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Abstract

Characterization of a nano-hydroxyapatite/chitosan scaffold for bone

regeneration

Tissue engineering is a rapidly evolving field in biomedical sciences, due to the global
need of human population for tissue regeneration, particularly of bone tissue. Bone regeneration
biomaterials play a crucial role in addressing periodontal/peri-implant clinical cases, standing out
as one of its primary applications. The commercially available treatments nowadays rely on
autogenous grafts or on biomaterials that not always show predictable results in the long-term
application. New biomimetic porous biodegradable composite biomaterials have been developed,
namely in the aerogel form, by combining a polymeric matrix with dispersed nano-ceramic, from
either natural or synthetic origins.

This research project aimed at characterizing the physicochemical features and the
biological response of a nano-hydroxyapatite/chitosan (nHAp/CS 70/30) composite aerogel
scaffold, which could be applied in periodontal/peri-implant bone regenerative surgery. This
ready-to-use NHAp/CS scaffold, which is prepared by a sustainable and green three-step method
(dispersion, freeze drying and supercritical CO2 solvent extraction/sterilization), was compared
with a plain CS scaffold.

Microcomputed tomography (microCT) analysis showed that the nHAp/CS scaffold has a
highly interconnected open porous structure, with a porosity of 78 % and a mean pore size of 200
pm. The in vitro biodegradation and biomechanical properties of the scaffolds were evaluated
simultaneously over time until the 4" week. When compared to the CS control scaffold, the
nHAp/CS biomaterials exhibited a significantly lower degradation rate after 4 weeks in PBS (8.65
%), even in the presence of lysozyme (9.82 %). Dynamic mechanical analysis showed that the
nHAp/CS scaffolds were viscoelastic and their storage modulus (40 — 50 kPa after 4 weeks in a
wet environment) was significantly higher when compared to the CS control. Moreover, the
deposition of an apatite layer on the nHAp/CS scaffold’s surface was observed by scanning
electron microscopy (SEM) after 21 days of immersion in simulated body fluid (SBF).

Both scaffold types showed a significant antimicrobial effect (measured by the metabolic
activity and colony formation) against S. aureus and E. coli in a planktonic state. Furthermore,
none of the extracts prepared from both nHAp/CS and CS scaffolds showed cytotoxic effects on
indirect culture of human pre-osteoblasts (MG63 cell line). When MG63 cells were seeded for 21
days on the scaffolds, they showed a significantly higher metabolic activity (Alamar blue® assay),
cell morphology (observed at SEM and confocal laser scanning microscopy (CLSM)) and
proliferation (DNA quantification) on the nHAp/CS scaffold when compared to the control material.
The MG63 cells seeded on the nHAp/CS scaffolds also showed a higher expression of osteogenic
genes (RUNX2, collagen Al and Sp7) at the 21st day. The nHAp/CS scaffolds also showed

favorable conditions for primary human dental follicle mesenchymal stem cells (hDFMSCs)

Xiv



adhesion, cell morphology (CLSM) and proliferation (DNA quantification). Moreover, after 21 days
of culture, the presence of nHAp promoted an increased alkaline phosphatase (ALP) activity,
expression of osteogenic genes (Sp7 and OPN), as well as osteopontin deposition (CLSM) by
the hDFMSCs, which demonstrated the cells’ response towards the osteogenic differentiation.
The in vivo subcutaneous implantation of both scaffold types in mice confirmed their
biocompatibility, as well as their structural stability after 5 weeks. The nHAp/CS scaffold promoted
a higher vascularization and collagen fiber deposition, assessed by histological analysis after 3
and 5 weeks. Finally, in calvaria critical size bone defects in rats after 3 months, microCT analysis
showed that the nHAp/CS scaffold enhanced significantly the new bone formation, when
compared to the CS scaffold. The histological analysis revealed that, on the contrary to the CS
biomaterial, the nHAp/CS scaffold promoted the formation of new bone tissue within its structure.
The promising in vitro and in vivo results found in this research project showed that the
nHApP/CS aerogel scaffold has potential to become an alternative graft biomaterial for bone

regeneration, with application in the Periodontology field.
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Resumo

Caracterizagdo de um biomaterial de enxerto de nano-

hidroxiapatite/quitosano para regeneracdo 0ssea

A engenharia de tecidos € uma area das ciéncias biomédicas em rapida evolugao, devido
a necessidade global que a populagdo humana tem de regeneracéo de tecidos, em particular de
tecido 6sseo. Os biomateriais para regeneracdo 6ssea desempenham um papel crucial na
abordagem terapéutica de casos clinicos periodontais/peri-implantares, destacando-se como
uma das suas principais aplica¢gfes. Atualmente, os produtos comerciais que estdo disponiveis
para tratamento destes defeitos 6sseos baseiam-se em enxertos autégenos ou em biomateriais
gue nem sempre demonstram resultados previsiveis na sua aplicagdo a longo prazo. Assim, tém-
se vindo a desenvolver novos biomateriais compoésitos, que sdo biomiméticos, porosos e
biodegradaveis, nomeadamente sob a forma de aerogéis, combinando uma matriz polimérica
com uma fase dispersa nano-ceramica, e que podem ser de origem natural ou sintética.

