under specified 
conditions on a pneumatic device. Subsequently, the granules protruding a defined upper edge 
of the container are scraped off and the mass of the granules inside the container is determined 
on an analytical scale. Finally, the tapped density is obtained by division of the mass by the 
volume of the container (1.4 cm3).

2.2. Experimental animals

Twenty-four 14–16-month-old female Beagle dogs (Marshall Bioresources, New York, USA) 
weighing ~6 to 8 kg were allocated to three time point cohorts (4, 12, and 26 weeks) of eight 

2. 
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animals each. The canine model was chosen due to its bone density, mechanical properties, 
morphological structure and healing capacity similar to the human bone [30].

2.3. Ethics statement

The study protocol was reviewed and approved by the Committee Review of the testing facility, 
Charles River Laboratories Montreal ULC, Boisbriand, Canada under the ethical approval number 
2889-416G. The review ensured compliance with appropriate regulations. The testing facility 
is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 
and the Canadian Council on Animal Care. The reporting of this preclinical study follows the 
recommendations contained in the Animal Research Reporting of In Vivo Experiments (ARRIVE) 
guidelines.

2.4. Study design

For each animal, four independent wall defects were created (two per hemimandible), resulting 
in a total of 32 defects for each time point (4, 12, and 26 weeks) (Figure 1). Each animal received 
all four treatments. One material-filled defect (test: WHA + membrane [M] or control: BO + M) 
and one sham control defect with or without a collagen membrane (sham [Sh] or Sh + M) were 
randomly allocated to each side of the mandible. Randomization was carried out based on a
predetermined allocation plan.

2.5. Surgical procedure

Tooth extraction, defect creation and regenerative procedures were performed in a single step 
under general anesthesia. Four premolars were extracted on each side of the mandible, and 
two independent critical-sized wall defects of 10.0 mm (mesio-distally), 8.0 mm (vertically),
6.0 mm (bucco-lingually) were created on each side by totally removing the buccal alveolar plate 
and partially the lingual one by means of a bone saw disc (Figure 2). No template was used to 
perform the critical-sized defects. The surgeons calculated the available space of the crest after 
extraction by means of a periodontal probe, assuring the protocolized measurements of the 
critical-sized defects as they were making the defect cut. For anatomical reasons, back and 
frontal defects in each hemimandible slightly differed in size, but this had no impact on the 
results generated in the study since the attribution of the defects to a control or test group was 
randomized.

Biological performance of a novel bovine hydroxyapatite in a guided bone regeneration model: 
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An intraoral scan (IOS) imaging of the edentulous area and of the empty defect was performed 
to have the baseline dimensions, and then the defect was randomly allocated to one of the four 
groups. In the groups allocated for a regenerative procedure (WHA and BO), the defect was 
filled with the biomaterials and a resorbable collagen membrane (Creos Xenoprotect, Nobel 
Biocare, Switzerland) stabilized with anchor pins (Bone Tac Screw 5.0 mm GDT implants, Israel). 
The sham defects in control groups were left empty and one was covered with the collagen 
membrane also fixed with anchor pins.
The muco-periosteal flaps were sutured with nonabsorbable sutures (Seraflex 4/0, Serag 
Wiessner). To prevent postoperative infection, animals received a prophylactic antibiotic 
(Cefazolin 25 mg/kg, IV) during the preparation procedures. In the postoperative period, the 
animals received Carprofen (Rimadyl) 3–5 mg/kg PO (per os) to control postoperative pain and 
inflammation. Following surgical procedures, the animals were housed in individual cages. 
Housing was modified to prevent the dogs from chewing on housing material/ devices and 
possibly damage the surgical site.

2.6. IOS and defect wall homogeneity evaluation

For each defect created, an optical impression from a buccal, coronal, and lingual view (from 
the first remaining canine tooth to the first remaining molar tooth, both included) was taken 
using an intraoral scanner (Trios 3®, 3Shape, Copenhagen, Denmark). Each hemimandible was 
scanned before defect creation and after defect creation (Figure 3A,B). 
IOS scans were used to consistently select bone areas for histological processing and analysis. 
The scans taken before and after defect creation were superimposed based on the position of 
the remaining canine and first molar teeth (Figure 3C). The exact size and volume of the defects 
were calculated using surface-based analysis software (GOM Inspect Professional). The cross-
sectional area of the mandibular bone that was present in the scan taken before defect creation 
but absent in the scan taken after defect creation was used to define the original defect area, 
named as region of interest (ROI) 1.

2.7. Histology processing

Nondecalcified histology of the retrieved specimens was performed. To match the intraoral 
scanning data with the specimen, the distance from the center of the bone ridge in between 
the defects to the region of interest was used to match the slide position. Samples were fixed 
in 10 % neutral-buffered formalin solution, followed by dehydration in a series of graded ethanol 
solutions, and finally embedded in methyl-metacrylate resin. For each defect, six sections 
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Study design: N, number of dogs/specimens; D, day; R, randomization; W, week; n, number of 
defects. The red arrows indicate extracted teeth (premolar [PM]1–PM4); red rectangles denote the 
bone defects created.

Critical bone defects of each hemimandible. (A) Critical bone defects perform in a hemimandible. 
(B) BO and Sh + M allocation. (C) Collagen membrane placement anchored with pins. (D) Flap 
closure.

Figure 1

Figure 2
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(20–40 μm thick) were performed in each specimen (two sections located at the center of the 
defect, two other sections located in the mesial end and two others in the distal end of each 
defect) (Figure 3D). From these sections, three sections were stained with hematoxylin and 
eosin for histopathology analysis, and three others were stained with Stevenel’s blue for both 
histomorphometry and histopathology analysis.

2.8. Histomorphometry evaluation

All sections from all bone defects were digitally captured (Clemex Vision Lite Software) to 
obtain whole-section images by microscope with a 10x objective (Nikon Eclipse LV100ND, Tokyo, 
Japan). To evaluate the extent of bone regeneration, histomorphometric measurements were 
performed on selected scans using Image-Pro Premier 9.2 software (© Media Cybernetics, Inc., 
USA). Depending on the structure to analyze, both manual tracing or automatically measured
based on the color and color intensity differences were used.
The defect area (ROI1) was defined precisely for each defect based on IOS measurements. The 
regenerated area (ROI2) was defined by the surface of the original defect colonized by newly
formed bone (Figure 4). For the histomorphometric, analyses were made based on the mean of 
three sections per defect and the following variables were collected:
• 	Defect area: defined as the total area of the defect (Region of Interest, ROI1) (Figure 4B).
• 	The regenerated area (ROI2), defined as the portion of the defect area (ROI1) colonized with 	
	 newly formed bone (Figure 4C).
• 	The percentage of newly formed bone (B), biomaterial (M), and soft tissue (S) in the defect 	
	 area (ROI1).
• 	The percentage of bone-to-material contact (BMC) characterizing the osteoconductivity and 	
	 defined as the percentage of the biomaterial perimeter in contact with newly formed bone 
	 within the regenerated area (ROI2).

2.9. Descriptive and histopathological evaluation

Descriptive analyses as well as safety and biocompatibility semiquantitative analyses of the 
implanted materials were evaluated on both Stevenel’s blue and Hematoxylin–Eosin stained 
histology sections of the bone defects by a single pathologist. Sections were analyzed and 
graded according to the presence of different cell types and tissue responses, including 
necrosis, fibrosis, and neovascularization (Table A1). An irritancy scoring system adapted from 
the ISO 10993-6 Annex E [31] was used to compare the biocompatibility of the different study 
materials. Average irritancy scores for each group were calculated at each time point. Based on 

PRECLINICAL  BIOLOGICAL  VALIDATION



131

 

(A) Baseline IOS from the edentulous crest after dental extraction; (B) IOS of the critical bone 
defects; (C) superimposition of the baseline and critical bone defects IOS’s; (D) definition of the
area for the histological sections for histomorphometry and histopathology.

Tracing of ROI1 and ROI2 for histomorphometric analyses. (A) WHA + M at 12 weeks; (B) defect 
area highlighted in blue (ROI1); (C) regenerated area highlighted in green (ROI2).

Figure 3

Figure 4
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the difference between the irritancy score of WHA + M and that of the comparator treatments,
WHA + M was to be considered as nonirritant at ≤2.9 points difference, a slight irritant at 
3.0–8.9 points difference, a moderate irritant at 9.0–15.0 points difference, and a severe irritant 
at >15 points difference.

2.10. Statistics analyses

2.10.1. Sample size calculation
The sample size was calculated using the software Gpower 3.1 [32]. Assuming an effect size 
of 0.6, an alpha error of 0.004 (corrected for multiple comparisons), and a power of 95 %, the 
obtained total sample size was 95. Thus, 24 animals received one of each four conditions
and were randomly divided into three cohorts for the three observation periods (4, 12, and 26 
weeks), giving a total sample size of 96.

2.10.2. Statistical tests
Means and standard derivations were reported for quantitative outcomes. A mixed effect model 
with individual animal as a random effect and treatment, location, time and the interaction 
between week and treatment was used to compare WHA against BO and sham controls.
Analysis of variance was performed using SAS 9.4 (SAS Institute Inc., NC, USA) to identify 
the differences of least square means between the treatments. The Tukey–Kramer method of 
multiple testing correction was used.

Biomaterials characterization: Organic content, phase composition, crystal size, porosity, and 
specific surface area.

Table 1

Biomaterial 	O rganic  	 Phase  	 Crystal  	 Porosity (%) 	 Specific 
		  content 	 composition 	 size (nm)		  surface
			   (% of HA)   			   area (m2/g)

WHA 	 <0.1 	 100 	 54.4 	 82.3 	 16.0

BO 	 0.1 	 100 	 15.5 	 83.6 	 81.7 
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RESULTS
3.1. Study design

All study animals survived until the scheduled sacrifice. Their body weight remained stable over 
the course of the study and was consistent with the experimental model. IOS measurements 
demonstrated that the size of the defects, as well as the defect walls, were homogenous.
For anatomical reasons, back and front defects slightly differed in size, but this had no impact 
on the results generated in the study, since attribution of the defects to a group was randomized.
At 12-weeks, one animal had notably higher inflammation associated with both WHA and BO 
defects, as well as inflammation associated with the sham defects. In addition, there was 
significant migration of particles out of one of the WHA defects in another animal. To present 
the effect of implanted biomaterials on bone regeneration more accurately, results from these 
five outlier defects were excluded from the analysis; therefore, week 12 data are based on six 
defects for the WHA group and on seven defects for the BO, Sh and Sh + M groups.

3.2. Physicochemical characterization

The XRD analysis demonstrate that the crystallographic phase composition of all WHA and 
BO samples consists in 100 % of hydroxyapatite with no secondary phase (limit of detection 
≤ 0.88 wt %). Hence, regarding phase composition, the WHA and BO products are equivalent. 
The crystal size is lower in BO compared to WHA samples which is a parameter influenced by 
the heat treatment at high temperatures increasing the crystal size and decreasing solubility of 
hydroxyapatite bone substitutes. Specific surface area analysis showed that the mean for WHA 
and BO samples are 16 m2/g and 81.7 m2/g, respectively.
These results demonstrate that WHA presents a moderate specific surface area while BO presents
a high specific surface. The results of organic carbon released up to 400 °C showed that a low 
amount, if any, of organic residues are found in both WHA and BO products given that the values 
for the 6 samples are below or equal to 0.1 wt % where <0.1 designates the limit of determination. 
Volumetric porosity analysis reveals that WHA and BO products have a similar porosity.
The results of the above-mentioned characterizations are presented in Table 1. Regarding the 
elemental composition (Table 2), the results obtained for the six samples show that Ca, P, Mg, 
and Na concentrations in WHA and Bio-Oss products are similar.

3. 
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3.3. SEM characterization

The micro-organization of the surface was observed at magnification 500x   and 1000x. SEM 
images of WHA and BO are displayed in Figure 5. Fibril-like structures are observed in both 
materials with a periodical organization of the collagen fibrils and a close contact between 
collagen and hydroxyapatite within the bone matrix. The observation of this micro-organization 
demonstrates that WHA like Bio-Oss, retrieves the main characteristics of bone hydroxyapatite
with its microporous and rough surface.

3.4. Quantitative histomorphometric analysis

3.4.1. % Regenerated area (ROI2/ROI1) (4, 12, and 26 weeks)
At 4 weeks, the percentage of regeneration in the defect area ROI2 was significantly higher in 
the WHA group (46.8 %) compared to the BO group (21.4 %) and the sham control groups (Sh 
(15.1 %), Sh + M (23.1 %)) (p < 0.05) (Figure 6). At 12 weeks, bone regeneration was 
significantly higher in both the WHA (70.7 %) and BO (73.9 %) compared to the sham control 
groups (respectively, Sh (17.6 %), Sh + M (33.2 %)) with no significant differences between the 
two biomaterial groups. At 26 weeks, a higher percentage of regeneration was observed in the 
WHA + M (59.9 %) compared to both sham control groups as well as in the BO + M (54.3 %) 
group compared to the Sh group.

3.4.2. Newly formed bone + biomaterial within defect area (ROI1) (4, 12, and 
          26 weeks) 
At 4 weeks, the percentage of newly formed bone was significantly higher in the WHA group 
(9.5 %) compared to the BO group (5.8 %) (Figure 7). The BO group (5.8 %) displayed less newly 
formed bone than the two shams with a significant difference with the Sh + M (9.3 %). At 12 
weeks, the percentage of newly formed bone was no significantly different in the two biomaterial 
groups (WHA: 23.4 %, BO: 30.9 %). Moreover, the Sh + M (21.9 %) presented significantly
more newly formed bone than the Sh without membrane. At 26 weeks, the percentage of 
newly formed bone was stable compared to the 12 weeks cohort and no significant differences 
are observed in between the biomaterial groups (WHA: 23.8 %, BO: 25.8 %).
The percentage of biomaterial presented no significant differences in between implanted groups 
in the three time points (Figure 7). However, a decrease was observed at 26 weeks in the BO
groups.
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Scanning electronic micrographs (SEM) of the studied biomaterials at different magnifications: 
WHA and BO with 500x and 1000x magnification. WHA and Bio-Oss, presenting both 
microporous and rough surface.

Figure 5

Elemental composition analysis for Ca, P, Mg, and Na.

Table 2

Biomaterial 	 Ca (%w/w) 	 P (%w/w) 	 Mg (%w/w) 	N a (%w/w)

WHA 	 38.9 	 18.1 	 0.64 	 0.38

BO 	 37.3 	 17.0 	 0.59 	 0.46 

WHA BO

x500

x1000
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3.5. BMC (ROI2) (4, 12, and 26 weeks)

The bone-to-material contact within regenerated area ROI2 increased over the three time points 
at similar rates in the WHA and the BO groups with no significant differences between the two 
groups (Figure 8).

3.6. Descriptive, safety, and biocompatibility analyses

After 4, 12, and 26 weeks, newly formed bone was found in the defect of all samples. 
Macroscopically (Figure 9), in both sham groups, woven bone was observed at 4 weeks while 
at 12 and 26 weeks a more cortical lamellar bone was observed with a noticeable lack of buccal 
bone volume. In the biomaterial groups, woven bone was predominately present in the WHA 
group at 4 weeks when compared to BO, nevertheless, at 12 and 26 weeks both groups 
present more mature bone in between the particles in the regenerated area. 
Microscopically (Figure 10), in the implanted groups (WHA and BO) at 4 weeks the newly formed
bone was immature and with thick trabeculae. At 12 and 26 weeks, the newly formed bone 
was in close contact with the biomaterial particles in both groups and bridged the particles 
together. At 12 weeks, the newly formed bone was still immature compared to the bone at 26 
weeks displaying a lamellar organization. Some chains of osteoblasts are also observed close 
to the newly formed bone as well as some blood vessels, with no visible differences between 
the groups.
Histopathological examination revealed minimal inflammation within the defect area across all 
three time points and in all four groups. At all three time points, there was minimal inflammation 
attributed to either WHA + M or BO + M, and no necrosis or fatty infiltrate was observed. WHA + M 
was considered a nonirritant compared to BO + M at all three time points, and a slight irritant 
compared to Sh and Sh + M at 12 and 26 weeks (Table 3). At the 12-week time point, one 
animal (W12-02) exhibited an unexplained, generalized inflammatory reaction across all four of 
its defects, and one additional WHA + M defect (W12-06 BL) showed marked particle migration. 
Following the testing facility’s approach, the histomorphometric outcomes were summarized 
both including and excluding these outliers. The exclusion affected only the 12-week cohort; 
the 4-week and 26-week results were unchanged. A sensitivity comparison confirmed that the 
exclusion did not alter any conclusion: the percentage of regeneration remained statistically 
comparable between WHA + M and BO + M whether the outliers were included (63.8 ± 24.8 % 
vs 68.3 ± 26.1 %) or excluded (70.7 ± 23.0 % vs 73.9 ± 22.4 %), and bone-to-material contact 
within ROI2 likewise remained equivalent between the two grafts in both analyses (66.8 vs 
65.1 % included; 70.6 vs 67.5 % excluded). Including the outliers increased outcome variability, 
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(A) Evolution of % newly formed bone overtime in all groups. At week 4 statistically significant 
differences in between WHA + B and BO + M (p < 0.05) and between Sh + M and BO + M (p < 0.05). 
At week 12 statistically significant differences in both WHA + M and BO + M when compared to Sh 
(p < 0.05) and significant differences in between Sh + M and Sh. At week 26 significant differences 
and maintained in both WHA + M and BO + M when compared to Sh (p < 0.05). (B) % of biomaterial 
over time within ROI1 in WHA + M and BO + M with no statistically significant differences in between 
groups during the 3 time points.

Evolution of defect area regeneration over time. Week 4 is marked by significant differences in between 
WHA + M and all other groups (p < 0.05). At week 12 both WHA + M and BO + M present significant 
differences in between both Sh and Sh + M groups. Week 26 WHA + M maintains its significant 
differences in between Sh and Sh + M. BO + M show significant differences only to Sh group.

Figure 7

Figure 6
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Evolution of bone-to-material contact within ROI2 in the groups WHA + M and BO + M during the 3 
time points. No statistically significant differences in between groups.

Descriptive histology at 4, 12, and 26 weeks. BP, bone particle; FT, fibrous connective tissue; NB, 
newly formed bone. The red squares correspond to the magnification areas presented in Figure 10.

Figure 8

Figure 9

26 WEEKS

12 WEEKS

4 WEEKS

WHA BO SH SH + M
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High magnification histological samples of both WHA and BO groups in the different cohorts,
corresponding to the red squares areas illustrated in Figure 9. At 4 weeks it is possible to observe
that WHA presents a more osteoconductive behavior in between particles when compared to BO. At 
12 and 26 weeks both biomaterials presents a similar osteoconductive behavior in between particles.

Figure 10

WHA

4 WEEKS

12 WEEKS

26 WEEKS

BO

Average histopathological irritancy scoring
Abbreviations: BO, control hydroxyapatite; M, membrane; Sh, sham; WHA, test hydroxyapatite.

Table 3

		  Treatments

Time point	 WHA + M 	 BO + M 	 Sh 	 Sh + M

4 weeks 	 11.0 	 17.1 	 14.6 	 14.3

12 weeks 	 9.9 	 8.4 	 2.7 	 5.0

26 weeks 	 9.6 	 7.1 	 1.6 	 4.3
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as expected, but preserved the direction and significance of all comparisons, confirming the 
robustness of the reported findings.
The higher irritancy scores in the WHA + M group at weeks 12 and 26 were partly due to higher 
scores for fibrosis and neovascularization (data not shown). In the WHA + M group, fibrosis was
observed under the membrane, within the defect area, and surrounded the WHA granules 
outside of the area of new bone formation; conversely, for the Sh and Sh + M groups, the 
periosteum/ membrane generally directly (or almost directly) overlaid the area of new bone 
formation that was associated with little fibrosis.
In all groups, there was low amount of neovascularization and fibrosis over time; in the WHA + 
M and BO + M groups, it was due to the growing area of new bone and marrow that replaced 
the fibrous tissue surrounding the granules, while in the sham control groups, it was largely due 
to the healing process and further collapse of the membrane/periosteum over the growing area 
of new bone.

DISCUSSION
The present study was able to assess the biocompatibility and biological performance of WHA 
for guided bone regeneration in comparison to a widely used DBBM (BO), to the absence of 
filling biomaterial with and without a collagen membrane in a canine mandibular critical-sized 
bone defect model. Both biomaterials promoted bone regeneration in a similar extent and were 
not suspected to cause any predisposing factors to the pathogenesis of any of the observed 
clinical signs, revealing an excellent safety profile. Nevertheless, at 4 weeks, almost 50 % of the 
defects were regenerated in the WHA group while only 21 % of regeneration was found in the
BO group, suggesting a different regenerative kinetic and higher osteoconductive properties for 
WHA. One hypothesis for this regenerative behavior at 4 week time point could be the different
specific surface area (SSA) between the materials (BO 79.7 m2/g [33] vs WHA 16.0 m2/g 
according to the manufacturer). Specific surface area has been often mentioned in the literature 
as a significant parameter for bone regeneration [34–36]. However, these different SSA values, 
translates in different micro and nanoporosities between the materials. The higher micro and 
nanoporosities of BO might increase Ca2+ uptake from the extracellular fluids, decreasing its 
availability in the extracellular environment. WHA having less micro and nanoporosities, may 
allow more extracellular Ca2+ availability enhancing the effect of BMP-2 on Osteocalcin, Runx2 
and Osterix expression, promoting faster bone regeneration in vivo [37,38].