Este projeto de investigagcdo teve como objetivo a caracterizacdo fisico-quimica e das
respostas biolégicas de um aerogel compdsito tridimensional de nano-hidroxiapatite/quitosano
(nHAp/CS 70/30), que poderd ser implantado para promover a regeneragdo Ossea
periodontal/peri-implantar. Este biomaterial de enxerto a base de nHAp/CS, preparado através
de um método sustentavel, ecolégico e pronto para usar, com apenas trés passos (dispersao,
liofilizacdo e extracdo de solvente/esterilizacdo através de CO:2 supercritico), foi comparado com
um biomaterial constituido apenas por CS.

A andlise do biomaterial de nHAp/CS através da técnica de microtomografia
computadorizada (microCT) demonstrou que a sua estrutura de poros abertos é altamente
interconectada, com uma porosidade de 78 % e um tamanho médio dos poros de 200 um. As
propriedades in vitro de biodegradacdo e biomecénica dos biomateriais foram avaliadas
simultaneamente ao longo do tempo até a 42 semana. Comparativamente com o biomaterial de
CS de controlo, os biomateriais de nHAp/CS demonstraram uma taxa de degradacdo
significativamente mais baixa apés 4 semanas em PBS (8.65 %), sendo semelhante na presenca
de lisozima (9.82 %). A andlise dinAmico-mecénica mostrou que os biomateriais de nHAp/CS
eram viscoelasticos e o seu médulo de armazenamento (40 — 50 kPa apds 4 semanas em
ambiente hiumido) era significativamente mais elevado quando comparado com o controlo de CS.
Além disso, foi observada, através de microscopia eletrénica de varrimento (SEM), a deposicao
de uma camada de apatite sobre a superficie do biomaterial de nHAp/CS apo6s 21 dias de
imersédo em fluido corporal simulado (SBF).

Ambos os tipos de biomateriais demonstraram um efeito antimicrobiano significativo
(quantificado através da atividade metabdlica e formacéo de colénias) em cultura de S. aureus e
E. coli na sua forma plancténica. Além disso, nenhum dos extratos que foram preparados a partir

dos biomateriais de nHAp/CS e CS demonstraram ter efeitos citotdxicos na cultura indireta de
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uma linha celular de pré-osteoblastos humanos (MG63). Quando as células MG63 foram
semeadas sobre os biomateriais durante 21 dias, demonstraram ter uma atividade metabdlica
(teste Alamar blue®), morfologia celular (observada através de SEM e microscopia confocal de
varrimento a laser (CLSM)) e proliferagéo (quantificacdo de DNA) significativamente mais
elevada nos biomateriais de nHAp/CS do que nos materiais de controlo. As células MG63
semeadas sobre os biomateriais de nHAp/CS mostraram ainda uma expresséo mais elevada de
genes osteogénicos (RUNX2, colagénio A1 e Sp7) ao 21° dia. Os biomateriais de nHAp/CS
demonstraram também terem condi¢cdes mais favoraveis para a adesado, morfologia celular
(CLSM) e proliferacédo (quantificagdo de DNA) de células estaminais mesenquimais primarias
humanas derivadas do foliculo dentario (hDFMSCs). Além disso, apo6s 21 dias de cultura, a
presenca de nHAp promoveu um aumento da atividade da fosfatase alcalina (ALP), a expresséo
de genes osteogénicos (Sp7 e OPN), assim como a deposi¢éo de osteopontina (CLSM) por parte
das hDFMSCs, demonstrando uma resposta celular no sentido da diferenciacdo osteogénica.

Os dois tipos de biomateriais foram cirurgicamente implantados por via subcuténea in
vivo em ratinhos, confirmando-se a sua biocompatibilidade, assim como a sua estabilidade
estrutural apoés 5 semanas. A analise histolégica apds 3 e 5 semanas demonstrou que o
biomaterial de nHAp/CS promoveu uma maior vascularizacdo e deposicdo de fibras de
colagénio. Finalmente, 3 meses apos o enxerto dos biomateriais em defeitos 6sseos de tamanho
critico na calvaria de ratos, a analise de microCT indicou que o biomaterial de nHAp/CS
aumentou significativamente a neo-formacgao éssea, quando comparado com o biomaterial de
CS. A analise histoldgica revelou que, ao contrario do que aconteceu com o biomaterial de CS,
0 material de enxerto de nHAp/CS promoveu a formacao de novo tecido dsseo no interior da sua
estrutura.

Os resultados promissores obtidos in vitro e in vivo neste projeto de investigacdo
demonstraram que o aerogel de nHAp/CS tem o potencial de se tornar um biomaterial para

enxerto 4sseo, e a sua aplicacdo na area da Periodontologia.
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its self-fluorescence (chitosan — blue). d) SEM images of MG63 seeded
into NHAp/CS and CS scaffolds for 7 to 21 days.

a) Quantification of ALP activity of MG63 seeded into nHAp/CS and CS
scaffolds for 7 to 21 days. No significant differences between materials (p
< 0.05). b) RT-gPCR quantitative results of the expression of RUNX2,
collagen Al and Sp7 genes by MG63 seeded within nHAp/CS and CS
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Figure 8

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

scaffolds from 7 to 21 days. * Significant differences between time points
and/or materials (p <0.05); §, $ significant differences in the expression of
the collagen Al gene (p < 0.05); #, £ significant differences in the
expression of the Sp7 (p < 0.05).

a) Macroscopic image of nHAp/CS subcutaneous implant after 3 weeks
of implantation. A blood vessel (black arrow) is inosculating the scaffold
implant (black *). b) Optical micrographs of histological samples stained

*

with H&E and c) with Masson’s trichrome. Green *: materials; green
arrows: blood vessels; blue arrows: outer fibrous capsule; yellow arrows:

diffuse connective tissue.
Chapter V
Graphical abstract

(A) nHA/CS scaffold implant, (B) view of the empty defect, and (C) both
defects created in the rat calvaria.

(A) Total DNA content, (B) total protein, and (C) ALP activity of DFMSCs
cultured within nHAp/CS biocomposite and CS scaffolds for 7, 14, and 21
days. Statistical differences between samples from different time points.
*p < 0.05 and ***p < 0.001.

Quantitative real-time polymerase chain reaction (gPCR) for the
osteogenic genes (Osterix gene, SP7 (A); bone morphogenetic protein 2,
BMP-2 (B); osteopontin, OPN (C); and collagen 1, Col-1 (D) for DFMSCs
cultured within the nHAp/CS or CS scaffolds for 14 and 21 days.
Quantitative data were calculated by the AACt method using GAPDH
gene expression as an endogenous reference. Sample results were
normalized to the 2D (standard culture plate, black horizontal line)
cultured cells (average results). These are represented as fold changes.
Statistical analysis: *p < 0.05 and ***p < 0.001.

CLSM images showing the DFMSC morphology (staining for actin
cytoskeleton and nucleus (A, B, D, E)) and human osteogenic ECM
(staining for OPN; (C, F)) after 14 and 21 days of culture within the
NHApP/CS or CS scaffold. Actin cytoskeleton, OPN (green), and nucleus
(red); blue staining refers to chitosan autofluorescence. Scale bar: 200

pm.

(A) Top defect views of 3D reconstructed microCT image analysis

showing the degree of bone repair in empty defects (control), nHAp/CS
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Figure 6

Figure 7

Figure 8

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

and CS scaffolds implanted into the rat calvaria after 3 days and 1, 2, and
3 month post-surgery (scale bar 4 mm). (B) Quantitative microCT data
analysis of the bone level/tissue level ratio (%). (C) Quantitative microCT
data analysis of bone volume (mm3). (D) Quantitative microCT data
analysis of the bone surface (mm?2). Statistical analysis: *p < 0.05.

Light microscopy images of nHAp/CS (A), CS (B) scaffolds implanted for
3 months and empty bone defects as control (C). Transversal slides were

stained by H&E. Scale: 500 um and 1 mm. Red square, bone defect.

Light microscopy images of nHAp/CS (A, B) and CS (C, D) scaffolds
implanted for 3 months. Longitudinal slides were stained using Masson’s
trichome. Scale: 500 and 200 pum. White arrows, scaffolds; black arrows,

blood vessels; and yellow arrow, new bone tissue.

Light microscopy images of CS (A) and nHAp/CS (B) scaffolds implanted
for 3 months. Longitudinal slides (external parietal bone) were stained
using Alizarin Red S. Scale: 1mm, 100 um, and 25 pum. Red arrows,

calcium deposition circumventing the nHAp/CS biomaterial.
Chapter VI

Schematic representation of the three studied procedures (I, 11, and 1ll) for
the production of nHAp/CS scaffolds, that comprise the following steps:
(a) Dispersion preparation; (b) Neutralization of acetic acid by dropwise
addition of NaOH 1 M; (c) Freeze drying; (d) Neutralization by immersion
in NaOH/ethanol solution; (e) Washing with ultrapure water; (f) Acetic acid

extraction with scCOa.

Thermograms of: (a) nHApCS-5.5-untreated; (b) nHApCSscCO2-40; (c)
NHApPCS-scCO2-75; and (d) nHApCS-scCO2-75/75 (From 30 to 700 °C at

10 °C/min; N2 atmosphere).

Thermograms of: (a) nHApCS-5.5-untreated; (b) nHApCSscCO2-75/75;
(c) NnHApCS-5.5-NaOHEtOH and; (d) nHApCS-7.0 (From 30 to 700 °C at

10 °C/min; N2 atmosphere).

Images of the produced scaffolds: (a) nHApCS-5.5-untreated; (b)
NHApPCS-5.5-scCOz2; (c) NHApCS-5.5-NaOH/EtOH; (d) nHApCS-7.0.

SEM micrographs (400x) of a cross-section of: (a) nHApCS-5.5-
untreated; (b) nHApCS-5.5-scCO2-75/75; (c) nHApCS-5.5-NaOHEtOH;
(d) NHApCS-7.0.
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Particle size distributions of: (a) nHApCS-untreated; (b) nHApCS-scCO:-
75/75; (c) nHApCS-NaOHEtOH.

SEM micrographs and EDS analysis spectra of: (a) nHApCS-untreated;
(b) NHApCS-scCO2-75/75; (c) n-HApCS-NaOHEtOH. The cross symbol

and the square in the images represent the areas analyzed by EDS.

Dried and swollen samples, after 60 min of immersion in PBS, of: (a)
nNHApCS-untreated; (b) nHApCS-scCO2-75/75; (c) nHApCS-NaOHEtOH.

Storage modulus (a) and loss factor (b) under dynamic compression

solicitation as a function of frequency, increasing from 0.1 to 10 Hz.