4. 
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At 4 weeks, BO showed significantly less % of newly formed bone of when compared to Sh + M, 
This results are in accordance to the literature [39,40] where in early stages of healing BO can 
delay the healing when compared to nongrafted sites.
The crystal size is lower for BO samples compared to WHA samples. It is indeed known that 
heating treatments at high temperatures increase the crystal size and decrease the solubility of 
hydroxyapatite bone substitutes, which is a parameter that might only impact the performances 
[41]. However, as demonstrated by our group similar performances for the unsintered 
hydroxyapatite  and the hydroxyapatite sintered at mid-range temperature (820  C) proving that 
a crystal size up to 120 nm has no impact on the performances of hydroxyapatite from bovine 
origin. Based on that, the higher crystal size of WHA compared to BO has no impact on its 
performances.
Moreover, bone-to-material-contact (BMC) was similar in the WHA and BO groups and 
appeared to increase over time at a similar rate. This parameter allows the evaluation of the 
osteointegration and osteoconductive behavior of the bone substitutes and can be correlated 
to surface topography and/or to sintering temperatures used in the manufacturing process, as 
suggested in our previous data. The manufacturing process of both bone fillers used in the
present study allow to preserve a certain surface roughness, favoring cell colonization, 
osteoconductivity and better bone regeneration [15,24]. High osteoconductive properties are 
relevant from a regenerative point of view since a tight network between bone and biomaterial 
play an important role in implant primary stability and implant survival rates [15,42,43].
From week 12 onwards, the use of either bone filler materials resulted in increased bone 
regeneration when compared to Sh and Sh + M group. This shows that the use of a bone filler 
material under collagen membrane enhances bone regeneration supporting mineralization 
process and remodeling, when compared to the use of a membrane alone or no membrane as 
described in several studies [44–46]. The key role of barrier membranes for GBR procedures in 
preventing the ingress of cells form the surrounding soft tissues, favoring osteoprogenitor cells 
for new bone formation is well described on the literature [47,48]. The results of the Sh + M 
group in the present study clearly show the role of the barrier membrane in the % of new bone 
formation, since this group performs significantly better than BO + M at 4 weeks, significantly 
better than Sh group at 12 weeks and presented at 26 weeks equivalent results than WHA + M 
and BO + M.
At 26 weeks, the % of regenerated area in the biomaterial groups decreases from the previous 
time point at 12 weeks. This can be explained by a residual remodeling of the crest, resorption 
of the biomaterial at 26 weeks [49] and the fact that the region of interest that was used to 
calculate this variable was the ROI1, corresponding to the baseline ROI before defect creation.
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Volume stability over time also represents a crucial factor for the success of bone regeneration 
procedures and it is affected by the biodegradation rate of biomaterials [37,50] which depends 
on  various factors like microporosities, chemical structure, crystallinity and local biological 
environment [51,52]. In the present study, it was not possible to assess the biodegradation rate 
of the studied biomaterials. Nevertheless, at 26 weeks WHA group presented a % of biomaterial 
with no significant differences when compared to BO group described in the literature as a 
biomaterial with high dimensional maintenance, [25,39,53] suggesting that WHA might be 
suitable for longterm volume stability at the regenerated sites.
The main strength of the study lies in the extent of data collected, with regards to time, space, 
and treatment groups. Bone regeneration was evaluated over the course of 6 months, which 
is a relatively long period for an in vivo study. Another strength was the IOS methodology used 
to record the original defect area (ROI1) consistently and precisely between defects in different 
treatment groups. This registration was particularly important to overcome limitations imposed 
by the collapsing of membranes in Sh + M group and the collapse of the soft tissue in Sh group. 
The IOS methodology was able to precisely define the actual physical surface of the mandible 
prior to and after creation of the defects and based upon the measurements done during
histologic processing to determine the precise location of the slide area within the defect [54]. 
To our knowledge this is the first study using this volumetric methodology contributing for the 
precision of the histomorphometric results. In addition, the study was designed to include three 
control groups: one positive control treated with BO + M, and two negative controls (with or 
without a resorbable membrane) and for each defect, three histological slides were analyzed 
for histomorphometry. These characteristics allowed a more comprehensive view of the bone 
regeneration induced by the study materials.
The present study presents some limitations. It should be emphasized that the collection of the 
central and two lateral histological slides, due to technical limitations, was not always possible. 
However, the likelihood of any bias arising from this limitation is low, since it occurred in all 
treatment groups. Another limitation is related to the absence of immunohistochemical analysis. 
This could provide information about the bone regeneration cellular mechanism in both tested
materials, providing broader information about the variations observed at 4 weeks with WHA + 
M and BO + M.
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CONCLUSIONS
WHA and BO resulted in similar at 12 and 26 weeks, with higher regenerative performance 
when  compared to the sham controls. However, at 4 weeks, the defect regeneration was 
significantly enhanced by WHA compared to all other treatments. WHA showed excellent safety 
and biocompatibility at all three time points, which was comparable to that of BO.
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Histologic evaluation system for cell type/tissue response.

Note: Minimal: observation was barely perceptible microscopically and was not believed to have 
clinical significance; Mild: observation was visible but involved a minor proportion of the tissue, 
and the clinical consequences of the observation were most likely subclinical; Moderate: 
observation was clearly visible and involved a significant proportion of the tissue; it was likely to 
have some clinical manifestations, but which were generally expected to be minor; Marked: 
observation was clearly visible and involved a major proportion of the tissue; clinical manifestations 
were probable and may have been associated with significant tissue.
Abbreviation: hpf, high powered (400  ) field.

Table A1

		  Score

	 Response	 0 	 1 	 2 	 3 	 4

	 Polymorphonuclear 	 Absent 	 Rare, 1–5/hpf 	 6–10/hpf 	H eavy infiltrate 	 Packed
	 cells

	 Lymphocytes 	 Absent 	 Rare, 1–5/hpf 	 6–10/hpf 	H eavy infiltrate 	 Packed

	 Plasma cells 	 Absent 	 Rare, 1–5/hpf 	 6–10/hpf 	H eavy infiltrate 	 Packed

	 Macrophages 	 Absent 	 Rare, 1–5/hpf 	 6–10/hpf 	H eavy infiltrate 	 Packed

	  Giant cells 	 Absent 	 Rare, 1–2/hpf 	 3–5/hpf 	H eavy infiltrate 	 Packed

	N ecrosis 	 Absent 	 Minimal 	 Mild 	 Moderate 	 Marked

	 Fibrinous exudates 	 Absent 	 Minimal 	 Mild 	 Moderate 	 Marked

	 Tissue degeneration	 Absent 	 Minimal 	 Mild 	 Moderate 	 Marked

	N eovascularization 	 Absent 	 Minimal capillary	 Groups of	 Broad band	 Extensive
			   proliferation,	 4–7 capillaries	 of capillaries	 band of	
			   focal, 1–3 buds	 with supporting	 with supporting	 capillaries 	
				    fibroblastic	 structures	 with		
				    structures		  fibroblastic	
						      structures

	 Fibrocytes/	 Absent	 Narrow band	 Moderately	 Thick band	 Extensive
	 fibroconnective			   thick band		  band
	 tissue, fibrosis

	 Fatty infiltrate 	 Absent 	 Minimal amount 	 Several layers	 Elongated and	 Extensive fat
			   of fat associated	 of fat and	 broad 	 completely	
			   with fibrosis	 fibrosis	 accumulation	 surrounding
					     of fat cells	 the implant 
					     around the 
					     implant site
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ABSTRACT
Aims: Bovine hydroxyapatite (BHA) is widely used in bone regeneration due to its biocompatibility 
and osteoconductivity. Variations in physicochemical properties from different manufacturing 
processes can impact their biological performance. This study aims to compare two 
commercialized BHA materials, by evaluating their physicochemical and in vitro biological 
characteristics and to link these findings with a previously published in vivo performance study.
Methods: Two BHA biomaterials (BO and WHA) were analyzed. Physicochemical characterization 
involved BET analysis for specific surface area, ion release via ICP-MS, FTIR spectroscopy for 
surface composition, SEM analysis for morphology, and capillarity tests for hydrophilicity. The in 
vitro biological characterization assays included chemotaxis using RAW 264.7 macrophages, 
protein adsorption, cell attachment and viability using MC3T3 cells, and ALP activity to assess 
osteogenic differentiation.
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Results: WHA exhibited significantly higher magnesium and calcium ion release and protein 
adsorption (both total serum proteins and albumin) than BO. Chemotaxis assays revealed that 
BO attracted more macrophages than WHA. However, WHA demonstrated higher cell 
attachment and proliferation rates. ALP activity was comparable between the two materials, 
with a notable increase for WHA on day 5. Capillarity tests showed faster blood capillary rise in 
WHA, indicating better hydrophilicity.
Conclusion: The in vitro results highlight differences in the biological responses of the two BHA 
materials. The findings underscore that refining manufacturing processes can optimize the 
physicochemical properties and in vitro biological characteristics, improving the regenerative 
potential of BHA biomaterials.

Introduction
In modern dentistry, the development of advanced solutions for oral bone regeneration is crucial 
to improve the success of surgical interventions, promoting tissue regeneration, and ultimately 
restoring dental function. Alveolar bone augmentation procedures are often necessary prior to, or 
concurrently with, dental implant placement. The selection of appropriate bone substitutes for these 
procedures is a critical factor that significantly impacts clinical outcomes. These substitutes 
must possess osteoconductive properties that trigger a cascade of molecular events, including 
the migration of bone cells into the defect site, which leads to osteogenic differentiation and 
accelerates bone formation (Albrektsson and Johansson, 2001, Gani et al., 2023).
Xenogeneic biomaterials, particularly hydroxyapatite (HA), are widely utilized in guided bone 
regeneration due to their structural similarity to human bone. These materials provide volumetric 
stability, exhibit slow resorption rates, and offer an osteoconductive matrix that promotes bone 
regeneration by supporting cell adhesion, migration, and proliferation (Abou Fadel et al., 2018, 
Carmagnola et al., 2003, Serrano Méndez et al., 2017). The performance of HA-based 
biomaterials is primarily influenced by their composition, crystallinity, morphology, wettability, 
and particle size, among other factors (Sun et al., 2017). These physicochemical properties are 
critical in determining the biological responses and, consequently, the material’s effectiveness 
in promoting successful bone regeneration and integration within host tissues (Mitragotri and 
Lahann, 2009, Sadeghian Dehkord et al., 2024).
The manufacturing process of biomaterials can also profoundly affect their properties, which in 
turn influences the regenerative outcomes. Numerous studies have demonstrated how different 
production techniques impact the material’s surface microtopography, mechanical properties, 

1. 
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crystallinity, and in vivo osteoconductivity (Abdelmoneim et al., 2022, De Carvalho et al., 2019, 
Lambert et al., 2017, Tadic and Epple, 2004). Changes in surface microtopography can 
significantly alter protein adsorption, capillarity, cell adhesion, and tissue growth (Klenke et al., 
2008, Lambert et al., 2017, Walthers et al., 2014), all of which are essential for initiate the 
healing and regeneration processes.
Recently, a novel bovine HA bone substitute designed for filling, augmenting, or reconstructing 
alveolar bone defects received marketing approval from the United States Food and Drug 
Administration (FDA, 2021). This material is produced using a patented extraction method (WO 
2015/049336 A1) that involves the complete removal of organic residues under subcritical 
conditions with a continuous flow of a basic solution (Rompen et al., 2015). A recent preclinical 
study by our group (De Carvalho et al., 2023) identified significant differences in early-stage 
bone regeneration (4 weeks post-implantation) between this novel material and a widely used 
xenograft (Bio-Oss, Geistlich, Switzerland). Beyond chemical composition, the physicochemical 
and in vitro biological properties of these commercially available bovine hydroxyapatites may 
play a pivotal role in their in vivo biological performance, thereby influencing their clinical 
effectiveness.
This study aims to investigate how the physicochemical and in vitro biological characteristics of 
two commercially available HA materials correlate with their previously observed in vivo behaviors. 
By conducting a comprehensive physicochemical and in vitro evaluation, and correlating these 
findings with earlier in vivo results, this study seeks to enhance the understanding of the impact 
of specific material properties on in vivo efficacy and regenerative outcomes, thus improving the 
clinical applicability of BHA-based biomaterials in oral bone regeneration.

Methods
2.1. Study design 

Two commercially available hydroxyapatite xenografts from bovine origin manufactured with 
different processes were used in this study: Bio-Oss (BO, Geistlich Pharma AG, Wolhusen, 
Switzerland), a xenograft used as a control reference and Wishbone Hydroxyapatite (WHA, 
Wishbone SA, Liège, Belgium). The two xenografts were assessed to identify their 
physicochemical characteristics, in vitro biological behaviors and in vivo biological performance.

2. 
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2.2. Physicochemical characterization BET 
       (Brunauer–Emmett–Teller) 

The specific surface area of each bovine hydroxyapatite sample was analyzed using the TriStar 
3000 equipment, following the standard operating procedure at the COMOC, University of 
Ghent. Approximately 1.0 g of each sample was placed in a clean 3/8-inch BET tube, sealed 
with a rubber O ring. The exact mass of the sample was recorded before connecting the tube 
to a VacPrep 061 degas system (Micrometrics), where it was degassed overnight (minimum 8 
hours) at 120 °C under vacuum with a temperature ramp of 10 °C/min. An isothermal jacket 
was placed on the BET tube, which was then connected to the TriStar 3000. The Dewar flask 
was filled with liquid nitrogen, and the BET tubes were immersed in it. Full adsorption and 
desorption data were recorded to determine the specific surface area, pore diameter, and pore 
volume.
 
2.3. Ions captation/release

Cumulative calcium and magnesium concentrations obtained from biomaterial dissolution (WHA,
BO and medium) under static conditions were investigated after 1, 2, 4, 8, and 12h and after 1, 
5, 10, 15, and 21 days of incubation. The bone grafts substitutes (0.05 g) were soaked in 1 ml 
of α-MEM culture medium (with 10 % FBS and 1 % penicillin/streptomycin) and were maintained 
in an incubator at 37 °C, under static conditions. At each time point, 1 ml of the culture medium 
was collected for Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and replaced with 
fresh medium. Afterward, 200 µl of collected medium were mixed with 200 µl of 70 % distilled 
HNO3 and incubated overnight at 65 °C. Then, the mixed collected medium was centrifuged 
for 10 minutes at 15 000 g and 5 µl of the supernatant was added to 4.995 ml of 2 % distilled 
HNO3 at room temperature. The samples were vigorously mixed three times (15 s each time) 
with 40 μl of an internal standard (provided by the Department of Geology of the University of 
Pittsburgh) in a Vortex-mixer, the mixture was ready for ICP-MS isotope analysis (NexION 300).

2.4. FTIR (Fourier-transformed Infrared)

The FTIR analysis was conducted to investigate the biomaterial composition, protein adsorption, 
and to determine if the decrease in calcium ions (Ca2+) in the medium during dissolution 
contributed to re-mineralization on the material surface. First, these materials underwent a 
dissolution analysis to simulate physiological conditions and understand their behavior in a 
biological environment. The materials were initially pre-treated and soaked in cell culture 
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medium (α-MEM containing 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin). 
The soaking process was conducted over incubation periods of 30 and 90 days. Following 
the incubation, the materials were dried under vacuum at room temperature. The FTIR spectra 
were then collected using a Bruker Vertex 70 spectrometer, where each sample was prepared 
by mixing 100 mg of potassium bromide (KBr) with 600 ng of the bone graft material. The 
spectra were recorded at room temperature, covering a range from 400 to 4000 cm-1, to 
identify characteristic absorption bands and assess the presence of phosphate (PO43-) and 
carbonate (CO32-) groups, as well as to evaluate the protein adsorption profiles by detecting 
amide group peaks.

2.5. Capillarity test

Qualitative observations were used to assess the capillarity of the two biomaterials and performed 
in triplicates. To avoid electrostatic potential, the particles were precisely weighted using a sterile 
15 ml falcon tube with a special beak lid. The beak lid was used to pour the particles in a 1.1 ml 
pipette (LP Italiana, 161111, Milano) until reaching the 0.5 ml tag. Along with the pipette, a 3.5 cm 
petri dish with 6 ml pig blood diluted 1:2 in PBS solution was prepared. The pipettes were 
immersed at the same exact time in the blood. The blood capillary rise speed and rise height 
were recorded.

2.6. Scanning electron microscope (SEM) analysis

Assays were performed by soaking 0.05 g of particles of each product in 1 ml of cell culture 
medium (5 %) for a static dissolution in a 1.5 ml Eppendorf tube at 37 °C. After incubation 
periods of 1, 3, and 7 days, the samples were fixed in 2.5 % (v/v) glutaraldehyde to preserve 
cellular structures. The cells were then dehydrated in a graded series of ethanol solutions (25 %, 
30 %, 50 %, 60 %, 70 %, 80 %, and 90 % ethanol) for 20 minutes each. This was followed by 
three dehydrations in 100 % ethanol to ensure the complete removal of water. The samples 
were treated with hexamethyldisilazane (HMDS) and left to dry overnight in a fume hood. Once 
dried, the samples were mounted on aluminum stubs and sputter-coated with gold to create a 
conductive layer. Finally, the samples were imaged using a JEOL JSM6330F scanning electron 
microscope (SEM) (Tokyo, Japan) to obtain high-resolution images of the cell surfaces.

FURTHER UNDERSTANDING THE BIOLOGICAL OUTCOMES



159

2.7. In vitro biological characterization

2.7.1. CELLS MC3T3 cells (ATCC, Manassas, Virginia, USA) were cultured in α-minimum
essential medium (α-MEM, Lonza, Basel, Switzerland) supplemented with 10 % fetal bovine 
serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin. hBMSC cells, 
purchased from the A&M Institute for Regenerative Medicine (Texas, USA), were grown in 
α-MEM supplemented with 16.5 % FBS, 2mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml 
streptomycin. 
RAW 264.7 (ATCC, Manassas, Virginia, USA) cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM, Lonza, Basel, Switzerland) supplemented with 10 % FBS, 2 mM 
L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin.

2.7.2. Chemotaxis Before the experiment, bone graft substitutes were pre-wetted in a DMEM 
culture medium and incubated for 24 hours at 37 °C. Then, RAW 264.7 cells (5x105 cells/well) 
were seeded, in DMEM, in the insert of Boyden’s chambers (CLS3422, Sigma, Bornem, 
Belgium). 150 mg of pre-wetted bone graft were placed in the bottom compartment and 
immersed in 1.2 ml of DMEM. Cells were allowed to migrate for 24 hours or 48 hours in a 
humidified 5 % CO2 incubator at 37 °C. Then, the cells at the upper side of the membrane (8 μm 
pore size, 15 μm thickness) were wiped off with Q-tips, while the cells at the bottom side of the 
membrane were stained with DAPI (Invitrogen Catalog number: D1306, 0.1 ug/ml, Calbiochem, 
San Diego, CA). Pictures (100x magnification, 5 random fields) were acquired using a Nikon 

	 CELL LINE	 SPECIES	 PHENOTYPE	U SED FOR

	 MC3T3-E1	 Mouse	 Pre-osteoblast	 Cell attachment; viability / proliferation; 		
				    ALP activity (osteogenic differentiation)

	 hBMSC	H uman	 Bone-marrow	 Cell viability / proliferation; adhesion 		
			   mesenchymal	 (SEM)
			   stromal cells

	 RAW 264.7	 Mouse	 Macrophage	 Chemotaxis (immune / inflammatory 		
				    recruitment)

TABLE 1
Cell lines used for in vitro biological characterization. Three established cell lines of different 
species and phenotype were selected to probe complementary aspects of the early biological 
response to the biomaterials.

Influence of in vitro physicochemical and biological characteristics
on hydroxyapatite xenografts performance.
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TE2000-E microscope. As a negative control, no biomaterials were placed in the bottom 
compartment of the Boyden chambers.

2.7.3. Alkaline phosphatase activity (ALP) Bone graft particles (15 mg) were placed 
in a 96-well plate with an ultra-low attachment surface (Corning), UV-sterilized, and soaked in 
α-MEM for 24 h before use. MC3T3 cells (4 × 104 per well) were seeded onto the particles. 
Particles without seeded cells served as an additional (material-only) control to account for 
background signal from the biomaterial. Cells were initially cultured in α-MEM supplemented 
with 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10 % FBS. Twenty-four 
hours after seeding, the growth medium was replaced with osteogenic differentiation medium 
(α-MEM further supplemented with 50 µg/ml ascorbic acid, 10 mM β-glycerophosphate, and 
10-7 M dexamethasone), and refreshed every other day. After 1, 5, 10, 14, and 21 days (n = 6), 
samples were washed twice with PBS and lysed with 150 µl of lysis buffer for 15 min. ALP 
activity was measured with the SensoLyte pNPP Alkaline Phosphatase Assay Kit (AnaSpec): 
50 µl of cell lysate was mixed with 50 µl of pNPP substrate solution, incubated at room 
temperature for 30 min, stopped with 50 µl of stop solution, and read at 405 nm on a BioTek 
microplate reader. A separate aliquot of lysate (25 µl) was used for total protein quantification 
with the BCA protein assay kit (Pierce), read at 562 nm against a standard curve. ALP activity 
was normalized to total protein content and expressed as µg/g protein.