SEM micrographs of osteoblast-like MG63 cells cultured on nHApCS-
scCO2-75/75 samples after 1 day (a, e); 7 days (b, f); 14 days (c, g); 21
days (d, h). Magnification: 410x (a — d); 1000x (e — h).
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Introduction and Objectives



l. Introduction and Objectives

INTRODUCTION AND OBJECTIVES

A tissue can be defined as an “organization of cells and/or extra-cellular constituents” [1].
Tissue engineering is a recent field that combines “materials science, cell biology, engineering
technology, and transplantation” to develop biomaterials capable of promoting tissue regeneration
[2-5]. In particular, bone regeneration has been one of the most studied subjects of tissue
engineering, yet, due to the complexity of this hard tissue, many challenges are still unresolved
[6]. Furthermore, there is a growing need for bone regeneration biomaterials owing to the
exponential increase of the world human population, its longevity and expectations of quality of
life, which implies a higher number of bone treatments due to trauma, infections, congenital
abnormalities, oncologic and age-related diseases [7-11]. Specifically, periodontal and peri-
implant diseases are highly prevalent infectious and inflammatory conditions, in which teeth and
dental implants may be lost due to the irreversible destruction of their supporting tissues, namely
bone [12-14]. Consequently, if left untreated, periodontal diseases may have dramatic functional
and esthetic effects on an individual’s health and quality of life [13, 15, 16]. According to Gill et al.
(2022) bone graft biomaterials for dentistry represented a global market of $663.2 million in 2020,
with an estimated growth rate of 11.4 % annually until 2028 [8, 11]. However, most bone grafts
commercialized nowadays only satisfy the osteoconduction pre-requisite [11, 17, 18].

On a previous investigation project, novel biodegradable nano-hydroxyapatite/chitosan
(nHApP/CS) scaffolds for bone regeneration were developed through different preparation
methods at the Laboratory of Separation and Reaction Engineering (LSRE), Department of
Chemical Engineering, Faculty of Engineering of the University of Porto (FEUP) (the reference is
available at the Supplementary Material in Chapter VII) [19]. The different nHAp/CS scaffolds
were characterized and compared for their chemical composition, morphology, swelling profile
and mechanical resistance [19]. The results of the biological preliminary tests performed with the
most suitable nHAp/CS scaffold showed that it was not contaminated by microorganisms, and
also that it allowed osteoblast-like cells (MG63) adhesion and proliferation [19]. Moreover, its
preparation method was comprised of three simple steps, reducing production time and costs, in

a sustainable process and suitable for large scale manufacture [19].

The present research project aimed to accomplish a thorough in vitro and in vivo
characterization of the nHAp/CS composite scaffold, as an alternative biodegradable graft
biomaterial for bone tissue regeneration, namely for periodontal treatment applications. In terms
of in vitro experiments, the main objectives were to:

e Evaluate a three-dimensional (3D) scaffold with high porosity and appropriate

architecture (microstructure);



o Evaluate the cytocompatibility, biodegradability, bioactivity and the biomechanical
properties of a composite scaffold under physiological conditions;

e Evaluate the antimicrobial effect against representative Gram-positive and Gram-
negative bacterial cultures;

e Evaluate in vitro the osteogenic differentiation of isolated mesenchymal cells from
patients.

Additionally, pre-clinical experiments were performed in small animal models to:

e Demonstrate appropriate in vivo degradation, inflammation response and angiogenesis
after subcutaneous implantation in mice;

e Evaluate the in vivo bone regeneration in calvaria critical size defects in rats (pre-clinical

evaluation).

The research developed in the present thesis is organized in the following chapters:

In Chapter Il, an extensive literature review will be focused on the state of the art of
biomaterials that are being developed for bone tissue regeneration, emphasizing the context of
Periodontology. A specific type of biomaterial, nHAp/CS composites, will be analyzed in detail as
a potential graft material for regeneration of periodontal and peri-implant osseous defects.

Chapter Il is based on a published review article [20] of the most recent literature on
aerogel-based composite scaffolds for bone regeneration. This article highlighted the importance
of biomimetics in bone tissue engineering and reviewed the most frequently used preparation
methods of aerogel-based composite scaffolds for bone regeneration. Then, the outcomes in
terms of their porous microstructure, mechanical properties and in vivo bone regeneration were
analyzed. Future research pathways were also proposed, including the need of developing new
in vitro 3D models for bone regeneration to overcome the necessity of using in vivo animal models
for pre-clinical testing of this type of biomaterials.

In Chapter 1V, a full initial characterization of relevant properties of the nHAp/CS scaffold
is presented, compared to a plain CS control scaffold [21]. This chapter is introduced with a
description of the most relevant features of the ideal scaffolds for periodontal bone regeneration,
followed by a brief review of the advantages and applications of supercritical CO2 (scCO3), with
particular focus on the use of this methodology for biomaterials sterilization. The nHAp/CS
scaffold was firstly characterized in terms of its microstructure, in vitro bioactivity, biodegradation
and biomechanical profile. Then, in vitro biological tests assessed its antimicrobial activity,
cytotoxicity of its extracts, the proliferation and osteogenic expression of an osteoblast-like cell
line seeded on the scaffolds. Finally, a preliminary in vivo assessment of the scaffolds’
biocompatibility and biodegradation was performed in a subcutaneous implantation model in
mice.