2.7.4. Total protein adsorption 50 mg of non-pre-wetted bone graft substitutes were 
incubated with 1 ml of α-MEM containing 10 % FBS and 1 % penicillin/streptomycin, under 
continuous rotation in a humidified 5 % CO2 incubator at 37 °C. After 1, 2, and 4 days of 
incubation, bone graft substitutes were washed three times with PBS and 500 μl of 1 % Triton 
X-100 were added for 15 minutes to each sample for protein elution. After centrifugation (5 
minutes, 10000 g), a bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology, USA) 
was used on cell lysate (supernatant) for protein quantification, following the manufacturer’s 
instructions.

2.7.5. Albumin adsorption 50 mg of non-pre-wetted bone graft substitutes were 
incubated with albumin (1 mg/ml of PBS, pH 7.4) under continuous rotation in a humidified 5 % 
CO2 incubator at 37 °C. After 2, 12, and 24 hours of incubation, bone graft substitutes were 
washed three times with PBS and 500 μl of 1 % Triton X-100 were added for 15 minutes to 
each sample for protein elution. After centrifugation (5 minutes, 10000 g), the supernatant was 
used for protein quantification using a Bicinchoninic acid (BCA) protein assay kit (Pierce 
Biotechnology, USA), following the manufacturer’s instructions.
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2.7.6. Cell attachment Before the experiment, bone graft substitutes were pre-wetted 
in an α-MEM culture medium and incubated for 24 hours at 37°C. Then, 15 mg per well of 
pre-wetted bone graft substitutes were added to a 96-well plate with an ultralow attachment 
surface. Following this step, 3.3x104 of MC3T3 cells were seeded per well on top of bone graft 
substitutes. After 4 hours of incubation in a humidified 5 % CO2 incubator at 37 °C, the wells 
were washed twice with phosphate-buffered saline (PBS) to remove non-adhering cells. An 
Alamar blue assay was performed to assess cell attachment on bone graft substitutes. Tissue 
culture polystyrene surface (TCPS) was used as a positive control for cell attachment and its mean
was set at 100 % for cell attachment. Alamar blue was added in each well (10 % v/v) and cells 
were further incubated for 2 hours. After incubation, the fluorescence intensity was measured 
using alamarBlue™ Cell Viability  Reagent, Promega Catalog number: DAL1025, with excitation 
and emission wavelength of 560 and 590 nm, respectively. Correction for background 
fluorescence was realized by including  control wells containing only cell culture medium.

2.7.7. Cell viability/proliferation Bone graft particles were placed in a 24-well plate 
with ultralow attachment surface. They were soaked in culture medium and were incubated 
for 48 hours at 37 °C. The plate was placed under UV light for sterilization. 1 x 105  hBMSC or 
1 x 104 MC3T3 cells were seeded per well and incubated for 1, 3, and 7 days. An Alamar blue 
assay was performed to assess cell viability and proliferation regarding bone graft substitutes 
as described above. TCPS was used as a positive control for cell attachment. Proliferation of 
hBMSCs on biomaterials was also assessed by SEM.

2.8. Statistical analysis

A one-way analysis of variance (ANOVA) was performed when assessing the impact of one 
independent variable on a response variable. When two independent variables impacted a 
response variable, a two-way ANOVA was performed. For multiple comparisons, Sidak (for 
small number of comparisons) or Tukey (for a large number of comparisons) tests were applied. 
A p-value < 0.05 was considered statistically significant.

Influence of in vitro physicochemical and biological characteristics
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Results
3.1. Physicochemical characterization 

3.1.1. Specific surface area (BET) Specific surface area analysis showed that the mean 
for WHA and BO samples were 16.0 ± 0.0 m2/g and 81.7 ± 0.6 m2/g respectively. 

3.1.2. Biomaterials ions release (Ca, Mg) In the static dissolution experiment, distinct 
calcium and magnesium release profiles were observed. Cumulative calcium concentration was 
significantly higher in the control medium compared to WHA and BO (Fig. 1A), with a rapid 
release in the first 24 hours (Fig. 1B). WHA exhibited a consistent release with significant 
increases compared to BO at later time points (p < 0.05). Magnesium release from WHA 
remained significantly higher than BO and the control medium under static conditions (p < 0.05) 
(Fig. 1C), highlighting WHA’s capacity for sustained magnesium enrichment throughout the 21 
days (p < 0.05).

3.1.3. Chemical composition and re-mineralization (FTIR) The FTIR test showed 
that WHA and BO were composed of similar PO43- or CO32- groups (Fig. 2). Both materials 
displayed crystalline surfaces and re-mineralization process was not observed on their surfaces 
at 30 or 90 days. 
 
3.1.4. Surface topography and cell adhesion (SEM) SEM analysis was performed 
to observe the morphology and microstructure of the biomaterials after static dissolution (Fig. 3). 
The surface topography of the WHA did not appear to change after soaking in the medium. In 
contrast, more nano-sized pores appeared in some areas of BO. Fibril-like structures with 
periodic collagen organization and close collagen-hydroxyapatite contact are observed in both 
materials. This micro-organization shows that WHA, like Bio-Oss, retains key bone hydroxyapatite 
characteristics, including a microporous and rough surface.

3.1.5. Hydrophilicity (Capillarity test) The capillary rise speed and height were 
assessed on both WHA and BO using pig’s blood, demonstrating significant differences in their 
performance (Fig. 4). The capillary rise speed for BO was found to be 0.2 ± 0.05  mm/sec 
whereas WHA showed a much faster rise speed of 0.4 ± 0.1  mm/sec (p < 0.05). The blood 
capillary rise height for BO was measured at 20.0 ± 5.0 mm while WHA exhibited a substantially 
higher rise height of 45.0 ± 5.0  mm (p < 0.001) (Fig. 4B). 

3. 
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Cumulative calcium and magnesium concentrations obtained from biomaterial dissolution (WHA, 
BO and control) under static conditions. Magnesium and calcium concentrations were assessed 
after 1, 2, 4, 8 and 12h and after 1, 5, 10, 15 and 21 days of incubation. (A) Graph showing the 
cumulative calcium concentration (mg/L) for WHA (green), BO (grey) and the control (blue), from 
1h to 21 days. The statistical significance between 1 and 24h is shown in (B), which constitutes 
an enlarged version of panel A in the first 24h. (C) Graph showing the cumulative magnesium 
concentration (mg/L) for the WHA, BO and control conditions from 1h to 21 days. The statistical 
significance between 1 to 24h is represented in (D), which constitutes an enlarged version of panel 
C in the first 24h. A two-way ANOVA was used for statistical analyses. The test of Tukey was 
used for multiple comparisons. ****: p-value < 0.0001. ***: p-value < 0.001. **: p-value < 0.01. *: 
p-value < 0.05. Each point corresponds to the mean and, the error bars represent the standard 
deviation (SD) computed for 4 replicates.

Figure 1
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A: FTIR spectra KBR of WHA at day 30 and 90 of dissolution. 
B: FTIR spectra KBR of BO at day 30 and 90 of dissolution.

Figure 2

A

B
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Scanning electron microscopy (SEM) of the studied biomaterials at different magnifications: WHA and 
BO with 50, 1000 and 50K magnification. WHA and Bio-Oss, presenting both microporous and rough 
surface.

Figure 3

WHA BO

50 x

100 x

50K x
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3.2. Biological characterization 

3.2.1. Chemotaxis The results showed that WHA bone graft particles did not impact RAW 
264.7 cells migration, since there was no difference with the negative control at both 24 and 
48h (Fig. 5). In contrast, the BO biomaterial attracted significantly more macrophages than the 
negative control, at both time points (p values).  

3.2.2. ALP activity The results of the ALP assay on MC3T3 cells when using WHA and BO 
biomaterials show no differences for the ALP activity between HA and BO biomaterials, except 
after 5 days of incubation, where the activity was significantly higher for WHA compared to BO. 
In addition, the ALP activity was the highest for both WHA and BO at 5 and 10 days of culture 
(Fig. 6).

A: Comparative Blood Capillary Rise in BO and WHA. WHA exhibits a significantly faster and 
higher blood capillary rise compared to BO, indicating better hydrophilicity. B: Blood capillarity 
rise height and speed results. WHA demonstrates a significantly higher blood capillary rise height 
(***p < 0.001) and faster blood capillary rise speed (*p < 0.05) compared to BO.

Figure 4
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Figure 5

Figure 6

Chemotaxis of RAW 264.7 toward biomaterials (WHA and BO) using Boyden’s chambers. As a 
negative control, no biomaterials were placed in the bottom compartment of the Boyden’s 
chambers. Cell migration was assessed after 24 and 48h. A two-way ANOVA was performed for 
statistical analysis. The test of Tukey was used for multiple comparisons. ****: p-value < 0.0001, 
***: p-value < 0.001, ns: non-significant. Mean ±SD is represented. n=5 for each biomaterial and 
at each time point.

The ALP activity of MC3T3 cells after 1, 5, 10, 14 and 21 days of culture on WHA or BO 
biomaterials. A two-way ANOVA was performed for statistical analysis. Sidak’s test was used for 
multiple comparisons. **: p-value < 0.01, ns: non-significant. Mean ±SD is represented. n=6 for 
each biomaterial and at each time point.
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3.2.3. Total Protein and albumin adsorption Total protein adsorption was 
assessed on both WHA and BO groups. Results show that the WHA biomaterial adsorbed 
significantly more serum proteins on its surface than BO over time (from 1 to 4 days) (Fig. 7A). 
Interestingly, this observation was also true when assessing albumin adsorption. Albumin was 
significantly more adsorbed on WHA than BO from 2h to 24h (Fig. 7B). 

3.2.4. Cell attachment MC3T3 cell attachment on WHA and BO was investigated when 
cultured in a medium with serum (FBS) (Fig. 8). For this purpose, MC3T3 cells were incubated 
for 4 h with biomaterials. TCPS was used as a positive control and the mean of its replicates 
was set at 100 % for cell attachment (Fig. 6). The percentage of attached cells on WHA was 
of 76 ± 6 %, while it was only of 55 ± 3 % for BO. Both WHA and BO had a significantly lower 
percentage of cell attachment than the control (p values). However, the percentage of attached 
cells was significantly higher on WHA than BO (p < 0.0001).

3.2.5. Cell viability/proliferation Cell viability/proliferation regarding bone graft 
substitutes was assessed after 1, 3, and 7 days of incubation. For both MC3T3 and hBMSC 
cells, cell viability was significantly higher on WHA than BO at each time point (Fig. 9). While the 
cell viability decreased over time when using hBMSC cells on WHA and BO (decreased 

Quantity (µg) of proteins adsorbed on 50 mg of WHA (green) and BO (grey) biomaterials. (A) Total 
protein adsorption on HA and BO after 1, 2 and 4 days of incubation. (B) Albumin adsorption on 
the HA and BO surfaces after 2, 12 and 24 hours of incubation. A two-way ANOVA was used for 
statistical analyses. The test of Sidak was used for multiple comparisons. ****: p-value < 0.0001. 
***: p-value < 0.001. **: p-value < 0.01. *: p-value < 0.05. Mean ±SD is represented. n=3 for each 
condition and at each time point.

Figure 7
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Figure 8

Figure 9

Percentage of MC3T3 cell attachment on WHA (green) and BO (grey) biomaterials after 4 h of 
incubation. TCPS (pink) was used as a positive control and the mean of its replicates was set at 
100 %. A one-way ANOVA was used for statistical analysis. Tukey’s test used for multiple 
comparisons. ****: p-value < 0.0001. Mean ±SD is represented. n=6 for each condition and at 
each time point.

Cell viability on WHA (green) and BO (grey) biomaterials after 1, 3 and 7 days of incubation using 
Alamar blue assay. (A) MC3T3 viability on HA and BO biomaterials. (B) hBMSC viability regarding 
WHA and BO biomaterials. A two-way ANOVA was performed for statistical analyses. The test 
of Sidak was used for multiple comparisons. ****: p-value < 0.0001, ***: p-value < 0.001, 
**: p-value < 0.01. Mean ±SD is represented. n=6 for each biomaterial and at each time point 
when using MC3T3 (except for BO, where n=5 after 3 days of incubation). n=5 for both WHA and 
BO and at each time point when using hBMSC.
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fluorescence intensity) (Fig. 9B), it remained stable for BO or even increased for WHA when 
using MC3T3 cells (stable or increased fluorescence intensity) (Fig. 9A). Proliferation of hBMSCs 
was confirmed by SEM, where both materials were covered with cells after 4 hours culture. (Fig. 10)
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Figure 10
SEM images of hBMSC cell adhesion on surfaces of WHA and BO after 4 hours (A) and 24 hours 
(B) of incubation.
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Discussion
The present study highlights that biomaterials originating from the same source but subjected 
to different manufacturing processes exhibit distinct physical and biological behaviors (Table 1). 
WHA showed better capillarity, less Ca2+ captation and higher magnesium ion release, which 
could enhance bone healing and regeneration. WHA also demonstrated superior protein and 
albumin adsorption, cell attachment, viability, and proliferation compared to BO. In contrast, BO 
attracted more macrophages, suggesting a stronger initial inflammatory response. These in vitro 
characteristics and properties allow for a better understanding of some of the in vivo results 
presented in our earlier research (De Carvalho et al., 2023), more specifically, regarding the 
higher bone regeneration rate at 4 weeks in WHA when compared to BO.
In the present study, the FTIR analysis confirmed that both WHA and BO shared similar 
phosphate (PO43) and carbonate (CO32-) groups indicating that both materials could potentially 
perform similarly in biological environments. Nevertheless, when evaluating their dissolution, our 
results show that the cumulative calcium concentration over time was significantly higher in the 
medium without biomaterials, compared to the WHA and BO conditions. This suggests that 
both WHA and BO biomaterials adsorb calcium on their surfaces, thus decreasing the amount 
of calcium in the medium. Interestingly, the cumulative calcium concentration was significantly 
higher in the WHA group than the BO group, suggesting that WHA adsorbs less calcium than 
BO. This difference may be attributed to variations in surface properties, such as specific 
surface area or porosity, between the two biomaterials. As mentioned in our previous study (De 
Carvalho et al., 2023), the different specific surface areas (SSA) of the two biomaterials translate 
into different micro and nanoporosity. Thus, the higher SSA of BO can enhance the material’s 
capacity to adsorb calcium ions from the surrounding fluids. If the biomaterial adsorbs a less 
significant amount of calcium from the extracellular environment, it can increase the stimulation 
required for osteoblast proliferation and differentiation, potentially accelerating the bone 
regeneration process. The higher calcium availability in the WHA group could have enhanced 
bone morphogenetic protein (BMP) signaling and upregulated osteogenic transcription factors 
such as Runx2 and Osterix (Ielo et al., 2022, Aquino-Martínez et al., 2017). This mechanism 
might explain the superior early-stage bone regeneration observed with WHA at 4 weeks when 
compared to BO in our earlier study. These facts could be correlated with those reported by 
Hassan, M. (2024) (Hassan et al., 2024), exploring the association between Ca2+ release over 
time by 3D-printed HA-based templates and osteoconductivity. The HA templates, which 
released Ca2+ at a mild rate, demonstrated higher osteoconductivity evidenced by higher 
mineralized ECM secretion and greater new bone formation in vitro and in vivo compared to the 
templates with high Ca2+ releasing.

4. 
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	 ANALYSIS	 BO results 	 WHA results	 INTERPRETATION

	 BET	 81.7m2/g	 16m2/g	 BO has a higher specific surface area, 		
				    indicating a higher level of microporosity		
				    compared to WHA.
	 Capillarity	 Slower blood 	 Faster blood 	 Better hydrophilicity of WHA suggests
		  capillarity rise	 capillarity rise	 improved protein adhesion and cellular		
				    attachment, which can enhance bone 		
				    healing and regeneration.
	 Dissolution	 Release less Ca 	 Release more Ca	H igher Ca+ and Mg+ release in WHA    
	 Ca+ / Mg+	 and Mg to the	 and Mg to the	 could contribute to faster bone
		  medium	 medium	 regeneration and better process.
	 FTIR	 Similar PO4^3- and	 Similar PO4^3-	 Both materials share similar functional		
		  CO3^2- groups no	 and CO3^2- groups	 groups. Higher protein adsorption for
		  re-mineralization, higher	 no re-mineralization,	 BO might influence tissue integration. 		
		  protein adsorption
	 Chemotaxis	 Significantly attracted	N o significant	 BO’s higher macrophage attraction
		  more macrophages	 macrophages	 indicates a stronger initial inflammatory 
			   migration	 response which could influence bone 		
			   remodeling.
	 ALP	 Lower than WHA at	H igher than BO at	H igher ALP activity in WHA suggests 
		  5 days, similar after	 5 days, similar after	 better osteogenic differentiation and 
				    bone formation at early stages.
	 Total proteins	 Lower than WHA	 Significantly higher	 WHA’s higher protein adsorption  
	 adsorption		  than BO	 suggests a more hydrophilic surface,
				    leading to better initial cell adhesion
				    and growth.
	 Albumin	 Lower than WHA	 Significantly higher	H igher albumin adsorption in WHA 
	 Adsorption		  than BO	 suggests better protein binding
				    properties.
	 Cell 	 55 % attachment 	 76 % attachment 	H igher cell attachment on WHA indicates 
	 Attachment	 rate	 rate	 a more favorable surface for initial cell 		
				    adhesion, critical for bone regeneration.	
	 Cell viability	 Lower viability and	H igher viability and	H igher cell viability and proliferation
		  proliferation 	 proliferation  	 on WHA indicate better support
		  compared to WHA	 compared to BO	 for cell growth and bone regeneration.

Comparative Analysis of Physicochemical Properties and In Vitro Biological Characteristics of 
Bio-Oss (BO) and Wishbone Hydroxyapatite (WHA)