Chapter V is devoted to evaluating the nHAp/CS bioaerogel scaffold’s ability to promote
the osteogenic differentiation of primary human dental follicle stem cells. Moreover, both

nHApP/CS and CS bioaerogel scaffolds were implanted in calvaria critical size defects in a rat



model for in vivo bone regeneration assessment. Besides the terminal histological evaluation,
bone regeneration was accompanied throughout 12 weeks by microcomputed tomography
(microCT), which is a non-invasive technique, so that the number of animals used in the
experiments could be reduced.

An overall discussion of the experimental results is presented in Chapter VI, as well as
future research perspectives related to the improvement of the aerogel scaffolds and the
development of 3D in vitro models for bone regeneration. Also, the main conclusions of the
research are presented.

Finally, supplementary material is presented in Chapter VII, that includes a table with
additional information, as well as the article published by Ruphuy et al. (2018) that was a starting

point for the present research, and to which this thesis’ author also contributed [19].
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CHAPTER I

State of the Art



ll. Periodontal and peri-implant anatomy, pathology and

treatment

A. PERIODONTAL AND PERI-IMPLANT ANATOMY, PATHOLOGY AND
TREATMENT

A. 1. The periodontal and peri-implant apparatus

The periodontium is an organ also called the “attachment apparatus”, which main function
is to support and attach the teeth to the jaws bone, as well as to maintain the integrity of the
masticatory mucosa [1] (Figure 1). It is comprised of four specialized tissues: the gingiva, the
periodontal ligament (PDL), the root cementum and the alveolar bone [1-4].

At an embryonic phase, the tissues from the periodontal attachment derive from the
ectomesenchymal cells in the first branchial arch of the neural tube that form the dental lamina
[1, 5]. Throughout the tooth development, these ectomesenchymal cells differentiate into the
dental papilla, that will form the dentin and the pulp, [1, 2] and the dental follicle (DF), from which
the surrounding supporting tissues derive [1-3, 5]. The ectomesenchymal cells from the DF, which
interact with the Hertwig’'s epithelial root sheath, give rise to the cementum [1, 2, 5, 6].
Simultaneously, neighboring DF ectomesenchymal cells differentiate into either periodontal
fibroblasts, that secrete the collagenous periodontal fibers, and osteoblasts, which generate the
alveolar bone proper to attach the periodontal fibers [1-3, 5, 6].

The most external tissue of the periodontium is the gingiva (Figure 1a and b), which is
continuous with the oral masticatory mucosa, covering the alveolar process of the jaws [1], and
its main function is the protection of the underlying structures of the periodontal apparatus.
Histologically, the gingiva is composed of an oral stratified orto/parakeratinized squamous
epithelium (Figure 1a) and an underlying dense conjunctive tissue [5] (lamina propria) (Figure 1b)
[1].

Underneath the gingiva, the teeth are connected to the alveolar bone by the PDL (Figure
1c), which is a soft connective tissue that occupies the narrow space (0.2 — 0.4 mm) between the
root cementum (Figure 1d) and the lamina dura of the alveolar wall (Figure 1e), connecting them
through collagen fibers (Sharpey’s fibers) (black lines in Figure 1) [1, 3, 5]. Moreover, it is sensitive
to mechanical stimuli [7], distributing the masticatory forces to be resorbed throughout the alveolar
bone and enabling teeth mobility [1, 8]. The PDL is highly vascularized, innervated [2, 5] and has
a varied population of cells: mostly fibroblasts, but also osteoblasts, cementoblasts, osteoclasts,
epithelial cell rests of Mallassez [1, 2] and inflammatory cells [5]. There is more recent evidence

that it also contains mesenchymal stem cells (MSCs) (e.g. dental follicular tissue) that can
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migrate, proliferate and differentiate into osteoblastic, cementum-forming and fibroblastic cells,
contributing to the PDL regenerative capacity [6].

The connection between the PDL and the teeth occurs through the cementum (Figure
1d), which is a thin mineralized tissue that covers the external surface of the teeth roots [1]. The
cementum shares some similar features with bone [3], despite it is neither vascularized nor
innervated and it does not undergo remodeling [1]. It has an extracellular matrix (ECM) composed
of an organic phase of mostly type | collagen [1], but also proteoglycans and glycoproteins [5],
and an inorganic phase of hydroxyapatite (HAp) (65% of total weight) [1].

The PDL connects teeth to the jaws by the alveolar process (Figure 1f), which besides
supporting teeth in its sockets (Figure 1g), also distributes forces resulting from the masticatory
and occlusal contacts into the maxillary/mandibular basal bone [1]. The buccal, palatal/lingual
(Figure 1h) and socket walls (alveolar bone proper or bundle bone in Figure 1e) of the alveolar
process are made of cortical bone (lamina dura) and its central part is trabecular bone (Figure 1i),
which is highly vascularized [1, 5]. The bundle bone, to which large Sharpey’s fibers are inserted

and connect with the principal fibers of the PDL, is characterized by a high turnover rate [1].

o o T o

(o)