TABLE 2
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In contrast, no significant differences in ALP activity were observed between WHA and BO, 
except after 5 days of incubation, when WHA showed significantly higher ALP activity. ALP 
activity is a marker of osteogenic differentiation and new bone formation, as it can be influenced 
by intrinsic properties of biomaterials (Zeng et al., 2012, Korovessis and Deligianni, 2002, 
Antonini et al., 2019), such as magnesium release (Mammoli et al., 2019, He et al., 2016). The 
higher ALP activity in WHA could be attributed to its higher magnesium release, as magnesium 
and zinc are key cofactors in ALP’s enzymatic function(Lowe et al., 2024, Makris et al., 2023).
Building on these findings, it was crucial to explore the role of chemotaxis in the context of bone 
regeneration. Chemotaxis plays a critical role in recruiting macrophages to the regeneration 
area, where they initiate and regulate the healing process (Ridiandries et al., 2018). In this study, 
BO significantly attracted more macrophages than WHA. This initial lower chemotactic behavior 
presented in WHA might indicate a more balanced inflammatory response, avoiding excessive 
or prolonged inflammation and facilitating a quicker transition from the inflammatory phase 
(dominated by M1 macrophages) to the reparative phase (dominated by M2 macrophages). 
This immunomodulatory effect likely contributes to the favorable healing environment seen in 
vivo, supporting both osteogenesis, material integration and faster tissue remodeling (Gibon et 
al., 2016, Spiller et al., 2014). 
Furthermore, the observed release of magnesium ions from WHA could also play a role in the 
chemotactic behavior. Magnesium has been shown to influence the polarization of macrophages 
toward the M2 phenotype, which is linked to anti-inflammatory and tissue-repair functions, as 
opposed to the pro-inflammatory and chemotactic M1 phenotype (Costantino et al., 2020). 
While the exact role of magnesium in this process is not fully understood, evidence suggests 
that it might play a significant part in the modulation of the inflammatory responses and 
macrophage activity (Belluci et al., 2011, Del Barrio et al., 2010, Liao et al., 2023, Weglicki et al., 
1992).
Moreover, when assessing total protein adsorption, WHA adsorbed significantly more total 
serum proteins and albumin on its surface than BO over time (from 1 to 4 days and from 2 h 
to 24 h respectively). The adsorption of proteins might be related with the existence of a more 
hydrophilic surface in WHA, which tends to attract and bind more proteins from the surrounding 
environment (Lee et al., 2018). In the present study, the degree of hydrophilicity was analyzed 
by the capillarity test (Kammerhofer et al., 2018) which showed a high level of capillarity, 
suggesting that WHA has a strong affinity for blood absorption and a higher capacity to draw 
blood faster through its structure when compared to BO. Hydrophilicity plays a significant role 
in the bioactivity of bone regeneration since it influences the adsorption of biological molecules. 
Bone cells have shown a strong preference for hydrophilic substrates, and it is believed that 
hydrophilic materials offer better resistance to bacterial adhesion compared to hydrophobic 
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ones (Aronov et al., 2006, Popa et al., 2017, Maidaniuc et al., 2018). This is also supported by 
the results obtained for cell attachment, viability, and proliferation where WHA performed 
significantly better than BO. The attachment of osteogenic cells is essential for the regenerative 
outcomes of different biomaterials (Kwan et al., 2008). Hence, cells rarely get in direct contact 
with the biomaterial surface, they tend to create an interaction with the adsorbed proteins 
providing signals to the cells through the cell adhesion receptors (Tseng et al., 2013, Thomas et 
al., 1997). WHA adsorbing more albumin and total proteins, confirms that the protein-rich layer 
facilitates stronger initial cell adhesion and provides a conductive environment for cell growth, 
sustenance, and proliferation. Enhanced cell attachment and proliferation are critical for the 
successful integration of BHA into the bone tissue ensuring that the scaffold supports new 
tissue formation and integrates properly in the host bone. 
The present study presents some limitations. While hydrophilicity was assessed qualitatively 
using capillarity tests, direct contact angle measurements were not performed. A quantitative 
assessment of hydrophilicity would provide more precise data on the material’s surface 
properties. Specific cell lines (MC3T3, hBMSC, and RAW 264.7) were used to evaluate biological 
responses. These cell lines, while relevant, do not encompass the full diversity of cell types 
involved in bone regeneration. Moreover, the study evaluates biological responses over relatively 
short durations (up to 21 days for ion release and 7 days for cell viability/proliferation). Bone 
regeneration is a long process, and longer-term studies could provide more comprehensive 
insights into the material’s performance over time. Additionally, although the chemotaxis assays 
provide valuable insights into macrophage recruitment, they do not evaluate polarization into M1 
(pro-inflammatory) or M2 (anti-inflammatory) phenotypes. Evaluating the chemotactic behavior 
of both macrophage phenotypes would offer a more complete understanding of the immuno-
modulatory effects of WHA and BO that influence the healing process. Regarding ALP activity, 
this test was normalized to total protein content and measured under osteogenic induction over 
21 days. This marker reflects only the early-to-intermediate stage of osteogenic commitment. A 
biomaterial-free (cells-only) osteogenic baseline was not included, and complementary markers 
of later differentiation and mineralization, such as osteocalcin expression, alizarin red staining, 
or osteogenic gene expression by qPCR would have strengthen the assessment of osteogenic 
potential. Lastly, in this study only two commercially available xenografts were tested, which 
may restrict the broader applicability of our findings. Two xenografts sharing the same origin but 
using distinct manufacturing processes were tested, thereby demonstrating how production 
refinements can optimize their physicochemical and biological properties. Investigations involving 
additional products could further validate and expand these results.
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Conclusion
In conclusion, this study underscores the significant impact of manufacturing processes on the 
in vitro biological characteristics and subsequent in vivo performance of bovine hydroxyapatite 
(BHA) biomaterials. The comparative analysis between BO and WHA reveals distinct differences 
in their physicochemical properties and in vitro biological behaviors. The findings align well with 
previously observed in vivo outcomes, suggesting that optimizing the physicochemical properties
through specific manufacturing processes can significantly enhance the clinical efficacy of BHA 
biomaterials in oral bone regeneration.  Future studies should aim to explore long-term biological 
responses and the role of different cell types to further validate these findings and improve the 
understanding of the material’s performance in clinical settings.
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ABSTRACT
Objective: Accurate definition of the region of interest is essential for quantitative assessment of 
bone regeneration in preclinical defect models. Conventional histomorphometric analyses rely on 
retrospective identification of defect boundaries after healing has altered the original geometry. 
The present study introduces a digital twin–guided workflow based on intraoperative intraoral 
optical scanning (IOS) for reconstruction of the original defect envelope (ROI1) and spatial 
alignment with histologic section planes.
Methods: The methodology was implemented in a mandibular critical-size defect model in 
beagle  dogs. A digital twin of the surgically created defect was reconstructed from intraoperative 
intraoral optical scans (IOS) and used to define the original defect region of interest (ROI1) prior to 
healing. Geometric fidelity of the workflow was evaluated by comparing IOS-derived and 
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histologic measurements of lingual wall thickness, assessing positional agreement between 
planned and actual section planes, and testing the geometric representativity of section-level 
ROI1 projections relative to IOS derived defect volume using correlation and regression analysis. 
The reconstructed baseline defect envelope (ROI1) was further compared with the post-healing 
compartment (ROI3) to characterize volumetric changes during regeneration.
Results: Defect geometry demonstrated high reproducibility across animals and timepoints, with 
coefficients of variation between 7% and 15% for all measured parameters. Section-level ROI1 
projections showed strong geometric correspondence with reconstructed defect volume 
(r = 0.934; R2 = 0.873), confirming their representativity of the three-dimensional baseline 
defect envelope. Spatial correspondence between planned and actual section planes was
submillimetric on average (mean absolute deviation: 0.61 ± 0.56 mm; r = 0.937), confirming 
accurate transfer of the digital coordinate system to the physical sectioning workflow. Comparison 
between ROI1 and ROI3 revealed systematic contraction of the regenerated compartment 
relative to the original defect envelope across all healing periods.
Conclusion: The digital twin–guided IOS workflow enables prospective reconstruction of 
baseline defect geometry and precise spatial registration between three-dimensional surface 
datasets and histologic sections. This methodology improves the accuracy and reproducibility 
of quantitative regeneration analysis and provides a standardized framework for section-specific 
normalization of histomorphometric outcomes in preclinical mandibular defect models.

Introduction
Bone regeneration remains a central challenge in reconstructive oral and maxillofacial surgery, 
particularly in preclinical translational models where reliable quantitative measurements are 
essential to validate novel biomaterials and regenerative strategies prior to clinical 
translation (Sadeghian Dehkord et al., 2024, Shanbhag et al., 2024, Hooijmans et al., 2014). 
Histomorphometry and micro-computed tomography (micro-CT) are widely used as reference 
techniques for evaluating bone formation. Micro-CT enables three-dimensional evaluation, but 
quantitative outcomes remain sensitive to segmentation strategies, threshold selection, and 
volume-of-interest definition, which may influence measurements of newly formed bone 
(Donnelly, 2011, Park et al., 2011). Bone histomorphometry is a quantitative technique used to 
evaluate bone formation, microarchitecture and remodeling by analyzing structural and cellular 
features in histological sections (Malhan et al., 2018). However, both methods rely on the 
definition of a baseline region of interest that is typically established after healing has already 
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progressed, when the original geometry of the surgical defect can no longer be directly 
identified. Most studies quantify new bone formation within a predefined defect area, but the 
method used to define that area varies widely and is very often poorly described (Rogova et al., 
2024). As the original defect progressively heals through remodeling and integration of newly 
formed tissue, retrospective identification of the initial defect boundaries, and therefore 
reconstruction of the baseline defect area required for standardized histomorphometric 
assessment, remains a major limitation that may reduce comparability across experimental 
models and studies. (Beitlitum et al., 2024). Contrarywise, histological processing further limits 
analysis through destructive sectioning and two-dimensional sampling of a restricted portion of 
the regenerated tissue volume and wrong orientation of the samples (Liu et al., 2021, 
Vandeweghe et al., 2013). 
In this context, intraoral optical scanning (IOS) technologies have emerged as valuable tools for 
three-dimensional documentation. Initially developed for clinical applications in restorative, 
implant dentistry and periodontology, IOS provides high-resolution surface data capable of 
reconstructing soft- and hard-tissue contours with sub-millimeter accuracy (Benic et al., 2015). 
The advancements in the precision of these scanners enabled the emergence of methods that 
evaluate soft tissue volume changes in different clinical time points by techniques of 
superimposition of the 3D images generated (Lee et al., 2020, Tavelli et al., 2021). Although 
IOS technologies are widely used to capture dental and soft-tissue morphology in restorative 
and implant dentistry, their application for direct acquisition of exposed bone surfaces remains 
uncommon. Most IOS workflows rely on enamel or mucosal landmarks as reference structures, 
whereas intraoperative scanning of surgically created bone defects has, to the best of our 
knowledge, never been explored in experimental regeneration models. Extending IOS 
acquisition to the level of the defect walls enables direct three-dimensional documentation of 
the original defect geometry prior to healing, improving the reproducibility and accuracy of 
preclinical bone regeneration analysis. Three regions of interest were defined for spatial 
normalization: ROI1 represented the original defect envelope reconstructed from intraoperative 
IOS prior to healing; ROI2 corresponded to regenerated tissues within the original defect 
boundaries; and ROI3 described the post-healing compartment identified histologically at the 
endpoint. This framework enabled comparison between baseline defect geometry and the 
effective regenerated compartment. Building upon this rationale, the present study aimed to 
refine the methodological framework for volumetric bone regeneration assessment using IOS 
technology, based on our previous publication (De Carvalho et al., 2023). A digital workflow 
was developed that integrates pre-defect and post-defect IOS datasets to reconstruct, for each 
surgical defect, a digital twin of its original geometry. Within the context of this work, a digital 
twin is defined as a spatially registered, geometry-preserving virtual replica of a surgical defect, 
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generated from intraoperative optical scans and permanently linked to its physical counterpart 
through stable anatomical landmarks. By capturing the defect geometry immediately after 
surgery and before healing begins, the digital twin preserves the true baseline anatomy as 
a persistent digital reference that can be repeatedly co-registered with histological sections 
throughout the analysis. Unlike digital twins in engineering and systems modelling, which are 
continuously updated with real-time data to simulate and predict the behaviour of dynamic 
systems, the model proposed here represents a static digital twin. Its purpose is not to predict 
biological events or evolve over time, but to preserve the original anatomy with high spatial 
fidelity, providing a stable and reproducible baseline (ROI1).

Methods
2.1. Preclinical Model and Surgical Protocol

The digital twin–guided ROI1 methodology was implemented on specimens obtained from a 
previously published preclinical guided bone regeneration study in a standardized mandibular 
defect model in dogs (De Carvalho et al., 2023). Briefly, twenty-four beagle dogs were enrolled 
and allocated to three euthanasia timepoints (4, 12, and 26 weeks), with eight animals per 
cohort. For each animal, four independent critical-size wall defects were created in the mandible, 
two per hemimandible. After extraction of the premolars on each side, two standardized 
box-shaped defects were prepared in the edentulous ridge using a rotary bone saw with 
approximately 10.0 mm in the mesio–distal direction, 8.0 mm in height (corono–apical), and 
6.0 mm in bucco–lingual width, achieved by complete removal of the buccal cortical plate and 
partial removal of the lingual plate. All preparations followed the same geometric template and 
were performed by experienced surgeons. Within each animal, the four defects were randomly 
allocated to different regenerative protocols (two biomaterial-filled and two sham defects, with 
or without a collagen membrane ), ensuring that each treatment condition was represented 
once per mandible. In defects assigned to regenerative treatment, the graft material was 
covered with a resorbable collagen membrane stabilized with titanium pins. Sham defects were 
either left empty or covered by a collagen membrane . Mucoperiosteal flaps were repositioned 
and closed with non-resorbable sutures, and all animals received standardized peri-operative 
antibiotic prophylaxis and postoperative analgesia. Throughout the healing period, animals were 
monitored daily for general health, wound integrity, and signs of local complications. The 
present methodological work represents a secondary, in-depth analysis of this established 
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Sequential intraoperative IOS reconstructions illustrating the surgical workflow of the standardized 
mandibular defect model. 
(A) Baseline mandibular anatomy before extraction. (B) Edentulous ridge following tooth extraction. 
(C) Creation of standardized critical-size box-shaped defects. (D) Placement of particulate 
biomaterial within the defect compartment. (E) Collagen membrane fixation with titanium pins. (F) 
Flap closure and sutured wound stabilization. The sequential IOS-derived reconstructions are 
presented for illustrative purposes to demonstrate the surgical and regenerative workflow; 
only pre-defect and postdefect IOS datasets were used for quantitative digital twin reconstruction 
and ROI1 determination.

Figure 1

model, focusing specifically on the geometric reconstruction of the original defects and their 
correspondence with histologic sections. This standardized surgical protocol provided the 
experimental framework in which the intraoral optical scanning (IOS) based digital twin 
was constructed and later used to define the original defect region of interest (ROI1) for 
each histologic section. The sequential surgical workflow, including tooth extraction, defect 
preparation, biomaterial placement, membrane stabilization  when applicable and flap closure, 
is illustrated in Fig. 1.
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2.2. Intraoperative IOS Acquisition

IOS was used to establish a precise digital twin of the surgically created defect prior to the onset 
of healing. Surface scans of the mandibular ridge were acquired intraoperatively, after dental 
extraction and immediately after creation of the standardized critical-size defect using a 
structured-light scanner (Trios, 3Shape, Copenhagen, Denmark), which enables high-resolution 
surface acquisition through projection and detection of phase-shifted light patterns. Soft-tissue 
retraction and bleeding control were maintained throughout scanning to ensure accurate 
visualization of the exposed bone surfaces. Both the canine and molar adjacent to the defect 
area were systematically included in each IOS, to be used as anatomical landmarks. The 
resulting datasets were exported as STL files without smoothing or mesh repair.

2.3. Digital Twin–Guided ROI1 Methodology

The pre- and post-defect surface scans were imported into metrology software (GOM Inspect 
Professional, GOM GmbH, Braunschweig, Germany) and aligned using intact anatomical 
landmarks (canine and molar crown surfaces). Once registered within a common coordinate 
system, subtraction of the post-defect scan from the pre-defect scan generated an animal-
specific three-dimensional reconstruction of the removed bone volume (Fig. 2A) This subtraction 
model represented the STL digital twin of the original defect geometry and was preserved as a 
reference dataset for subsequent spatial registration with histological sections. Following 
subtraction, the reconstructed defect cavities were isolated from surrounding anatomical 
structures by manual mesh editing within the metrology software environment. Duplicate 
meshes of the defect regions were combined and non-relevant geometry removed to retain only 
the defect envelopes (Fig. 2B). Open mesh boundaries were subsequently closed to generate 
continuous surfaces, enabling reliable computation of defect perimeter, surface area, and 
enclosed volume prior to extraction of section-level ROI1 projections (Fig. 2C). To ensure spatial 
correspondence between the digital twin and histologic sections, the mesio–distal location of 
each cutting plane was predefined using linear measurements derived from the STL-based 
defect geometry. A fixed anatomical landmark corresponding to the center of the alveolar ridge 
between the two standardized defects, defined as the “bone peak” (Fig. 3A  ), was used as the 
reference origin for all measurements. Using this coordinate system, the mesio–distal distance 
from the bone peak to the geometric center of each defect was determined from the digital 
twin and provided to the histology laboratory as target sampling locations. In addition to the 
central section corresponding to the geometric midpoint of each defect, two supplementary 
section planes were defined at standardized proportional offsets along the defect axis to enable 
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reproducible sampling across the mesial, central, and distal thirds of the reconstructed defect 
envelope (Fig. 3).

2.4. Sampling Zones and Histologic Slide Selection

Within the digital twin, the reconstructed defect was subdivided along its mesio–distal axis into 
three standardized zones — a mesial third (Zone 1), a central third (Zone 2), and a distal third 
(Zone 3) — and a target sampling location was defined within each zone using the bone peak 
landmark as the reference origin (Fig. 3). This zone-based scheme ensured consistent spatial 
representation of the mesial, central, and distal regions of each defect across specimens. 
These target locations served as a guide for histologic slide selection and did not direct the 
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Digital twin reconstruction and definition of standardized section planes for ROI1 determination. 
(A) Three-dimensional reconstruction of the original defect geometry generated by subtraction and 
superimposition of pre-defect and post-defect IOS-derived STL datasets. The reconstructed 
defect envelope is isolated from surrounding anatomical structures following mesh alignment in 
GOM Inspect. (B) Definition of standardized sampling zones and target section planes along the 
mesio–distal axis of the reconstructed defect envelope. (C) Representative cross-sectional 
comparison between IOS-derived contours before and after defect preparation following STL 
superimposition. Colored deviation vectors illustrate geometric displacement generated by defect 
creation and used for reconstruction of the baseline defect envelope.

Figure 2
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Standardized spatial definition of histologic sampling planes within the reconstructed defect envelope. 
(A) Division of the reconstructed defect into mesial (Zone 1), central (Zone 2), and distal (Zone 3) 
thirds using the bone peak landmark as the reference origin, with target sampling locations 
positioned at approximately 17%, 50%, and 83% of the mesio–distal defect length. (B) Three-
dimensional visualization of the predefined virtual section planes used for spatial registration 
between histologic sections and the IOS-derived digital twin.

Figure 3

sectioning itself. Following specimen embedding in methyl methacrylate, each defect was 
serially sectioned along its entire mesio–distal length, producing bucco–lingual ground sections 
(20–40 µm), and the distance of every section from the bone peak landmark was recorded. The 
unstained slides were examined and, for each zone, the slide of acceptable histological quality 
lying closest to the target location was selected for analysis. Two slides were retained per zone; 
the central slides were stained with Stevenel’s Blue and the mesial and distal slides with 
haematoxylin and eosin for histomorphometric and histopathological evaluation. The actual 
measured position of each selected slide subsequently served as the basis for the digital 
twin–based ROI1 determination described in the following section.

2.5. Defect homogeneity assessment

To verify reproducibility of the standardized mandibular defect model, geometric parameters 
of the surgically created defects were extracted from the STL-based digital twin datasets. 
Measurements included anterior wall height, posterior wall height, lingual wall height, mesio–
distal defect width, and distance from the bone peak landmark to the geometric center of each 
defect. Descriptive statistics and coefficients of variation were calculated across animals and 
time points to evaluate consistency of defect geometry prior to regenerative analysis. 

Digital Twin Guided Optical Impression Analysis for Anatomically Accurate ROI Determination
and Histologic Alignment in Bone Regeneration Models.



194

2.6. Geometric representativity of section-level ROI1 projections

To evaluate whether section-level ROI1 projections were representative of the reconstructed 
three-dimensional defect envelope, the relationship between mean ROI1 cross-sectional area 
(ROI1 mean values mm2) and STL-derived defect volume (Volume mm3) was assessed using 
Pearson correlation and ordinary least squares regression. Observations containing missing 
values in either variable were excluded prior to analysis. Regression slope estimates were 
interpreted relative to the expected mesio–distal extent of the experimental defect to assess 
geometric consistency between section-based ROI1 projections and volumetric reconstruction. 
Where cohort information was available, an interaction model (Volume ~ ROI1_mean × Time
point) was additionally used to evaluate whether this relationship differed across healing periods.

2.7. Digital Twin–Based Determination of ROI1
       for Histomorphometric Analysis

Following specimen harvesting, fixation, and embedding in methyl methacrylate (MMA), grinded 
bucco–lingual sections  (20-40 µm) were obtained along the entire length of the defect , and 
select slides were chosen for histomorphometric analysis using the predefined cutting positions 
as a guide and a quality control check by a veterinary pathologist. The recorded distance 
between the bone peak and the slide selected for analysis was used to create a virtual slicing 
plane at the same mesio–distal coordinate (relative to the bone peak) within the digital twin 
model that was reopened in GOM Inspect. Both the IOS-derived digital twin and the physical 
specimens were referenced to the same anatomical landmark (‘bone peak’). Each histologic 
section could be mapped to an exact mesio–distal coordinate within the reconstructed defect 
geometry, allowing extraction of anatomically matched ROI1 cross-sections. The resulting 
projection defined the baseline region of interest (ROI1) corresponding to the true pre-healing 
defect area for that section and served as the reference for calculation of regenerated tissue 
measurements. In the original experimental dataset associated with this model (De Carvalho et 
al., 2023), histomorphometric tissue fractions were calculated relative to the baseline defect 
envelope reconstructed from intraoperative IOS (ROI1), allowing calculation of regenerated tissue 
areas to the true pre-healing geometry rather than to the post-healing augmented compartment.

2.8. Validation of IOS–Histology Geometric Correspondence

To assess the geometric fidelity of the digital twin, lingual wall thickness was measured on both 
the IOS-derived models and the corresponding pre-healing histologic sections at matched 
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anatomical locations. Measurements were obtained at three predefined positions along the 
mesio–distal axis of each defect (mesial, central, and distal planes) to ensure representative 
sampling of wall thickness and to minimize sectioning-related positional bias.

2.9. Spatial correspondence between planned and
       actual section planes

To verify the spatial correspondence between STL-derived ROI section positions and physical 
histologic section planes, the mesio–distal location of each section relative to the bone peak 
reference landmark was compared between planned digital coordinates and observed 
histologic slide positions. Observations containing missing values in either variable were 
excluded prior to analysis. Positional deviation was calculated as the difference between 
histologic and planned section coordinates, and absolute positional deviation as the absolute 
value of this difference. Agreement between planned and observed section locations was 
assessed using descriptive statistics and Pearson correlation analysis.

2.10. Regenerative envelope contraction and expansion classification

The volumetric behavior of the regenerated compartment was assessed by comparing ROI3 to 
ROI1 using:
•	 Filling ratio: ROI3/ROI1 × 100
•	 Relative change: ROI3 − ROI1
Defects were categorized according to predefined thresholds:
•	 Envelope Contraction: ROI3 < 80 % of ROI1
•	 Envelope Preservation: 80 % ≤ ROI3 ≤ 100 %
•	 Envelope Expansion: ROI3 > 100 % of ROI1
These thresholds were applied uniformly across all cohorts.

2.11. Histologic composition across ROI3/ROI1 collapse categories

To investigate whether preservation of the original defect envelope was associated with 
differences in regenerated tissue composition, histologic fractions of mineralized tissue, residual 
biomaterial, and soft tissue within ROI3 were analyzed according to collapse categories defined 
by the ROI3/ROI1 ratio. Defects were classified as severe collapse (<80 %), moderate collapse 
(80–100 %), or overfilling (>100 %) relative to the baseline defect envelope. Tissue composition 
values were extracted from the histomorphometric dataset and summarized descriptively 
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within each category. Because defects from multiple regenerative conditions (biomaterial-filled, 
membrane-only, and untreated defects)  and healing periods were included, this analysis was 
intended to characterize spatial patterns of compartment composition rather than treatment- or 
time-dependent effects.

2.12. Statistical Analysis

All analyses were descriptive. Continuous variables are presented as means, standard deviations, 
and ranges. Agreement between IOS and histology derived measurements was assessed using 
correlation and Bland–Altman methods. Measurements affected by sectioning artefacts that 
prevented reliable geometric correspondence between IOS, and histologic planes were 
excluded from agreement analysis prior to calculation of accuracy metrics. No hypothesis-testing 
was performed to compare treatment groups, as the objective of the study was methodological 
validation rather than evaluation of regenerative efficacy. Statistical analyses were limited to 
agreement testing, correlation analysis, and regression modeling to assess geometric 
correspondence between digital and histologic measurements.  

Results
3.1. Defect Homogeneity Across Animals

A total of 96 standardized defects were surgically created across all timepoints (32 per cohort). 
Due to incomplete or corrupted IOS surface data (STL errors), 5 defects could not be completely 
reconstructed digitally and were excluded from geometric analysis. Therefore, 91 mandibular 
defects with complete morphometric data were included in the assessment of defect 
homogeneity (31 defects at 4 weeks, 32 at 12 weeks, and 28 at 16 weeks). Defect geometry 
was highly consistent across animals and time points. The posterior wall height averaged 6.62 
± 0.80 mm at 4 weeks, 7.20 ± 0.75 mm at 12 weeks, and 7.22 ± 0.98 mm at 16 weeks, while 
the anterior wall height averaged 5.82 ± 0.88 mm, 6.56 ± 0.87 mm, and 6.67 ± 0.87 mm, 
respectively. The defect width was remarkably homogeneous, with values of 8.72 ± 0.67 mm 
(4 weeks), 8.90 ± 0.67 mm (12 weeks), and 8.59 ± 0.58 mm (16 weeks), corresponding to a 
coefficient of variation below 8% across cohorts. Similarly, the lingual wall height showed low 
dispersion, measuring 4.02 ± 0.47 mm, 4.16 ± 0.63 mm, and 4.03 ± 0.59 mm at 4, 12, and 
16 weeks, respectively. The distance from the “bone peak” to the defect center also remained 
stable, with means of 5.32 ± 0.41 mm, 5.67 ± 0.45 mm, and 5.35 ± 0.49 mm. Across all 
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parameters, the coefficients of variation ranged between 7 % and 15 %, confirming that the 
surgically created defects exhibited a high degree of geometric reproducibility in the corono-
apical, mesio-distal, and bucco-lingual dimensions (Fig. 4). This homogeneity validates the reliability 
of the defect model and ensures that subsequent differences in regenerative outcomes 
can be confidently attributed to treatment effects rather than variability in the initial defect anatomy.

3.2. Geometric representativity of ROI1 cross-sectional projections

After exclusion of incomplete observations, 88 defect-level measurements were available for 
analysis. ROI1 mean values (mm2) showed a strong positive correlation with STL-derived 
defect volume (mm3) (r = 0.934, p < 0.001; 95 % CI: 0.901–0.957). Linear regression yielded 
the equation Volume mm3 = −5.57 + 8.59 × ROI1 mean with an R2 of 0.873, indicating that 
ROI1 mean area accounted for 87.3 % of the variance in reconstructed defect volume. Notably, 
the regression slope (8.59 mm) closely approximated the expected mesio–distal extent of the 
experimental defect, supporting the geometric representativity of section-level ROI1 projections 
as descriptors of the three-dimensional baseline defect envelope. No significant interaction 
between ROI1 mean values and time point was observed (p = 0.322), confirming stability of this 
relationship across healing cohorts (Fig. 5).

3.3. Geometric accuracy of IOS-derived wall thickness 
      (baseline validation).

To validate the geometric fidelity of the IOS-derived digital twin at baseline, lingual wall thickness 
was measured on both the IOS models and the corresponding histologic sections obtained 
from the same anatomical locations in cadaveric mandibles that were used to create baseline 
assessments of unhealed defects. A total of 18 paired measurements were obtained. Three 
measurements affected by sectioning artefacts were excluded, leaving 15 paired IOS–histologic 
measurements for analysis. After averaging mesial, central and distal sections per defect, the 
mean difference between histologic and IOS wall thickness (Histo − IOS) was 0.06 ± 0.09 mm, 
with a mean absolute difference of 0.07 ± 0.08 mm and a mean relative error of 5.8 ± 6.8 %. 
Individual relative errors ranged from 0.2 % to 17.5 %. IOS and histologic measurements were 
strongly correlated (r = 0.95), and Bland–Altman analysis showed a small positive bias, with 95 % 
limits of agreement between −0.12 mm and +0.24 mm (Fig. 6).

Digital Twin Guided Optical Impression Analysis for Anatomically Accurate ROI Determination
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Figure 4

Figure 5

Defect width homogeneity across timepoints.
Mesio–distal defect width derived from IOS-based digital twin reconstructions at 4, 12, and 26 
weeks, confirming reproducible baseline geometry of the standardized mandibular defect model.

Geometric relationship between mean ROI1 cross-sectional area and reconstructed defect volume.
Scatter plot showing the association between ROI1_mean (mm²) and STL-derived defect volume 
(mm³) across specimens, color-coded by healing timepoint. The regression line illustrates the 
pooled linear relationship, supporting the geometric representativity of ROI1_mean as a section-level 
descriptor of the three-dimensional defect envelope.

198
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3.4. Spatial correspondence between planned and actual    
       section planes

Across 270 valid paired measurements, the mean positional deviation between planned 
STL-derived ROI section positions and actual histologic slide locations relative to the bone peak 
landmark was −0.35 ± 0.74 mm, with a mean absolute positional error of 0.61 ± 0.56 mm 
(range: −2.56 to 2.05 mm). Planned and observed section coordinates showed a strong linear 
relationship (r = 0.937; R2 = 0.877), confirming accurate spatial transfer of the digital coordinate 
system to the physical sectioning workflow. These findings support the geometric reliability of 
the digital twin framework for section-level ROI1 determination.
 
3.5. Expansion and contraction patterns relative to the original   
       defect (ROI1)

Using the IOS-derived digital twin as geometric reference, the original defect area (ROI1) was 
compared with the post-healing compartment at the histologic endpoint (ROI3) for each grafted 

Figure 6
Agreement between IOS-derived and histologic measurements of lingual wall thickness at baseline.
Scatter plot of paired measurements obtained at matched anatomical locations after exclusion of 
three measurements affected by sectioning artefacts (15/18 retained pairs). The dashed identity line 
represents perfect agreement between modalities. The close clustering of measurements along this 
line confirms strong geometric correspondence between IOS and histologic measurements.

Digital Twin Guided Optical Impression Analysis for Anatomically Accurate ROI Determination
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defect. After averaging across sections, 32 defects per timepoint (4, 12, and 26 weeks; 96 
defects in total) were available for analysis. At 4 weeks, the mean ROI1 and ROI3 areas were 
22.89 ± 4.01 mm2 and 15.92 ± 8.83 mm2, respectively, corresponding to a mean filling of the 
defect (ROI3/ROI1 × 100) of 70.8 ± 39.8 % and a relative change (ROI3–ROI1) of −29.2 ± 39.7 %. 
At 12 weeks, ROI1 and ROI3 averaged 25.48 ± 5.56 mm2 and 16.26 ± 9.96 mm2, with a mean 
filling of 63.9 ± 36.6 % and a relative change of −36.2 ± 36.5 %. At 26 weeks, ROI1 and ROI3 
were 25.01 ± 4.02 mm2 and 14.04 ± 7.35 mm2, with a filling of 57.7 ± 33.0 % and a relative 
change of −42.4 ± 32.9 % (Table 1). When defects were categorized according to the ROI3/
ROI1 ratio, the majority showed contraction of the post-healing compartment relative to the 
original defect envelope (<80 % of ROI1), representing 19/32 defects at 4 weeks, 20/32 defects 
at 12 weeks, and 26/32 defects at 26 weeks. In contrast, 3, 4, and 2 defects at 4, 12, and 26 
weeks, respectively, maintained a compartment size within 80–100 % of the original geometry, 
whereas expansion beyond the initial defect boundaries (>100 %) was observed in 10, 8, and 4 
defects, respectively.

3.6. Histologic composition across ROI3/ROI1 contraction      
       categories

To evaluate whether the geometric behavior captured by the digital twin corresponded to 
differences in tissue composition, the histologic content of the post-healing compartment (ROI3) 
was analyzed across the three envelope-behavior categories defined by the ROI3/ROI1 ratio: 
envelope contraction (<80 %; n = 65), envelope preservation (80–100 %; n = 9), and envelope 
expansion (>100 %; n = 22). Because these categories pooled defects from multiple
regenerative conditions (biomaterial-filled, membrane-covered sham, and untreated defects) 
and all healing periods, the analysis describes spatial characteristics of the post-healing 
compartment rather than treatment or time-dependent effects. Tissue contents are expressed 
as a percentage of the original defect envelope (ROI1) to allow comparison on a common 
reference. 
Absolute areas are also reported in Table 1. Newly formed bone, expressed relative to the 
original defect envelope, remained within a narrow range across the three categories (15.9 %, 
17.6 %, and 19.6 % of ROI1 for contracted, preserved, and expanded defects, respectively). 
Residual biomaterial and soft tissue, by contrast, increased markedly from contraction to 
expansion. Residual biomaterial increased from 4.6 % of ROI1 in contracted defects to 
24.2 % and 38.0 % in preserved and expanded defects, respectively, while soft tissue content 
increased from 21.7 % to 48.0 % and 60.7 %. Expanded compartments were therefore 
characterized not by greater bone formation but by a substantially larger volume of residual 
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Figure 7
Distribution of regenerative envelope contraction and expansion relative to the original defect geometry.
Frequency of envelope contraction (<80 % of ROI1), envelope moderation (80–100 % of ROI1), 
and expansion (>100 % of ROI1) across healing timepoints (4, 12, and 26 weeks). Most defects 
showed contraction of the regenerated compartment relative to the IOS-derived baseline defect 
envelope (ROI1).

Digital Twin Guided Optical Impression Analysis for Anatomically Accurate ROI Determination
and Histologic Alignment in Bone Regeneration Models.

Table 1
Histologic composition of the post-healing compartment (ROI3) across envelope-behaviour categories.
Values are presented as mean ± standard deviation. ROI1 represents the original defect envelope 
reconstructed from intraoperative IOS-derived digital twin analysis, whereas ROI3 corresponds to 
the post-healing submembrane compartment identified histologically at the endpoint. Filling ratio 
(%) was calculated as ROI3/ROI1 × 100.

	 Category	 n	 ROI1 (mm2)	 ROI3 (mm2)	 Filling ratio (%)

  Envelope contraction (<80%)	 65	 24.68 ± 4.56	 10.33 ± 4.54	 42.20

  Envelope preservation (80–100%)	 9	 27.18 ± 5.14	 24.47 ± 5.36	 89.90

  Envelope expansion (>100%)	 22	 22.72 ± 4.03	 26.68 ± 4.53	 118.50

201
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biomaterial and soft tissue occupying the space beyond the original defect boundary. This 
pattern is consistent with overfilling rather than enhanced regeneration.

Discussion
Accurate definition of the region of interest remains a fundamental methodological requirement 
for quantitative assessment of bone regeneration in preclinical defect models. Conventional 
histomorphometric approaches typically define the analyzed compartment retrospectively within 
histologic sections after healing has already modified the original defect geometry (Rogova 
et al., 2024). As a consequence, measurements of regenerated tissue frequently depend on 
section orientation, sampling location, and operator-dependent identification of defect 
boundaries rather than on the true baseline anatomy (Bonucci et al., 1990, Lopez-Heredia et 
al., 2012, Overgaard et al., 2000). Previous clinical and experimental histomorphometric studies 
have similarly relied on section-based identification of regenerated compartments without access 
to the original defect configuration, highlighting the potential influence of biopsy geometry on 
outcome interpretation (Cucchi et al., 2019). These limitations are further compounded by the 
intrinsic spatial heterogeneity of bone repair tissues. Unlike metabolic bone remodeling, 
biomaterial-filled regenerating defects contain variable proportions of woven bone, residual 
biomaterial, connective tissue, and marrow-like spaces that evolve dynamically during healing. 
Histological methods originally developed for metabolic bone disease do not adequately 
account for the structural variability characteristic of bone repair environments (Gerstenfeld et al., 
2005). As emphasized in experimental regeneration models, tissue composition differs 
substantially between periosteal, central, and host-bone interface regions within the same defect, 
demonstrating that regeneration outcomes are strongly influenced by the spatial position of the 
analyzed region (Ghiacci et al., 2016). Together, these observations underscore the importance 
of standardized approaches capable of preserving the original defect geometry during 
quantitative analysis.
Another important methodological limitation arises from the dependence of histomorphometric 
measurements on sectioning orientation. Cross-sectional defect dimensions may vary 
substantially depending on whether sections are obtained along longitudinal or transverse planes, 
introducing variability that complicates comparison between specimens and studies. In addition, 
sampling strategies restricted to a limited number of central sections may not adequately 
represent the entire regenerated compartment, further increasing statistical uncertainty in 
quantitative assessments of healing (Gerstenfeld et al., 2005, Overgaard et al., 2000). These 
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considerations highlight the need for spatially registered methodologies capable of linking 
histologic measurements to the original three-dimensional defect configuration. 
The present study addresses these limitations through implementation of an intraoperative IOS 
workflow that preserves the geometry of the surgically created defect as a digital twin prior to 
the onset of healing. By integrating pre-defect and post-defect IOS datasets with metrology-
based surface alignment, the original defect envelope could be reconstructed with submillimetric 
accuracy and subsequently matched to individual histologic section planes. This approach 
enabled prospective definition of the baseline region of interest (ROI1) rather than retrospective 
approximation based on post-healing contours, thereby improving the reproducibility and 
interpretability of histomorphometric outcome measurements.
Geometric validation of the digital twin demonstrated a high degree of correspondence 
between IOS-derived and histologically measured wall thickness values, supporting the 
reliability of structured-light surface acquisition for intraoperative documentation of exposed 
bone morphology. In addition, the standardized mandibular defect model exhibited low 
dispersion across corono-apical, mesio-distal, and bucco-lingual dimensions, confirming that 
the surgical template provided a consistent framework for evaluation of spatially registered 
regeneration outcomes. These findings indicate that IOS-derived digital reconstruction can 
serve as a stable geometric reference for section-specific normalization of regenerated tissue 
measurements. The strong linear relationship observed between ROI1 mean values of the 
cross-sectional areas and STL-derived defect volume further confirms that section-level ROI1 
projections are not only anatomically accurate but also geometrically scalable descriptors of 
defect volume providing a geometrically representative estimate of the reconstructed three-
dimensional defect envelope, supporting their use as a spatial framework for histomorphometric 
outcome assessment.
Beyond geometric validation, comparison between the original defect area (ROI1) and the 
post-healing augmented compartment (ROI3) revealed systematic contraction of the 
regenerated space relative to the initial defect envelope across all healing periods. Since 
conventional histologic analysis typically relies on the post-healing contour as the measurement 
boundary, such contraction would remain undetected without access to baseline defect 
geometry. Preservation of the original defect configuration therefore allows quantification of 
space-maintenance behavior independently of tissue composition and provides a more accurate 
estimate of the effective regenerative compartment. This advantage is particularly relevant in 
defects exhibiting pronounced collapse, such as untreated defects that typically serve as 
control groups or defects covered with a membrane alone . When the region of interest is 
defined retrospectively from the post-healing contour, contraction of the defect envelope 
results in underestimation of the original defect size and may artificially increase the apparent 
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proportion of regenerated tissues, thereby masking differences between control and 
biomaterial-filled defects. 
In this study, collapse categories were derived from pooled defects representing multiple 
regenerative conditions, including biomaterial-filled, membrane-only, and untreated defects. The 
present analysis was not intended to compare treatment efficacy but rather to evaluate how 
preservation of the original defect envelope relates to tissue composition within the 
reconstructed regenerative compartment. Essentially, the geometric behavior captured through 
ROI1 based analysis was associated with biologically meaningful differences in histologic 
composition. Defects maintaining dimensions closer to the original envelope exhibited higher 
fractions of mineralized tissue, whereas severe contraction was associated with reduced bone 
formation and near-empty post-healing  compartments. In contrast, expansion beyond the 
original defect boundaries corresponded to increased proportions of residual biomaterial and 
soft tissue, suggesting overfilling of the defect rather than effective regeneration within the 
intended defect space. These observations support previous experimental evidence 
demonstrating that spatial structure and distribution of tissues within the defect strongly 
influences regenerative and healing outcomes, (Ghiacci et al., 2016, Schulze et al., 2023) and 
indicate that preservation of defect geometry represents a relevant determinant of osteogenesis 
in guided bone regeneration models. Although radiographic techniques such as micro-
computed tomography provide valuable three-dimensional information on mineralized tissue 
formation during healing, they do not allow direct reconstruction of the original defect 
onfiguration once remodeling has begun. In contrast, intraoperative IOS enables immediate 
acquisition of exposed bone surface morphology at the time of defect preparation and therefore 
preserves the true baseline anatomical envelope. Integration of this dataset with histologic 
sectioning coordinates establishes spatial correspondence between virtual defect geometry and 
physical tissue sections, addressing a limitation previously identified in histomorphometric 
analyses of bone repair that require alignment with radiological and structural measurements of 
healing tissues (Gerstenfeld et al., 2005).
Certain limitations in this study should be considered. IOS captures surface geometry rather 
than internal mineralized structures and therefore cannot replace micro-computed tomography 
for assessment of trabecular architecture or mineral density. In addition, accurate reconstruction 
of the digital twin depends on adequate intraoperative visualization of the defect surface, proper 
bleeding control  and the availability of stable anatomical landmarks for mesh alignment. Further 
validation across additional defect configurations and species models would be valuable to 
confirm the general applicability of this workflow. Within these limitations, the digital twin–guided 
ROI1 methodology represents a reproducible strategy for preserving baseline defect geometry 
and integrating three-dimensional surface acquisition with histomorphometric analysis. By 
enabling spatially registered calculation of regenerated tissue measurements relative to the 
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5. 

original defect envelope, this approach improves the accuracy of quantitative outcome 
assessment and provides a methodological framework for more standardized evaluation of 
bone regeneration in preclinical mandibular defect models.
To the best of our knowledge, this study represents the first implementation of an intraoperative 
intraoral optical scanning workflow specifically designed to preserve the original geometry of 
surgically created bone defects as a digital twin for subsequent histomorphometric calculations. 
While IOS has been widely applied for longitudinal assessment of soft tissue contour changes 
and surface dimensional alterations following extraction or implant therapy, its use for 
reconstruction of baseline defect geometry immediately after defect preparation has not 
previously been described in preclinical bone regeneration models. By enabling prospective 
definition of ROI1 prior to the onset of healing, the present methodology provides a spatially 
registered reference framework that addresses a fundamental limitation of conventional 
histologic outcome assessment.

Conclusion
The digital twin–guided IOS workflow presented in this study enables prospective reconstruction 
of the original defect geometry and precise spatial alignment between three-dimensional surface 
datasets and histological section planes, allowing anatomically accurate definition of ROI1 for 
quantitative regeneration analysis. This approach overcomes one of the limitations of 
conventional histomorphometric methodologies that rely on retrospective estimation of defect 
boundaries after tissue remodeling has occurred. The strong agreement between IOS-
derived measurements and histologic references further supports the geometric reliability of the 
proposed framework and confirms its suitability for section-specific normalization of regenerated 
tissue outcomes. Beyond improving measurement accuracy, the methodology enables detection 
of biologically meaningful variations in defect space maintenance that remain inaccessible using 
traditional analysis workflows. Overall, the digital twin–guided strategy establishes a reproducible, 
spatially consistent framework registration for quantitative evaluation of bone regeneration and 
with potential to improve  standardization of outcomes in preclinical bone regeneration models.
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ABSTRACT
Alveolar bone defects, particularly large or non-contained ones, remain a major challenge in 
implant dentistry and oral and maxillofacial surgery. Designing scaffolds capable of regenerating 
such defects requires the simultaneous integration of biological, structural, and mechanical 
properties across length scales spanning atomic-level surface chemistry to macroscopic 
architecture, raising trade-offs that cannot be resolved by optimizing any single design 
parameter in isolation. This narrative review examines how the structural properties of biomaterials 
at the pico-, nano-, micro-, and macroscale influence bone regeneration in oral and maxillofacial 
applications, identifies points of consensus and remaining debate at each scale, and outlines 
emerging directions in structurally instructive scaffold design. Beyond scale-by-scale optimization, 
hierarchical multiscale-hybrid architectures and dynamic, stimuli-responsive biomaterials are 
increasingly recognized as essential to meet the competing requirements of vascularization, 
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mechanical stability, and time-evolving tissue remodeling. Computational and AI-driven materials 
design, combined with patient-specific biological profiling, may enable the next generation of 
biomaterials capable of dynamically interacting with their biological environment. Realizing this 
potential will require integrating multiscale structural design with dynamic biomaterial behavior, 
supported by computational tools that can navigate the resulting multidimensional design space.