Figure 1. The anatomic differences between the periodontal (left image) and the peri-implant (right image)
attachment apparatus. a) gingiva’'s squamous epithelium; b) gingiva’s dense conjunctive tissue; c)
periodontal ligament (black lines represent the Sharpey’s fibers); d) cementum; e) alveolar wall/bundle bone;
f) alveolar process; g) tooth socket; h) cortical bone of the buccal and palatal/lingual walls of the alveolar

process; i) trabecular bone of the alveolar process. (adapted from [9])

A major difference between the supporting apparatus of a dental implant and a tooth is
the lack of cementum and PDL in the case of implants [10], as illustrated in Figure 1. The mucosa
around implants is similar to the gingiva around teeth, being a keratinized epithelium (masticatory
mucosa) [1, 11] (Figure 1a and b) or even non-keratinized (lining mucosa) [10]. Since there is no
PDL, it implies that most of the intrabony part of the implant is in direct contact with the trabecular
bone (Figure 1i) [10]. “Osteointegration” (a term originally coined by Branemark et al. in 1969) or

“functional ankylosis” is the process by which “new bone is laid down directly upon the implant
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surface, provided that the rules for atraumatic implant placement are followed and the implant

exhibits primary stability” [1].

A. 2. Bone as a dynamic tissue

Bone’s particular features make it a dynamic tissue that presents several important
mechanic and metabolic functions in the organism, including resistance to external load,
locomotion, protection of sensitive organs, hematopoiesis and contribution to homeostasis
through the regulation (storage and releasing) of mineral ions (especially Ca?*) and cells [1, 12].
Therefore, bone is able to adapt to the functional demands, which can be exerted by biochemical,
hormonal, cellular and biomechanical factors [1, 13, 14].

Macroscopically, bone is composed of osseous tissue, periosteum, endosteum and bone
marrow [1, 5] (Figure 2). Two types of bone structures can be distinguished according to their
density: the external surface is cortical bone (compact bone), which is very dense and provides
strength (porosity 5 — 15 %); the inner central cavity includes the trabecular bone (cancellous
bone) [5, 12-15] comprised of an open interconnected porous network of ramified trabeculae
(porosity 40 — 90 %) (Figure 2a), which due to their anisotropy contribute for redirecting stresses
into the cortical bone [12-14]. The cancellous architecture is characterized by the number of
trabeculae (Th.N), their thickness (Th.Th) and their separation (Th.Sp), which may vary according
to the location, direction and amount of load, age and pathology [12]. Histologically, cortical bone
is composed of thin circumferential concentric lamellar systems (Haversian systems or osteons)
with a central vascular channel (Haversian channel) that provides bone vascularization [5, 12,
14], with an anisotropic distribution as well [13] (Figure 2a) (a more detailed description is also
presented on Section 1.1 and Figure 1 in Chapter IlI).

The outer surface of bone is covered by a fibrous connective tissue, the periosteum,
(Figure 2a) except on the synovial articulating areas [1], tendon and muscle insertions [5]. The
periosteum is connected to the cortical osseous tissue through Sharpey’s fibers [1, 5]. Its outer
layer is more fibrous, dense and vascularized with many fibroblasts and nociceptive receptors,
while its inner osteogenic layer is loosely arranged and contains osteoprogenitor cells [1, 5, 12].

The trabecular bone inside the inner central cavity is lined by the endosteum [1, 5] (Figure
2a), which is a thin connective tissue with osteoprogenitor cells and osteoblasts [5, 12]. Moreover,
this central cavity also houses the bone marrow stroma comprised of hematopoietic cells, stromal

cells, adipocytes and vascular structures (Figure 2b) [1].
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Figure 2. Macro and microscopic structure of bone tissue. a) organization of cortical and cancellous bone
(adapted from [16] licensed under a Creative Commons Attribution 4.0 (CC BY 4.0) International License
(https://creativecommons.org/licenses/by/4.0/)); b) bone marrow tissue cells (adapted from [1]).

The osseous tissue is a specialized connective tissue [5] with an ECM composed of
organic and inorganic elements [17]. The bone ECM’s organic phase (30 — 35 % wt. of bone) is
90 % of polymeric nature (collagen) [5, 18]; it has 10 % of other non-collagenous proteins (NCPs),
carbohydrates and lipids [13, 19]; as well as water (9 % wt. of bone) [12, 20]. This polymeric
phase is mostly type | collagen nanofibers [12, 21] (and also type 1lI) [17] aligned in the direction
of stress forces suffered by bone [12, 19]. Collagen and fibronectin possess peptides such as the
RGD sequence (arginine-glycine-aspartic acid tripeptide), which connect to specific cell
membrane receptors (some integrins subtypes), promoting cell binding to the ECM [22-25].
Despite only representing 2 % wt. of bone, NCPs are essential regulatory proteins for signaling
and attachment of bone cells during ECM production and maintenance, playing vital roles in bone
embryogenesis and repair [12].

About 69% wt. of the osseous tissue resides on a calcium phosphate ceramic, nano-
hydroxyapatite (nHAp) (Caio(PO4)s(OH)2) crystals [13, 15, 20, 26], which measure about 40 — 50
(length) x 25 (width) x 2 — 5 (thickness) nm [5, 12, 21, 27]. Mineralization initiates with the
deposition of amorphous calcium phosphate, as well as calcium carbonate, and with maturation
the mineral crystals grow and become oriented parallel to each other, along the collagen fibrils
and the longitudinal axis of bone [12]. However, most HAp found in natural bone is non-
stoichiometric [15], meaning that it has a variable chemical composition, which results in a Ca/P
ratio different from that of pure Ca10(PQO4)s(OH)2 (1.67) [23, 28-30]. With bone maturation, some
of the Ca?* and PO.* ions in the apatite molecule might be substituted by trace

molecules/elements such as carbonates, citrates, Na*, Mg?*, CI, F, K*, Sr2*, Pb?*, Zn?*, Cu?* and
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Fe?* [5, 12, 19, 23, 28, 31, 32]. Consequently, it changes natural bone HAp crystallinity and
specific surface area, and thus its biological properties [28, 29].