Introduction
Alveolar bone defects are extremely common and remain a major challenge in implant dentistry, 
particularly in cases involving large defects, compromised healing environments, or insufficient 
native bone volume. The need for alveolar ridge augmentation is continuously increasing, driven 
by an aging population and a growing access to advanced healthcare. As bone represents 
the second most transplanted tissue after blood, developing new bone grafts and bone tissue 
engineering solutions is extensively investigated in the literature. 
Autologous bone is still considered as the current gold standard material for bone regeneration 
(Giannoudis et al., 2011, Grado et al., 2018) because of its histocompatibility, non-immunogenicity 
and ideal composition to support bone regeneration (Amini et al., 2012). However, this treatment 
strategy involves a second surgical site, associated with several complications and a certain 
degree of donor site morbidity. Allografts represent an intermediate solution between autografts 
and synthetic substitutes, avoiding donor site morbidity while retaining a bone-derived matrix. 
However, concerns regarding disease transmission, variable osteogenic potential, and reduced 
biological activity have limited their use, particularly in intra-oral bone regeneration. In this 
context, alveolar bone regeneration increasingly relies on alternative bone substitutes, primarily 
calcium phosphate-based biomaterials. Despite their advantages, available biomaterials still 
present drawbacks, leaving room for improvement (Ashfaq et al., 2024, Wang and Yeung, 
2017).
The Consensus report of group 2 of the 15th European Workshop on Periodontology on Bone 
Regeneration (Sanz et al., 2019) reported the following specific requirements for bone substitutes 
materials : ( 1) biocompatibility, (2) adequate porosity, (3) osteoconductivity / osteoinductivity, (4) 
favorable surface properties, (5) biodegradability, (6) appropriate mechanical properties, (7) 
angiogenicity, (8) handleability and finally (9) manufacturability. Additionally, beyond their 
biological and structural specifications, biomaterials for alveolar bone regeneration must comply 
with updated regulatory requirements to reach the market and be cost-effective (Haugen et al., 
2019). 

1. 
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The use of skeletal progenitor cells (SPCs) represents a significant potential in the field of 
regenerative medicine (Dulak et al., 2015, Humes, 2005, Samsonraj et al., 2017, Seo and 
Na, 2011). However, cell-based approaches remain expensive, are constrained by the limited 
availability of GMP-compliant manufacturing platforms and face regulatory barriers that have so 
far restricted clinical translation (Hoang et al., 2025, Ma et al., 2024). Similarly, the development 
of bioactive factor-based biomaterials, delivering growth factors, cytokines, or small molecules, 
faces its own challenges, including high production costs, limited spatiotemporal control over 
release, and uncertainty regarding supraphysiological dosing (Mariner et al., 2013, Wang et al., 
2018, Zhujiang and Kim, 2016). Although some of these strategies (e.g., rhBMP-2, platelet-rich 
preparations) have reached clinical use in oral and maxillofacial applications, the scientific 
evidence supporting their efficacy for alveolar bone regeneration remains heterogeneous 
(Ramly et al., 2019, Siawasch et al., 2025).
An alternative bone regenerative strategy relies on the use of structurally instructive biomaterials 
to mobilize endogenous cells and facilitate the body’s innate self-repairing ability. This involves 
tailoring the biomaterial structure at the multiple scales. Since bone graft substitutes primarily 
serve as a physical support for osteogenic cell colonization and bone matrix deposition, 
the modifications of the biomaterial structures (pico-, nano- and micro- topographies, micro-
porosities, interconnectivity, geometry and macro-design) may influence the bone regenerative 
process. While most currently available biomaterials primarily focus on chemical composition, 
the role of structural design across multiple scales remains comparatively less explored. A large 
body of recent evidence supporting this hypothesis will be discussed in the present review.
Bone tissue is a hierarchical structure ranging from atomic interactions to complex three-
dimensional trabecular architectures. Osteogenic cells reside within a dynamic extracellular 
matrix (ECM) characterized by a wide range of structural elements ranging from the nano- to 
microscale. These structural elements have a strong effect on cell adhesion, migration, and 
differentiation during bone remodeling and regeneration. These observations have encouraged 
a classical biomimetic design strategy in which biomaterials are engineered to replicate the 
structural features of the native ECM in order to enhance their regenerative performance 
(Cramer and Badylak, 2020, Simmons et al., 2020). This contrasts with developmental 
engineering approaches, which aim to recapitulate the biological processes underlying tissue 
formation and typically rely on cell-based platforms. Such strategies are beyond the scope of 
the present review, which focuses on structurally instructive scaffold design.
In addition to local micro- and nanoscale cues, successful bone regeneration also requires 
an appropriate three-dimensional environment that allows cell infiltration, extracellular matrix 
deposition, nutrient diffusion, and vascularization. Adequate structural space within biomaterials 
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(macroscopic scale) is therefore essential to support the formation of a functional and well-
vascularized bone tissue (Abbasi et al., 2020a).
Considering the hierarchical nature of bone tissue, biomaterial design should also be approached 
from a multiscale perspective (Figure 1). From the atomic interactions at the picometer scale 
to the geometry at the macro scale, the aim of this review is to provide a comprehensive 
(though non-exhaustive) overview on how each dimension plays a vital role in enhancing the 
biological performance of biomaterials used for alveolar bone regeneration .

1.1. Scope and methodology

The aims of this narrative review are threefold: (i) to summarize the structural design principles 
operating at the pico-, nano-, micro-, and macroscale that influence biomaterial performance 
for alveolar bone regeneration; (ii) to identify points of consensus and remaining debate at each 
scale; and (iii) to outline emerging directions in smart, structurally instructive, and patient-specific 
scaffold design.
Literature was identified through targeted searches in PubMed, Scopus, and Web of Science, 
complemented by citation tracking from key reviews and consensus reports. Studies were 

Figure 1
Schematic representation of the physicochemical and structural features of biomaterials across 
multiple length scales, ranging from atomic and molecular organization to pore architecture.
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selected for inclusion when they (a) addressed structural or topographical design at one or more 
scales relevant to bone regeneration, and (b) provided either mechanistic insight, in vitro or in 
vivo data, or clinical evidence applicable to oral and maxillofacial applications. The review does 
not aim to provide an exhaustive systematic analysis; rather, examples were chosen to illustrate 
the dominant structural–biological relationships reported in the recent literature, with both 
established findings and points of current debate discussed where relevant. Cell-based 
therapies and growth-factor delivery strategies were considered outside the scope of this 
structurally focused review and are only briefly mentioned for context.

FOCUS ON BIOMATERIAL STRUCTURAL 
ASPECTS
2.1. From a picoscale perspective

The picometer scale (10-12 m) corresponds to atomic-level structural elements that determine the 
fundamental physicochemical properties of biomaterials, including crystallographic organization, 
surface energy, and chemical bonding. Although biological processes are generally studied at 
larger scales, atomic-level characteristics strongly influence the initial interactions occurring at 
the biomaterial–tissue interface (Mostafavi et al., 2018).
While research on the biological implications of the picometer scale remains scarce, picometer-
based technologies are thought to revolutionize biomaterials and their biomedical applications 
(Pashazadeh-Panahi and Hasanzadeh, 2019, Qasim et al., 2020). As many biological 
processes ultimately depend on atomic-level interactions, controlling biomaterial properties at 
this scale may open new possibilities to improve biological integration, tissue regeneration, and 
material performance (Prathyusha et al., 2018). Regarding biomaterials for bone regeneration, 
altering electron distributions around atoms could enhance surface free energy and specific 
surface area, promoting tissue growth and influencing many cellular functions including cell 
movement, adhesion, growth, and ECM formation (Alpaslan and Webster, 2014, Prathyusha et 
al., 2018). For instance, human fibroblasts have demonstrated enhanced spreading on surfaces 
with higher surface energy, regardless of serum protein presence  (Schakenraad et al., 1986). 
Similarly, in vivo studies by Baier et al. confirmed improved tissue incorporation on biomaterials 
with high surface energy (Baier et al., 1984). Surface energy, mediated by the chemical bonds 
on a biomaterial surface, determines the initial adsorption of proteins and other molecules, their 
orientation, and bioactivity, which in turn influences subsequent cell behavior such as adhesion 
and differentiation (Figure 2) (Rahmati et al., 2020). In contrast to the more intuitive fabrication 

2. 
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	SCALE	STRUCTURAL	   REPRESENTATIVE	 BIOLOGICAL / 
		  FEATURES / 	 PARAMETERS	 REGENERATIVE
		  MODIFICATIONS	 & EXAMPLES	 EFFECT	
 
	 Picoscale	 Crystallographic organization,	 Incorporation of Ca2+, Cu2+,	 Governs initial protein 
	 (10-12 m,	 atomic composition, 	 Sr2+, Mg2+, Zn2+, B3+;	 adsorption, orientation and
	 atomic	 surface energy; ionic	 surface energy / wettability	 bioactivity at the biomaterial-
	 level)	 doping of the lattice.	 (contact angle); degree	 –tissue interface; influences	  
			   of crystallinity.	 angiogenesis, bone
				    immunoregulation and
				    antimicrobial environment.

	N anoscale	 Surface nano-topography:	 Nanotube Ø 25–35 nm;	 Matches the dimensions of
	 (1–100 nm)	 nanotubes, nanopatterns	 nanopits 80–330 nm	 focal adhesions, integrin 
		  (nanogrooves, nanogrids,	 (≈220 nm most osteogenic);	 clusters and ECM fibrils,
		  nanopits), nanopillars, 	 nanocrystalline HA vs micron	 regulates cell recruitment/
		  nanocrystalline coatings.	 plasma-sprayed HA coatings.	 anchorage, lineage 
				    specification and matrix
				    mineralization; strongest 		
				    osteogenic responses.

	 Microscale	 Surface roughness,	 Intermediate roughness Ra	 Modulates cell adhesion,
	 (100 nm – 	 microporosity, grain size,	 1–2 µm optimal; grain size	 proliferation and
	 100 µm)	 micropatterns (adhesive	 1 µm (bone formation) vs	 differentiation via cytoskeletal
		  islands, grooves, pits),	 3 µm (none); micropits	 tension and actomyosin	
		  microfibers	 20–50 µm; microgrooves	 contractility, osteogenic 
			   40 µm pits / 50 µm grooves.	 differentiation and bone 
				    neoformation.

	 Macroscale	 Internal scaffold architecture:	 Pore size, pore geometry,	 Enables vascular invasion
	 (> 100 µm 	 porosity and 3D spatial	 interconnectivity, pore	 and tissue maturation while
	 – mm)	 organization	 orientation; cortical-to-	 ensuring mechanical stability;
			   cancellous porosity gradients.	 supports bone ingrowth and 		
				    integration.

Table 1
Structural modifications of bone-regenerative biomaterials across hierarchical length scales. 
For each scale, the principal structural features, representative parameters, and associated 
biological effects.
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strategies available at the nano-, micro-, and macroscale, direct manipulation of biomaterial 
properties at the picoscale relies on a more limited toolbox. Commonly applied techniques 
include plasma surface treatments, crystallographic and polymorphic modifications, controlled 
hydrothermal synthesis, ionic doping, and surface functionalization through chemical grafting 
(Gentleman and Gentleman, 2014, Gentleman and Ruud, 2010, Andrés et al., 2017, Hu et al., 
2023, Szterner et al., 2023). In parallel, ions also play essential roles in bone regeneration, 
serving primarily as enzyme cofactors that shape various signaling pathways. However, many 
bone substitute materials, especially synthetic grafts, lack essential ions, which may contribute 
to their limited clinical effectiveness. Therefore, incorporating ions such as Ca2+, Cu2+, Sr2+, 
Mg2+, Zn2+, and B3+ into biomaterials at appropriate concentrations has been shown to aid 
bone defect regeneration, stimulate angiogenesis, enhance bone immunoregulation, foster 
an antimicrobial environment through diverse mechanisms and modify crystal lattice features 
(Zhao et al., 2024). It is therefore crucial to understand how ions interact with cells in vitro and 
determine the appropriate doses for safe and effective in vivo use at precisely the right stages 
(Bosch-Rué et al., 2020, Sun et al., 1997). Although direct manipulation of biomaterials at the 
picometer scale remains challenging and comparatively less explored in bone regeneration 
research, growing evidence indicates that atomic-level modifications may significantly influence 
biological performance through their effects on surface physicochemical properties.

2.2. From a nanoscale perspective

The nanometer scale (10−9 m) refers to structures with dimensions ranging from 1 to 100 nm. 
At this scale, surface topography plays a critical role in regulating cell–material interactions, as 
many biological components involved in adhesion and signaling, including proteins, integrins, 
and cytoskeletal elements that operate in this dimensional range (Unadkat et al., 2011). 
Osteogenic cell behaviors influenced by surface nano-topography include cell recruitment 
and anchorage, lineage specification, and matrix mineralization. These processes ultimately 
contribute to osseointegration. In addition, these features may display antibacterial and 
immunomodulators effects (Elbourne et al., 2017, Gui et al., 2018, Nguyen et al., 2020). 
Advances in nanofabrication techniques, discussed below, have therefore enabled the 
development of a wide variety of nanoscale architectures designed to improve the regenerative 
performance of bone substitutes and the osseointegration of dental implants (Wang et al., 
2018).
Nanotubes-associated biomaterials have been studied for diverse regenerative applications 
and are known to influence the cell behavior in vitro and in vivo. For example, Yavari et al. 
demonstrated that anodization-heat treatment of porous titanium surfaces generated regularly 
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ordered nanotubes with diameters ranging from 25 to 35 nm, which significantly improved 
cellular proliferation and the expression of osteogenic markers (Amin Yavari et al., 2014). Hybrid 
nanoscale systems have also been developed to combine multiple nanoscale features. Patel et 
al. designed a bimodal nanoscale architecture consisting of electrospun polycaprolactone 
nanofibers (~500 nm) coated with carbon nanotubes (~25 nm), creating a nanofibrous–nanotube
interface that enhanced angiogenic marker expression, stimulated bone formation, and reduced 
pro-inflammatory signaling in vivo (Patel et al., 2020). Importantly, modifications of the 
nanotube’s conformation influence the cellular behavior and thus the bone regenerative 
performances (Necula et al., 2019, Wang et al., 2020, Zhou et al., 2019).
Another class of nanoscale features involves nanopatterned surfaces (Figure 3), including 
nanogrooves, nanogrids, and nanopits, which provide spatial cues that guide cell orientation, 

Figure 2
(A) Schematic representation of biomaterial wettability and surface energy, illustrated by contact 
angle variations, and their influence on cell–material interactions. (B) Representative scanning 
electron microscopy (SEM) image of a fibroblast seeded on a superhydrophobic surface, 
exhibiting a rounded morphology with limited spreading, consistent with reduced cell–surface 
interactions. (C) Representative SEM image of a fibroblast cultured on a hydrophilic surface, 
displaying a spread morphology with cytoplasmic extensions, indicative of enhanced cell–surface 
interactions and favorable adhesion. SEM images in (B) and (C) are unpublished results.

Next-generation biomaterials for alveolar bone regeneration: 
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cytoskeletal organization, and stem cell fate. For instance, Yang et al. showed that hybrid micro- 
and nano-patterned surfaces could regulate hMSC functions in vitro: when nanogrooves 
were oriented parallel to 100 μm-spaced micro-stripes, this configuration favored osteogenic 
differentiation compared with orthogonally oriented nanogrooves, indicating that nanogroove 
orientation regulates hMSC fate towards an osteogenic lineage (Yang et al., 2018). The geometry
and depth of these features are also critical: Davison et al. produced polycaprolactone discs 
containing nanopits with depths of 80, 220, and 330 nm and demonstrated that pits with 
a depth of approximately 220 nm most effectively stimulated osteogenic differentiation of 
mesenchymal stem cells in vitro (Davison et al., 2016).
Nanopillars constitute another nanoscale architecture capable of modulating cell behavior. The 
effect of nanopillars on osteogenesis was, for example, investigated through the fabrication of 
silk fibroin films treated by air-plasma, inducing the formation of nanopillar structures at the film 
surface which in turn promoted bone-like nano-hydroxylapatite formation (Zhang et al., 2019). 
Seeded with MSCs, these mineralized silk films efficiently stimulated bone neoformation in a 
subcutaneously implantation rat model.
Finally, nanocrystalline forms composed of calcium phosphate have shown a great potential for 
bone tissue regeneration. When used as a coating on titanium implants, HA nanocrystals could 
dramatically increase osteoblast adhesion, as compared with the one with traditionally used 
plasma-sprayed micron-sized HA coatings (Sato et al., 2006, Thian et al., 2006). Moreover, 
numerous studies demonstrated  the positive impact of calcium phosphate-based nanocrystals 
or nanoparticles on osteogenic differentiation (Bernhardt et al., 2012, Hesaraki et al., 2014, 
Khajuria et al., 2018, Ko\lbuk et al., 2020) and these nano- composite materials for bone tissue 

Figure 3
Representative examples of engineered surface architectures, including grooves, pits, and pillars, 
commonly used to modulate cell–material interactions. Similar structural features can be observed 
across multiple length scales, including the nano-, micro-, and macroscale.
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engineering have been discussed in a recently published literature review (Levingstone et al., 
2019). Across nanotubes, nanopatterns, nanopillars and nanocrystalline coatings, the nanoscale 
features matching the dimensions of cell-adhesive structures (focal adhesions, integrin clusters, 
ECM fibrils) generate the strongest osteogenic responses, with effect on long-term bone 
formation depending on the underlying material and on the co-occurrence of features at other 
scales (Guadarrama Bello et al., 2017, Wähnert et al., 2021)

2.3. From a microscale perspective

At the microscale (10-6 m), structural features such as surface roughness, microporosity, grain 
size, and defined microgeometries operate at the same characteristic length as cells themselves 
and primarily influence cell adhesion, spreading, migration, and proliferation, ultimately affecting 
bone regenerative performance and osseointegration (Chen et al., 2018, Du et al., 2019). These 
microscale topographies span approximately 100 nm to 100 μm. One of the most extensively 
investigated parameters at this scale is microroughness. Surface roughness has been shown 
to modulate cell adhesion, proliferation, and differentiation, although these effects depend on 
multiple factors including the underlying material, the cell type, and the specific roughness range 
investigated. For instance, Deligianni et al. showed that MSC ALP activity was not influenced by 
HA surface roughness ranging from 0.73 to 4.68 μm, whereas it improved with increased 
titanium-alloy roughness (Deligianni et al., 2001a, Deligianni et al., 2001b). Similarly, Andrukhov 
et al. produced a set of titanium surfaces displaying different levels of surface roughness and 
showed in vitro that MG-63 osteoblastic cells proliferated and differentiated preferentially when 
cultured on surfaces with intermediate roughness (Ra of 1 and 2 μm) compared to smoother 
(~ 0 μm) or harboring higher roughness (4 μm) surfaces (Andrukhov et al., 2016). 
Although in vitro studies allow to screen the impact of biomaterial surface topographies on 
cellular behavior, in vivo experiments[LG27] are required to determine their bone regenerative 
and osseointegration performances. Given the wide range of microscale parameters reported 
in the literature, the examples discussed here were selected based on their relevance to oral 
and maxillofacial applications, with a focus on the most extensively studied materials and 
microstructural features in this context. Lambert et al. (2017) compared three commercially 
available HA-based biomaterials with different surface topographies in a sinus lift rabbit model 
and assessed their capacity to support bone neoformation and osteoconductivity (Lambert et 
al., 2017). The natural-derived hydroxyapatite, which displayed a greater specific surface area, 
achieved higher bone regenerative performance than the synthetic hydroxyapatite tested. In a 
separate study, De Carvalho et al. (2019) examined how the sintering temperature of bovine 
hydroxyapatite modulates this surface-topography effect, progressively increasing the sintering 
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temperature reduced specific surface area, altered surface topography, and impaired bone 
regenerative performance (De Carvalho et al., 2019). Beyond surface topography, microscale 
structural characteristics such as grain size also influence the biological performance of calcium 
phosphate biomaterials. Zhang et al. produced two β-TCP biomaterials with similar chemistry 
and overall microporosity but different surface microstructural dimensions, characterized by 
grain sizes of approximately 1 µm and 3 µm. The authors demonstrated that the material with 
the smaller microstructure (1 µm) promoted ectopic bone formation after implantation in dogs, 
whereas no bone formation occurred in the material with the larger features (3 µm) (Zhang et al., 
2014) .
In addition to randomly distributed surface roughness, researchers have also explored micro
patterned geometries designed to control cellular organization and differentiation. McBeath 
et al. used microcontact printing to generate fibronectin-coated adhesive islands of two sizes 
(1024 μm2 and 10,000 μm2) on Pluronic-blocked PDMS substrates, ensuring that single 
hMSCs were confined to islands of defined geometry while the amount of available fibronectin 
per cell was held constant. They demonstrated that cells confined to larger islands, which 
adopted a more spread morphology, preferentially committed to an osteoblastic fate, whereas 
cells on smaller islands favored adipogenesis (McBeath et al., 2004). When varying the island 
shape and thus the subcellular curvature, Kilian et al. showed that variations in microgeometric 
shape influence cytoskeletal tension through actomyosin contractility, thereby promoting 
osteogenesis (Kilian et al., 2010). Similar approaches have been applied to calcium phosphate 
biomaterials. Zhao et al. fabricated hydroxyapatite ceramics with ordered quadrate micro
patterns (~24, 55, and 110 μm) and observed that osteogenic gene expression decreased with 
increasing micropattern size (Zhao et al., 2015).[FL28]  Using a calcium phosphate/gelatin 
composite scaffold, Nadeem et al. discovered that a microgroove pattern with surfaces 
comprising 40 μm pits and 50 μm grooves induced optimal osteogenic differentiation in vitro as 
well as higher amount of newformed bone upon implantation in vivo (Nadeem et al., 2015). 
Several studies have attempted to reproduce biomimetic microstructures inspired by natural 
bone architecture. Using electrospun polystyrene microfibers (1–4.5 μm in diameter), Terranova 
et al. (2016) investigated in vitro the influence of microfiber organization on osteoblast-like 
(MC3T3) cell behavior and showed that cells became elongated along the fiber axis only on 
aligned scaffolds, while aligned-fiber substrates supported cell proliferation independently of 
fiber diameter (Terranova et al., 2016). This suggests that the micro-architecture of scaffolds, 
particularly fiber orientation, plays a significant role in directing cell morphology and growth, 
which is crucial for bone tissue engineering applications. Another biomimetic strategy consists 
of reproducing the resorption pits generated by osteoclasts during bone remodeling. These 
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microcavities, typically ranging from 20 to 50 μm in diameter, represent natural microtopographical 
features of bone surfaces and may act as biological signals indicating that a remodeling process 
is occurring. Wilkinson et al. identified that micropits harboring large diameter favored bone 
neoformation (Wilkinson et al., 2011), supporting the work of Kilian and co-authors (Kilian et al., 
2010).[LG29][LG30][BD31]   

This body of evidence regarding the pico-, nano- and micro-scale structures of biomaterials 
dedicated to bone regeneration and implant osseointegration applications demonstrates the 
significance of the very local structural environment on cell behavior such as adhesion, 
migration, proliferation and differentiation. Overall, studies showed that mimicking the natural 
bone topographical features tends to improve the biomaterial performances. However, beyond 
these pico-, nano- and microscale structural cues, successful bone regeneration also requires 
an appropriate three-dimensional scaffold architecture that allows vascular invasion and tissue 
maturation while ensuring mechanical stability, highlighting the importance of structural design 
at the macroscale level.

2.4. From a macroscale perspective  

In addition to pico-, nano- and microscale surface features, the macroscale architecture of 
scaffolds also plays a critical role in determining the regenerative performance of bone 
biomaterials (Bobbert and Zadpoor, 2017, Sadeghian Dehkord et al., 2024). The internal 
macro-architecture of a scaffold refers to its porosity and spatial organization, which are 
primarily defined by parameters such as pore size, pore geometry, interconnectivity, and pore 
orientation.
Pore size is a critical parameter, as it determines the available space for tissue ingrowth and 
vascularization. Early studies suggested that pores of approximately 100 μm represent the 
minimum size required to support bone formation (Hulbert et al., 1970). Later, it was established 
that larger pore sizes up to 800 μm promoted significant bone formation due to an appropriate 
neovascularization into the scaffold [FL34] (Cheng et al., 2016, De Wild et al., 2019, Roosa et 
al., 2010, Sadeghian Dehkord et al., 2023). However, Ghayor and Weber identified an optimal 
pore diameter of 1.2 mm with 0.7 mm interconnecting bottlenecks for osteoconduction by 
testing a library of 3D-printed β-TCP scaffolds in a rabbit calvarial defect model (Ghayor et al., 
2021). Importantly, conclusions drawn from such studies should be interpreted with caution, 
since fabrication strategies that vary pore size often alter pico-, nano- and microscale features in 
parallel.
Additionally, the gradient porosity that exists between cortical and cancellous bone has inspired 
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the development of scaffolds with cortical to cancellous porosity gradients, with several studies 
demonstrating their positive impact on bone regenerative performance, particularly in trabecular 
and osteochondral reconstructions (Abbasi et al., 2020b, Di Luca et al., 2016a, Di Luca et 
al., 2016b, Diloksumpan et al., 2020, Oh et al., 2007). Beyond pore size, surface curvature 
within scaffold pores can also significantly influence cell behavior. Concave surfaces have been 
shown to promote greater cell adhesion, proliferation, and tissue formation compared with flat 
or convex surfaces (Callens et al., 2020, Rumpler et al., 2008). This effect has been attributed 
to differences in local surface energy and to the geometric and mechanical cues experienced 
by cells spanning curved features. More recently, several authors have demonstrated that 
substrate curvature can be deliberately incorporated into 3D-printed scaffolds, with biomimetic 
curvature design supporting and actively guiding bone tissue regeneration (Callens et al., 2020, 
Zadpoor, 2015).
Beyond size and curvature, pore geometry and interconnectivity further shape the regenerative 
response (Barba et al., 2018, Bianchi et al., 2014, Boccaccio et al., 2016, Knychala et al., 2013). 
Van Bael et al. (2012) compared selective laser-melted Ti6Al4V scaffolds with triangular, 
hexagonal, and rectangular pores (500 μm and 1000 μm, defined as the diameter of the 
inscribed circle) seeded with human periosteum-derived cells (Van Bael et al., 2012). Cell growth 
was driven by pore size rather than pore shape, while shape influenced differentiation and pore 
occlusion: hexagonal pores closed fastest because cells bridged their corners more readily, an 
outcome consistent with the curvature-driven bridging mechanism described by Rumpler et al. 
(2008). Importantly, because pore size in this study was defined by the inscribed-circle diameter, 
the triangular and rectangular pores had substantially larger cross-sectional areas than the 
hexagonal ones at any nominal pore size; the observed shape-dependent differences therefore 
reflect a combined effect of local curvature and effective pore size rather than geometry alone. 
Pore interconnectivity is equally critical, as it allows vascular networks to penetrate and 
distribute throughout the scaffold; high interconnectivity has been associated with improved 
neovascularization and tissue colonization (Mastrogiacomo et al., 2006). In contrast, closed pores 
remain inaccessible to cells and vasculature and therefore do not contribute to the regenerative 
volume of the scaffold, although they can affect its mechanical properties (Entezari et al., 2019).
Lastly, besides the impact on scaffold mechanical performances, pore orientation may also 
influence bone regeneration (Jones et al., 2009, Liu et al., 2013, Serrano-Bello et al., 2020). For 
example, Dewey et al. (2020) compared anisotropic and isotropic mineralized collagen scaffolds 
in vitro and showed that, while short-term MSC migration and activity were not affected by pore 
orientation, anisotropic pore alignment enhanced bone mineral synthesis over the culture period 
(Dewey et al., 2020). 
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While submillimeter structural features (pico-, nano- and microscale) can effectively enhance 
bone regeneration by mimicking natural bone surface characteristics, direct replication of native 
bone macro-architecture does not always lead to optimal regenerative outcomes(Willie et al., 
2010). Several in vivo studies evaluating the clinical, histological, and histomorphometric 
outcomes of bone blocks derived from natural sources (autologous, allogenic, or xenogenic), 
each with distinct processing histories that affect their cellular content and biological activity 
(Monje and Wang, 2017), have produced mixed results. In particular, allogenic fresh-frozen 
bone blocks display large fractions of non-vital bone (empty osteocyte lacunae) and impaired 
remodeling and incorporation compared with autogenous grafts, with block architecture itself 
influencing the extent of resorption (Acocella et al., 2012, Spin-Neto et al., 2015). Xenogeneic 
blocks, despite their excellent ability to maintain space, often demonstrate limited new bone 
formation within the biomaterial and poor neovascularization capacity (Araújo et al., 2002). 
These observations suggest that effective scaffold design requires not only biomimicry but also 
careful optimization of vascularization pathways, material properties, and the incorporation of 
biologically active substances (Krishnan et al., 2014).

2.5. Multiscale Hybrid Topographies

Although structural features are often investigated independently according to discrete 
dimensional scales, biological systems interact simultaneously with physicochemical and 
topographical cues spanning multiple hierarchical levels. Consequently, increasing attention has 
been directed toward multiscale hybrid architectures integrating nano-, micro-, and macroscale 
features within a single biomaterial system. Rather than acting independently, these structural 
levels may exert synergistic effects on protein adsorption, mechanotransduction, cellular 
adhesion, immune regulation, vascularization, and tissue organization, collectively shaping 
regenerative outcomes. A growing body of recent literature has converged on the view that 
hierarchical, cross-scale integration represents a paradigm shift in biomaterial design, moving 
beyond the optimization of individual length scales toward the deliberate engineering of 
multiscale interfaces (Wang et al., 2025a, Wang et al., 2025b, Wei et al., 2023). Several 
overarching principles are emerging. The biological functions traditionally associated with each 
scale do not act in isolation but interact, and their combinations can produce responses not 
predictable from any single scale alone (Kim et al., 2025). Multiscale design is therefore not 
merely additive, since the architecture that is achievable at one scale frequently constrains the 
architecture achievable at adjacent scales, with molecular-level control often coming at the 
cost of macroscopic geometric flexibility, and vice versa (Tseng et al., 2017). Specific 
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physiological functions, including immune polarization, mechanical compatibility with native 
tissue, and stimuli-responsive behavior are increasingly understood as cross-scale phenomena 
requiring coordinated design at multiple hierarchical levels rather than tuning of any single 
feature (Kim et al., 2025, Wang et al., 2025a).
Several unresolved challenges remain. Reproducing nanoscale features uniformly across 
macroscopic scaffold volumes is technically difficult, and standardized protocols for characterizing 
multiscale architectures across length scales are lacking (Wei et al., 2023). Demonstrating 
synergistic, rather than additive biological responses also requires study designs that 
systematically control for features at the other scales, which is a methodological standard rarely 
met in the current literature. Finally, clinical translation is constrained by manufacturing scalability, 
long-term biocompatibility, and regulatory frameworks that are not yet adapted to architecturally 
complex constructs (Wang et al., 2025a, Wang et al., 2025b). Computational and AI-driven 
materials design has been proposed as a means to navigate this multidimensional design space 
connecting the multiscale-hybrid framework to the broader vision of personalized, computer-
assisted scaffold design developed in Section [Future Directions].

2.6. From a clinical handling and design perspective

From a clinical perspective, biomaterial performance is not only determined by intrinsic material 
properties, but also how the material behaves during surgical manipulation and adaptation to 
the defect environment. Particulate bone substitutes, such as bovine-derived hydroxyapatite 
particles (e.g., Bio-Oss®) are currently among the most widely used biomaterials in clinical 
practice for alveolar bone regeneration and have demonstrated long-term clinical effectiveness 
(Botilde et al., 2020, Wang and Lang, 2012). Although these particulate bone substitutes 
present many advantages, such as easy handling, which makes them perfectly appropriate to 
treat self-contained bone defects, they lack 3D stability and are not suitable for more complex 
cases such as large or non-contained bone defects. In such situations, bone blocks may be 
used to provide structural support and maintain the required regenerative space. However, 
currently available bone blocks, whether harvested as autologous grafts of variable dimensions, 
or supplied in standardized commercial allogenic or xenogenic forms, typically require 
manual intraoperative shaping to adapt them to the defect morphology. This step can be 
time-consuming and technically demanding, potentially affecting the clinical workflow and 
surgical precision (Carrel et al., 2016, Giuliani et al., 2016, Sawada et al., 2018). In addition, 
many of these materials exhibit intrinsic brittleness, which may increase the risk of fracture 
during shaping or fixation and further complicates their clinical handling. To overcome these 
limitations, increasing attention has been directed toward the development of patient-specific 
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three-dimensional scaffolds designed to match the external geometry of the bone defect. Such 
custom-made scaffolds can be produced using advanced fabrication technologies, particularly 
additive manufacturing (3D printing), which is especially well-suited to producing the complex 
internal porous geometries required for bone scaffolds [LG35].These technologies allow precise 
control over both the external shape of the scaffold and its internal architecture, offering 
promising perspectives for improving surgical handling and regenerative outcomes (Bartnikowski 
et al., 2020, Le Guéhennec et al., 2020, Lee et al., 2018, Mangano et al., 2015, Vaquette et al., 
2018). However, scaffold design for alveolar bone regeneration inherently involves biological–
mechanical trade-offs, where optimization of one parameter frequently compromises another. 
Highly porous and interconnected architectures favor vascular ingrowth, cell migration, nutrient 
diffusion, and osteogenic activity (Abbasi et al., 2020a, Mangano et al., 2025) but often at the 
expense of mechanical resistance, dimensional stability, and long-term space maintenance, 
particularly in non-contained or vertical defects where collapse resistance is critical (Valamvanos 
et al., 2024). Conversely, denser or less porous structures may better preserve the regenerative 
compartment and withstand physiological loading, yet can restrict tissue infiltration, vascularization, 
and remodeling dynamics (Huang et al., 2025, Abbasi et al., 2020a). Similar compromises exist 
regarding degradation kinetics where rapidly resorbing scaffolds may facilitate tissue substitution 
and remodeling but risk premature loss of structural support, whereas slowly degrading 
constructs may ensure prolonged mechanical stability while interfering with physiological bone 
turnover and tissue maturation (Mangano et al., 2025). These trade-offs cannot be resolved by 
biological optimization alone. Clinical translation also depends on how the material integrates with 
surgical workflows and on operator-dependent constraints, since the regenerative outcome is 
partly shaped intraoperatively by the clinician’s handling decisions. Such considerations motivate 
the design of biomimetic multiscale scaffolds capable of balancing biological and mechanical 
demands not only spatially but also dynamically over time.

2.7. Dynamic multiscale biomaterials

Dynamic multiscale biomaterials represent an emerging generation of regenerative scaffolds 
designed not only to reproduce the hierarchical structural organization of native bone across 
pico-, nano-, micro-, and macroscale levels, but also to actively adapt to the evolving biological 
environment during healing. In contrast to conventional static biomaterials, these systems 
integrate structural, mechanical, and biochemical responsiveness over time, enabling continuous 
interactions with surrounding tissues throughout the regenerative process.
Such biomaterials may exhibit active properties including bioresponsiveness, bioadaptiveness, 
and shape-memory behavior (Sailaja et al., 2016, Zhang et al., 2018). Bioresponsive 
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biomaterials possess the ability to sense and react to internal stimuli such as pH changes, 
proteins, antigens, ionic fluctuations, or inflammatory mediators, as well as external stimuli 
including magnetic fields, electric fields, temperature, light, or mechanical stress. These 
interactions can trigger the release of bioactive molecules or induce structural modifications 
capable of modulating cellular activity and tissue regeneration (Montoya et al., 2021, Morris et al., 
2016, Sankaran et al., 2018, Ju et al., 2009). Beyond biochemical responsiveness, bioadaptive 
biomaterials are designed to dynamically adjust their mechanical and structural properties 
according to the progression of tissue healing. The concept envisions scaffolds capable of 
providing temporary mechanical support while degrading in synchrony with new tissue formation, 
thereby maintaining structural integrity throughout the regenerative process (Mao et al., 2024, 
Kumar et al., 2025). As a recent experimental example, Mao et al. (2024) developed a silk 
fibroin/magnesium oxide composite scaffold with water-responsive shape memory that 
maintained mechanical stability and structural integrity throughout the degradative process 
while supporting bone regeneration in irregular cranial defects in vivo. The adaptation of the 
biomaterials to inflammation can have a great impact in avoiding foreign body reaction after 
implantation. Ma et al. described how surface chemistry and topography influence macrophage 
polarization from pro- to anti-inflammatory phenotypes (M1 to M2), reducing chronic inflammation 
and foreign body reaction (Ma et al., 2016, Sailaja et al., 2016). Conventional manufacturing 
processes, however, often provide limited control over the preservation or reproduction of the 
hierarchical structures across pico-, nano-, micro-, and macroscale levels in natural or synthetic 
bone substitutes.
Advances in additive manufacturing technologies have enabled the fabrication of biomimetic 
scaffolds with highly controlled internal architectures and microenvironments. These technologies 
allow the reproduction of hierarchical structures inspired by native bone tissue, improving the 
adhesion, proliferation, and differentiation of osteogenic cells (Le Guéhennec et al., 2020, 
Limmahakhun et al., 2017). However, most conventional 3D-printed scaffolds still possess 
static architectures, which do not adapt to the evolving biological environment of the defect site. 
This limitation may restrict their long-term integration and functional performance, particularly 
in dynamic environments such as the oral and craniofacial region. To overcome this, leading 
research groups have introduced the concept of 4D bioprinting, which integrates time as a 
fourth dimension into scaffold design. This technology uses stimuli-responsive smart materials 
that can change shape, stiffness, or functionality in response to environmental cues such as 
temperature, pH, moisture, or mechanical stress (Morouço et al., 2017, Wan et al., 2020). 
These dynamic scaffolds better mimic the natural remodeling of bone and surrounding tissues, 
allowing self-adjustment to complex oral environments and promoting more effective, biologically 
synchronized regeneration (Song et al., 2024). (Figure 4)
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Figure 4
Schematic representation of stimuli-responsive (4D) smart scaffolds for bone regeneration. 
External stimuli (pH, temperature, humidity, and mechanical stress) trigger adaptive changes in 
scaffold properties, including shape, stiffness, and controlled degradation. These material 
adaptations regulate protein adsorption, cell attachment, proliferation, osteogenic differentiation, 
and macrophage polarization, ultimately promoting vascularization, scaffold integration and bone 
regeneration.

Nevertheless, dynamic multiscale biomaterials and 4D-printed constructs remain at an early 
stage of development. Major challenges persist regarding mechanical robustness, predictability 
of transformation behavior, long-term biocompatibility, and the integration of bioactive and 
structural functionalities within clinically relevant constructs, particularly for load-bearing 
applications such as alveolar bone regeneration (Ionov, 2018, Wan et al., 2020). Continued 
interdisciplinary research will be required to integrate shape-memory materials, bioactive 
components, and advanced manufacturing strategies to develop next-generation scaffolds 
capable of intelligent and patient-specific bone repair. 