The dispersed ceramic phase is the main responsible for the toughness and strength of
bone (at moderate mechanical forces) [5, 19]. However, if bone was only made of the calcium
phosphate ceramic it would be extremely brittle to higher tension and shear stress forces because
of its lack of elasticity [5, 19]. Therefore, the polymeric ECM provides viscoelasticity, granting
superior mechanical properties [19, 20]. On the other hand, when bone is decalcified, it becomes
viscoelastic, with low stiffness to compression [5, 19]. Moreover, the cortical bone biomechanical
response to load is dependent on the direction of the force, showing better performances towards
longitudinal than transversal forces [20, 33]. In addition to the hierarchical architecture of bone,
its mechanical properties are dependent as well on the type of bone anatomy and between distinct
regions of the same bone, on an individual's age, physical activity, existence of chronic diseases
and nutritional state [13, 34], systemic levels of hormones, growth factors and stress [35].

Besides its ECM, bone presents a variety of cell populations with specific characteristics
and functions, which interact with each other and contribute to bone function and maintenance
[1] (Figure 3). Osteoblasts are cuboid to columnar cells located in the inner and outer bone tissue
surface, presenting a large rough endoplasmic reticulum and Golgi apparatus, which allows them
to secrete the organic components of the bone ECM [5, 13]. The osteoblastic differentiation
pathway is divided in three stages (cell proliferation, maturation and mineralization of the ECM),
each characterized by up and downregulation of specific genes [17, 36, 37]. The first stage begins
with the secretion of the ECM type | collagen [37], forming the immature organic matrix (osteoid)
[1, 38]. At the second stage, the osteoblasts proliferate less and highly express bone alkaline
phosphatase membrane-bound enzyme (ALP) [18, 37-40] that hydrolyses the organic phosphate
esters and increases the phosphate ions local concentration [17, 41]. The mineralization process
starts with the deposition of calcium and phosphate ions [1, 17] (amorphous calcium phosphate)
[23], which will serve as templates for the subsequent crystal nucleation [15]. In the third stage,
the mature osteoblasts produce osteocalcin (OCN) [18, 37, 40] which regulates the mineralization
[36, 42]; bone sialoprotein (BSP), which is a crystal nucleator; osteopontin (OPN), which
contributes to the formation of apatite crystals with the correct structure [36, 38, 41]. The nHAp
crystals nucleated in circular structures [1] are orderly deposited (aligned with their c-axis) and
propagate onto the polymeric collagen nanofibers [1, 21, 43, 44], in a maturation process that
may take several months [1].

Since osteoblasts do not migrate, they become “trapped” inside lacunae in the newly
formed and mineralized ECM and differentiate into stellate-shaped osteocytes [1, 5, 13, 15, 23],
comprising 85 % — 90 % of all adult bone cells [14]. The lacunae are connected through canaliculi,
allowing the circulation of fluids, nutrients and wastes by the blood vessels and enabling the
osteocytes to communicate through cytoplasmic projections (dendrites) [5, 14, 15]. Moreover, the
osteocyte network is sensitive to the mechanical loads to which bone is subjected (fluid shear
stress) [14], thus responding with paracrine biochemical mediators (mechanotransduction) that

regulate the metabolic functions like bone remodeling and blood calcium homeostasis [5, 14, 15,
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23]. Moreover, the osteoblasts may also become bone lining cells, which are located in the
surface of bone and are incapable of dividing [1, 13], though they could be reactivated for
synthetic activity if stimulated [5].

Another important bone cell type is the specialized multinucleated osteoclast, which is
derived from the monocyte/macrophage hematopoietic lineage in the bone marrow and presents
receptors to a variety of signaling molecules like RANK, osteoprotegerin (OPG) and calcitonin [5,
13, 23]. The osteoclasts are responsible for the bone resorption, which is a process coupled with
the bone formation performed by the osteoblasts, resulting in bone remodeling [13, 14, 23], as

illustrated in Figure 3.

Phases of bone remodeling
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Figure 3. Bone cell types involved in bone remodeling steps (adapted from [13]) (MSC, mesenchymal stem

(&)

cell).

During the resorption phase, the active osteoclast attaches to the bone surface and
undergoes a cytoskeletal and membrane polarization. The osteoclasts produce hydrochloric acid
that decreases the pH at the Howship lacuna, which is a sealed microcompartment between the
ruffled border and the resorbing matrix surface [1, 5] and an ideal microenvironment for the
dissolution of the bone mineral phase [5, 23]. Consequently, the proteinaceous component of the
ECM becomes exposed and can be degraded by the proteolytic enzymes [1, 5].