2.8. Future directions for multi-scaled designed scaffold

Understanding the interactions between regenerative biomaterials and cellular and tissue actors 
at the bone defect site across multiple scales provides valuable insights into the mechanisms 
for successful bone regeneration. As discussed throughout this review, the performance of 
biomaterials is influenced by various structural and functional parameters, including atomic and 
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nanoscale surface chemistry, microscale topography, macroscale architecture, and scaffold 
design. However, there is a wide diversity of biomaterials marketed for bone regeneration that 
have sub-optimal properties at one or more scales, leaving much room for further research in 
this area. Future biomaterials should aim to integrate multiscale structural design with dynamic 
biological responsiveness, allowing the simultaneous control of pico-scale surface chemistry, 
nano- and micro-topography, macro-scale architecture, and mechanical stability. Such approach 
could improve the regulation of key biological processes including cell adhesion, immune 
modulation, vascularization, and tissue remodeling. Advances in surface biofunctionalization 
already enable the incorporation of bioactive molecules, peptides, or ions at the nanoscale, while 
additive manufacturing technologies allow the precise control of scaffold geometry and internal 
architecture at the microscale and macroscale. In the future, the design of bone regenerative 
biomaterials may increasingly rely on personalized approaches, where scaffold properties are 
tailored to the biological characteristics of individual patients, also as consequence of chronic 
diseases that patients may manifest. Identifying patient-specific regenerative profiles, including 
biochemical, immunological, and metabolic parameters, could allow the selection or design of 
biomaterials adapted to each clinical situation. Bioresponsive and bioadaptive materials are 
well-suited to this paradigm. Their surface biofunctionalization parameters could in principle be 
adapted to patient-specific needs through algorithm-guided design. In this context, artificial 
intelligence and computational modeling may play a central role in the next generation of 
biomaterial design. Machine learning algorithms could integrate large datasets describing 
biomaterial properties, manufacturing parameters, and clinical outcomes to predict the optimal 
multiscale scaffold configuration for a given defect and patient profile (Ibrahimi et al., 2024, 
Basu et al., 2022, Cranford and Buehler, 2010). Such approaches could guide the rational 
design of biomaterials capable of dynamically interacting with their biological environment. 
Ultimately, combining multiscale scaffold engineering, smart biomaterials, and computer-assisted 
design strategies may enable the development of adaptive and patient-specific biomaterials 
capable of promoting predictable and efficient bone regeneration (Foroughi et al., 2024, 
Kolomenskaya et al., 2023, Suwardi et al., 2022).
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3. 
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Conclusion
This review examined how the structural properties of biomaterials at the pico-, nano-, micro-, and 
macroscale influence bone regeneration, with the aim of identifying design principles for 
the next generation of regenerative biomaterials. The advances in bioengineering, including 
biomimetic surface design, additive manufacturing, and stimulus-responsive materials, 
appear to support the development of more efficient biomaterials that combine biomimetic 
features with the capacity to adapt to and respond to their biological environment. This will 
allow the development of personalized biomaterials tailored not only in shape but also at the 
molecular and physicochemical level, in line with each patient’s specific clinical needs. Producing 
such personalized biomaterials reliably and at clinical scale remains a major challenge in 
terms of cost, manufacturing consistency, and regulatory approval. Achieving this will require 
integrating multiscale structural principles with dynamic biomaterial behavior, combining 
hierarchical  architectural control across different scales with stimuli-responsive functionality 
and patient-specific design, supported by computational tools that navigate the resulting 
multidimensional design space.
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DISCUSSION
Physicochemical Determinants of Regenerative Behavior

The work compiled in this thesis supports a central concept: calcium phosphate biomaterials 
should not be evaluated solely according to their class, origin, or commercial brand, but according 
to how their physicochemical and structural characteristics influence biological behavior across 
regenerative outcomes.
The systematic synthesis of preclinical evidence (Chapter 1) demonstrated that distinct 
physicochemical parameters influence distinct aspects of regeneration. Macropore size, Ca/P 
ratio, and compressive strength were associated with newly formed bone, whereas par-
ticle size, Ca/P ratio, and surface area influenced bone-to-material contact. Residual graft 
persistence was primarily affected by macropore size, particle size, and mechanical properties. 
Importantly, no single parameter explained all regenerative outcomes simultaneously, and 
no biomaterial category consistently outperformed all others across every endpoint. These 
findings suggest that biomaterial performance cannot be reduced to a single axis of evaluation. 
A material favorable for early bone formation may exhibit less favorable behavior regarding 
biodegradation or volumetric stability (Jiao et al., 2024, Yue et al., 2023), and the relevance of 
each parameter ultimately depends on the clinical indication. However, this interpretation must 
be considered taking into account the substantial methodological heterogeneity identified in 
the literature. Mechanical properties and surface roughness were inconsistently reported, while 
bone-to-material contact was evaluated in only a limited number of studies. Consequently, 
the structure–function relationships identified in this thesis should be interpreted as a robust 
conceptual framework rather than an exhaustive characterization of all determinants governing 
regeneration.
The importance of within-class variability was further substantiated experimentally in two 
complementary models. In a clinically relevant guided bone regeneration model (Chapter 3) 
bovine hydroxyapatite produced under sub-critical conditions and a continuous flow of a basic 
solution, following the patented extraction method (Wishbone Hydroxyapatite, WHA), achieved 
significantly higher newly formed bone at four weeks than the chemically-deproteinized 
commercial reference (Bio-Oss, BO), while both variants converged on equivalent regeneration 
by twelve and twenty-six weeks, with comparable bone-to-material contact and biocompatibility 
throughout the observation period. The earlier study isolating sintering temperature alone 
within a single chemically-pre-processed chemistry (Chapter 2) had already established that 
within-class variability is real. The highly-sintered (1200 °C) variant showed significantly lower 
bone-to-material contact than both the unsintered and 820 °C variants, and significantly lower 
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newly formed bone than the unsintered variant, despite identical chemistry and origin. Together, 
these results establish that two biomaterials sharing class, chemistry, origin, and indication 
can differ in their regenerative behavior in ways that matter clinically (Garcia et al., 2024), and 
these differences are related to manufacturing and physicochemical signatures rather than to 
confounding compositional or biological variables. The mechanistic basis underlying these 
observations was further explored in subsequent in vitro investigations (Chapter 4). WHA also 
demonstrated greater hydrophilicity, increased protein and albumin adsorption, enhanced cell 
attachment and proliferation, and a more controlled macrophage response. Together, these 
findings suggest that WHA established a more favorable early biological interface. One central 
aspect of this interface concerns calcium exchange at the material–fluid boundary. Specific 
surface area is a major determinant of the surface reactivity and dissolution behavior of 
calcium-phosphate biomaterials (Diez-Escudero et al., 2017). In the present work, BO exhibited 
a specific surface area approximately five times greater than WHA. In the calcium-containing 
serum medium, this larger reactive surface was associated with a significantly greater depletion 
of calcium from the surrounding medium, suggesting increased sequestration of extracellular 
calcium by BO. Beyond its physicochemical role, extracellular calcium also acts as a biological 
signaling mediator. Elevated extracellular calcium levels have been shown to stimulate the 
expression of bone morphogenetic proteins and enhance downstream osteogenic signaling 
pathways involving transcription factors such as Runx2 and Osterix (Aquino-Martínez et al., 
2017, Nakade et al., 2001, Barradas et al., 2012, Yanai et al., 2019). The greater extracellular 
calcium availability maintained by WHA may therefore provide a plausible mechanistic 
explanation for its faster bone formation during the early stages of regeneration. These findings 
also help reinterpret the role of specific surface area across the broader body of work 
developed in this thesis. An earlier study demonstrated that surface area alone did not predict 
biological performance. Non-sintered and moderately sintered variants of bovine hydroxyapatite 
achieved comparable osteoconductivity despite an almost tenfold difference in specific surface 
area, while surface morphology emerged as the more influential parameter (Chapter 2). The 
present in vitro investigation extends this observation. Despite its lower specific surface area, 
WHA adsorbed greater amounts of serum protein and albumin, likely as a consequence of its 
superior hydrophilicity. Specific surface area therefore cannot be interpreted as a universally 
beneficial parameter. Its biological effects depend on the broader physicochemical environment 
with which it is associated, including surface morphology, wettability, porosity, and calcium-
exchange behavior. A higher specific surface area does not inherently predict superior 
regenerative performance. Instead, the structure–function relationship identified throughout this 
thesis reflects a biological continuum linking manufacturing parameters to physicochemical 
properties, early cellular interactions, and ultimately regenerative outcomes. Calcium availability 
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unlikely fully explain the observed biological differences. WHA material also maintained a higher 
magnesium release throughout the observation period. Magnesium is known to contribute to 
alkaline phosphatase activity (He et al., 2016, Makris et al., 2023) and to modulate macrophage 
polarization toward a more reparative phenotype (Costantino et al., 2020). In parallel, WHA re-
cruited fewer macrophages, suggesting a more controlled early inflammatory response. The 
early regenerative advantage observed in vivo therefore appears to be multifactorial rather than 
driven by a single mechanism. Greater extracellular calcium availability, sustained magnesium 
release, and a more balanced inflammatory environment may have acted synergistically during 
the early phases of healing to support faster bone formation.
Collectively, these findings support a shift in how calcium phosphate biomaterials are evaluated. 
Comparative approaches centered primarily on biomaterial class overlook the substantial 
variability that may exist within the same category of materials. From a clinical perspective, this 
distinction is not merely conceptual but may directly influence how biomaterials are selected 
and interpreted in regenerative practice (Lambert et al., 2017, Tadic and Epple, 2004, Yue et al., 
2023).

Improving the Reliability of Preclinical Bone Regeneration 
Assessment

The structure–function relationships described above rely on quantitative measurements obtained 
from preclinical histomorphometric analyses. The reliability of those inferences is therefore 
bounded by the rigor of those workflows and the methodological heterogeneity founded 
by the systematic synthesis (WP1) is not limited to inconsistent reporting of physicochemical 
features, it extends to the methods used in the literature to define the analytic ROI within which 
regeneration is measured, which varied widely across studies and were often poorly described. 
Quantitative integration of evidence across studies is therefore constrained as much by 
methodological heterogeneity as by biological complexity (Gerstenfeld et al., 2005, Rogova et 
al., 2024).
A particular vulnerability lies in the spatial reference against which regeneration is measured. In 
conventional preclinical workflows, the region of interest is generally defined retrospectively on 
histologic sections after healing, when the original defect geometry can no longer be directly 
visualized (Ghiacci et al., 2016, Shaheen et al., 2021, Toledano et al., 2022). The boundary of 
the analysis is therefore reconstructed by the observer, on tissue that the regeneration process 
itself has reshaped. The reference and the object being measured evolves during the healing 
period and the outcomes depend not only on what regenerated but also on the rules used to 
redraw the original contour. When the post-healing envelope contracts or expands relative to 
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the original defect, the apparent proportion of regenerated tissue shifts accordingly, and 
differences between treatment and control conditions can be artificially compressed.
The digital-twin workflow developed in this thesis (WP4) addresses this vulnerability directly. 
Intraoperative IOS, applied immediately after extraction, produces a high-resolution surface 
dataset of the original defect geometry, which is then aligned with the post-defect scan to 
reconstruct an animal-specific three-dimensional digital twin of the surgical defect. Cross-
sectional projections of this digital twin, registered to histologic sectioning planes, provide a 
prospective spatial reference for ROI definition. Validation across the dog mandibular cohort 
demonstrated submillimetric agreement between IOS-derived and histologically measured wall 
thickness, strong correspondence between section-level ROI projections and reconstructed 
defect volume, and consistent positional alignment between planned and actual section 
planes. The methodology preserves the original defect envelope as a stable spatial reference, 
independent of the healing process, and enables outcome measurements to be normalized to a 
geometry that is no longer being reshaped by the experiment itself.
The contribution of this workflow extends beyond the present body of work. The digital-twin 
approach is not specific to bovine hydroxyapatite, to a particular defect geometry, or to a single 
animal model. It is a measurement framework applicable to any preclinical bone regeneration 
study in which the original defect surface can be acquired intraoperatively. By making the 
baseline geometry explicit and stable, it removes one of the principal sources of cross-study 
heterogeneity surfaced by the systematic synthesis. In this way, future preclinical studies could 
adopt prospective rather than retrospective ROI definition, the comparability of structure–
function evidence across studies should improve, and with it the reliability of clinical inferences 
drawn from preclinical work.
Two limitations bound this contribution. The workflow was validated in one species and one 
defect geometry, and its accuracy under different anatomical configurations remains to be 
confirmed. Intraoral optical scanning captures surface geometry only. It does not replace 
micro-computed tomography for assessment of internal mineralized architecture, and the two 
modalities are complementary rather than substitutive. The scope of the contribution should 
therefore be understood as a methodology for prospective spatial normalization, not as a 
comprehensive solution to the broader heterogeneity of preclinical bone regeneration reporting 
an area in which surface roughness measurement, mechanical characterization, and standardized 
bone-to-material contact assessment remain underdeveloped across the field.
For the field, the implication is that the strength of clinical inferences drawn from preclinical 
evidence is conditional on the rigor of the underlying histomorphometry measurements, and 
that closing methodological gaps can produce gains in inferential reliability that are independent 
of any new biological finding. For the clinician, the practical implication is more indirect but no 
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less consequential since the confidence that can be placed in any reported biomaterial 
difference depends on whether the regions in which differences were measured were accurate 
or not.

From descriptive to instructive design

The structure–function evidence consolidated in the preceding sections positions current 
calcium-phosphate biomaterials within a descriptive paradigm: their physicochemical features 
are characterized, their biological responses are quantified, and their performance is interpreted 
retrospectively against the regenerative environment in which they are placed. This paradigm 
has carried the field a substantial distance, and the work compiled in this thesis sits squarely 
within it. It also exposes the paradigm’s limits. Even when the structure–function profile is fully 
mapped, the resulting biomaterial remains a passive substrate whose properties are fixed at the 
moment of implantation, while bone regeneration develops across multiple structural scales and 
multiple biological phases over weeks to months. The mismatch between a static, single scale 
and a dynamic, multiscale process places an upper bound on what a passive scaffold can 
accomplish, regardless of how well its descriptive profile has been characterized. The narrative 
review included in this thesis, describes the key elements that a next-generation biomaterial 
design paradigm should integrate structural design across the pico-, nano-, micro-, and 
macroscales involved in cellular response; bioresponsive and bioadaptive behavior over time; 
computationally optimized architectures; and patient-specific customization through algorithm-
guided design. While these concepts are individually present in the literature, their integration 
into a single, coherent framework specifically dedicated to alveolar and cranio-maxillofacial bone 
regeneration had not previously been clearly consolidated (Guo et al., 2026).
Two limitations should nevertheless be acknowledged. First, the next-generation paradigm 
described here remains largely conceptual. It is based on design principles emerging from 
different experimental fields, but these principles have not yet been validated together as a 
unified system for alveolar or cranio-maxillofacial bone regeneration. The transition from 
descriptive biomaterials toward truly instructive biomaterials should therefore be considered a 
future direction rather than an established clinical reality. Second, some of the most ambitious 
aspects of next-generation biomaterials, including patient-specific biomaterial design, dynamic 
bioresponsive behavior, and AI-guided structural optimization, still depend on technological and 
translational infrastructures that are currently at an early stage of development.
Within this perspective, the implications for clinicians remain mainly long-term rather than 
immediate. The biomaterials currently available in clinical practice are, and will likely remain for 
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some time, materials whose performance can be refined within the existing descriptive 
paradigm but not fundamentally transformed by it. Rather than a sudden shift, the concepts 
described here will probably enter clinical practice progressively through the development of 
specific next-generation biomaterials designed for targeted clinical indications over the coming 
decade.
For the scientific community, however, the implications are more immediate. The current 
descriptive evidence base has now reached a level of maturity that justifies systematic 
investigation of multiscale, dynamic, and personalized biomaterials in alveolar and cranio-
maxillofacial regeneration models. In this context, the empirical findings and methodological 
approaches developed throughout this thesis provide a rigorous foundation for future research 
in this direction.

Clinical translation: scope, generalization, and implications

The experimental work developed in this thesis focused primarily on bovine hydroxyapatite.. 
Whether the same manufacturing–biology relationships apply identically to synthetic 
hydroxyapatite, β-tricalcium phosphate, or biphasic calcium phosphate scaffolds was not 
directly investigated. Nevertheless, indirect evidence supports broader generalization. The 
systematic synthesis identified comparable structure–function relationships across xenografts, 
alloplasts, and biphasic materials, while manufacturing processes such as sintering are widely 
used across calcium phosphate biomaterials. (Champion, 2013, Odusote et al., 2019, 
Trzaskowska et al., 2023). The principle that manufacturing influences biological behavior 
through measurable physicochemical modifications therefore likely extends beyond bovine 
hydroxyapatite, even though the dominant mechanisms and their magnitude may differ 
between material classes.
From a clinical perspective, three implications emerge. First, biomaterial selection should not 
rely solely on biomaterial class, chemistry, or commercial brand. Two biomaterials sharing the 
same nominal composition may still exhibit distinct regenerative behaviors if their manufacturing 
pathways differ (Joyce et al., 2021). Biomaterial selection should therefore consider the specific 
physicochemical and biological profile of the individual product rather than assuming equivalence 
within the same category. Second, manufacturing-driven differences appear to influence 
primarily the early regenerative phase. Across the experimental studies included in this thesis, 
the largest differences between biomaterials were observed during the first weeks of healing, 
whereas later healing periods demonstrated progressive convergence. Since accelerated 
implant protocols rely heavily on early healing dynamics and rapid tissue integration, 
manufacturing-related differences influencing early regenerative behavior may be especially 
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relevant in these clinical situations (Morton et al., 2023, Sanz et al., 2012). Third, biomaterial 
selection should remain indication-specific and outcome-oriented. No single physicochemical 
characteristic optimized all regenerative endpoints simultaneously. Biomaterials favorable for 
early bone formation were not necessarily optimal for volumetric stability or long-term graft 
persistence. The relevance of each characteristic therefore depends on the biological and 
clinical objective of the regenerative procedure.
For the scientific community, these findings also carry methodological implications. Comparative 
biomaterial studies should move beyond broad material categories and more systematically 
characterize manufacturing conditions and physicochemical signatures. Similarly, improving 
methodological standardization and geometrically accurate region-of-interest definition may help 
reduce the heterogeneity that currently limits cross-study comparison and quantitative evidence 
synthesis.
Finally, this work does not challenge the established clinical principles governing regenerative 
therapy, including defect morphology, flap management, soft-tissue stability, surgical technique, 
and patient-related factors. Rather, it refines one specific component within this framework: the 
evaluation and selection of biomaterials. In this context, the main contribution of this thesis is 
not the identification of a universally superior biomaterial, but the proposal of a more biologically 
grounded framework for understanding and interpreting biomaterial behavior in oral bone 
regeneration.

Limitations of the thesis

Beyond the limitations specific to each study, several considerations bound the body of work 
as a whole. The empirical investigations were centered on bovine hydroxyapatite, while the 
systematic synthesis encompassed the broader range of calcium-phosphate biomaterials, the 
manufacturing–biology relationships demonstrated experimentally were not directly tested for 
synthetic hydroxyapatite, β-tricalcium phosphate, or biphasic calcium phosphate scaffolds, 
and their generalization to these classesclasses’ rests on indirect evidence. The body of work 
is, moreover, preclinical and in vitro in nature: the clinical implications discussed throughout 
this thesis are inferred from animal and laboratory models and have not been demonstrated in 
human studies. The in vitro mechanistic investigation relied on a defined panel of cell lines and 
on short-to-medium-term assays, which capture the early biological response but not the full 
trajectory of bone remodeling.
Finally, part of the experimental work was conducted in collaboration with, and funded by, an 
industrial partner, and several co-authors hold founding or shareholding interests in that partner. 
These relationships are disclosed in the constituent publications, and the data analysis and 
interpretation were conducted with measures to preserve scientific independence.
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GENERAL CONCLUSION
The work compiled in this thesis addressed six interconnected research questions spanning 
biomaterial characterization, biological performance, methodological development, and future 
biomaterial design.

How do physicochemical and structural properties influence bone regeneration outcomes?
The systematic synthesis of preclinical evidence demonstrated that different physicochemical 
parameters influence distinct regenerative outcomes (Chapter 1). Macropore size, Ca/P ratio, 
and compressive strength were associated with newly formed bone, whereas particle size, 
surface area, and Ca/P ratio influenced bone-to-material contact. Residual graft persistence 
was mainly affected by macropore size, particle size, and mechanical properties. Importantly, 
no single parameter optimized all regenerative outcomes simultaneously, highlighting that 
biomaterial evaluation must remain indication-specific rather than based on a single 
performance criterion.

Does sintering temperature influence the biological performance of bovine hydroxyapatite? 
The sintering study demonstrated that modifying a single manufacturing parameter significantly 
altered the physicochemical profile and in vivo biological behavior of bovine hydroxyapatite 
despite identical chemistry and origin (Chapter 2). High-temperature sintering reduced surface 
area, increased crystallinity, altered surface morphology, and resulted in lower bone-to-material 
contact and newly formed bone. These findings established that manufacturing decisions 
directly influence regenerative performance.

Can two manufacturing variants of the same bovine hydroxyapatite behave differently in 
guided bone regeneration?
In the guided bone regeneration model, WHA achieved significantly greater early bone formation 
than the chemically deproteinized commercial reference while maintaining comparable 
biocompatibility and later regenerative outcomes (Chapter 3). These findings confirmed that 
clinically relevant variability may exist even between biomaterials sharing the same origin, 
chemistry, and indication, particularly during early healing.

Which mechanisms explain the distinct biological behavior of manufacturing-variant 
bovine hydroxyapatites?
WHA demonstrated greater hydrophilicity, more favorable ion-release dynamics, increased 
protein adsorption, enhanced cell attachment and proliferation, and a more controlled 
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macrophage response. Together, these findings support a measurable continuum linking 
manufacturing conditions to physicochemical properties, early cellular interactions, and 
regenerative outcomes (Chapter 4).

Can intraoral optical scanning improve region-of-interest determination for histomorphometric 
analysis?
The digital workflow developed in this thesis demonstrated that intraoperative intraoral optical 
scanning can reconstruct original defect geometry with high spatial accuracy (Chapter 5). This 
digital-twin approach provides a reproducible framework for anatomically guided region-of-
interest definition and addresses an important source of methodological heterogeneity in 
preclinical bone regeneration research.

Which principles may guide the design of next-generation biomaterials?
The narrative review integrated emerging concepts related to multiscale architecture, bioadaptive 
behavior, computational design, and patient-specific biomaterial engineering within a unified 
framework for cranio-maxillofacial regeneration. By consolidating these concepts into a coherent 
design paradigm, this work provides a conceptual roadmap for the future development of 
structurally instructive and personalized regenerative biomaterials (Chapter 6).

Overall synthesis

Taken together, the six contributions of this thesis support a different way of evaluating 
calcium-phosphate biomaterials for alveolar and cranio-maxillofacial bone regeneration. Rather 
than focusing only on biomaterial class, origin, or commercial brand, the findings highlight the 
importance of the relationship between manufacturing, physicochemical characteristics, and 
biological behavior. Within this framework, manufacturing emerges as a key determinant of 
regenerative performance, while rigorous and anatomically guided methodologies become 
essential for reliable preclinical evaluation. The work also supports the transition toward a new 
generation of biomaterials based on multiscale design, dynamic biological interactions, and 
patient-specific approaches. Overall, this thesis contributes to the field at multiple levels: by 
improving the understanding of structure–function relationships in bone substitute biomaterials, 
by providing methodological advances for preclinical assessment, and by proposing a conceptual 
framework to guide the future design of regenerative biomaterials.
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