Following the osteoclasts activity (takes approximately three to four weeks), the reversal
phase is characterized by the migration of MSCs [1]. MSCs are stimulated by osteoinductive

growth factors (GFs), such as bone morphogenetic proteins (BMPs), insulin-like growth factor
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(IGF), platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF) [1, 45], to
differentiate into osteoprogenitor cells by the expression of the Indian hedgehog (Ihh) gene and
Runt-related transcription factor 2 (RUNX2) [1]. The osteoprogenitor cells are located in the
periosteum, endosteum and Havers channels [1, 5] and are able to migrate, proliferate and
differentiate into osteoblasts to begin bone formation (takes about three to four months) [1].

This coordinated and proportioned process between the activity of osteoclasts and
osteoblasts (basic multicellular unit (BMU)) is known as coupling [1]. Moreover, it has been
described that osteoclasts are attracted to mechanically compromised bone sites (upon trauma,
disease or disuse); thus, bone remodeling is essential to maintain skeletal integrity and quality
[14, 15, 23].

A. 2.1. Bone repair and regeneration

The type of tissue healing response will depend on the nature of the lesion [1], and it can
be either simple tissue repair, which “does not fully restore the architecture or function of the
original part” or, ideally, tissue regeneration which is the “reproduction or reconstitution of a lost
or injured part in a manner similar or identical to its original form” (definitions according to the
American Academy of Periodontology’s Glossary of Periodontal Terms [46]).

In general, when bone tissue is damaged, e. g. a fracture or defect created by surgical
removal of a tumor or cyst, there is rupture of blood vessels and bleeding, disruption of bone ECM
and cell death [5]. In a normal response, a blood clot forms (24 hours) and the damaged cells
release cytokines, which induce an inflammatory response that lasts for about two weeks [1].The
clot fills the empty space and the fibrin network functions as a matrix for the cells migrating from
the tissue surrounding the bone defect [1, 47]. The clot suffers fibrinolysis while the fibroblasts
and endothelial cells migrate, forming the granulation tissue [5] (2 — 3 days) [1]. The cytokines
attract inflammatory cells to the lesion site like neutrophils and macrophages, which phagocyte
the injured tissue and cells, and osteoclasts that begin the resorption of the damaged bone [1].
The osteoclast activity stimulates the osteoprogenitor cells to quickly proliferate and differentiate
[1, 5]. Moreover, macrophages express BMPs, which induce MSCs to differentiate into
osteoblasts or chondrocytes [45, 48], as well as other osteoinductive factors like endothelial
growth factor (EGF), vascular endothelial growth factor (VEGF), tumor necrosis factor alpha
(TNF-a), transforming growth factor beta (TGF-f), PDGF and interleukins (ILs), [45, 49].

However, since the osteoprogenitor cells proliferate at a higher rate than the endothelial
cells form new capillaries, the low oxygen concentration induces these cells to differentiate into
chondroblasts, which produce a soft callous of hyaline cartilage [5] that functions as a scaffold [1]
bridging the fracture site [48]. Conversely, the osteoprogenitor cells in the periphery of the lesion
differentiate into osteoblasts, which produce bone ECM and induce the mineralization of the soft

callus, becoming a hard callus of immature woven bone [1] (endochondral ossification) [5]. This
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process is mediated by IL-6, OPG, VEGF, and BMPs and occurs at 6 to 12 weeks after the lesion
[1].

For complete bone regeneration to occur, osteoblast/osteoclast coupling must lead to the
remodeling of the immature woven bone into mature lamellar bone [48] through intramembranous
ossification [5], in a process that may take three to four months after the reversal phase [1]. It has
been shown that BMP-2 exerts a crucial influence on the process of intramembranous bone
formation, and thus in bone regeneration [45, 50].

As stated before, bone is in a constant process of self-renewal to maintain its integrity, at
an average turnover rate of 10% (trabecular bone shows a higher turnover rate than cortical bone)
[1]. However, sometimes the size of the defect is so large that bone is not capable of regenerating
it through simple remodeling (critical size defect) [1, 15] or it is necessary to achieve regeneration
quicker than through normal biologic processes [1]. Moreover, systemic or local disease
conditions (cancer, menopause, use of drugs, genetic conditions, nutritional deficiencies or

infection) may impair the bone capacity of remodeling and self-regenerate [1].

A. 3. Periodontal and peri-implant diseases

The state of gingival/periodontal health corresponds clinically to “the absence of bleeding
on probing, erythema and edema, patient symptoms” [51] (Figure 1 left). Even at a physiologic
state, there is always a homeostatic level of host immune surveillance, comprised mostly of a
neutrophilic infiltrate [51]. This is due to the fact that the oral cavity exhibits particular features that
predispose to the formation of biofilms: it possesses hard non-shedding structures (teeth,
implants and prosthetic devices) that open breaches in the mucosal epithelial surface and allow
its colonization by bacteria in direct contact with the soft tissues [1].

Periodontal and peri-implant diseases are multifactorial (Figure 4) and include a variety
of microbially-associated and host-mediated inflammatory conditions [52-55] that affect the health
of periodontal and peri-implant tissues [56], and which if left untreated may lead to teeth (or dental
implants) loss [3, 6, 9]. It is well established nowadays that the etiology of periodontal and peri-
implant diseases is related to the presence of a dysbiotic microbiota (defined as an unfavorable
alteration of the commensal microbiota), with a consequent disruption of the homeostatic balance

with its susceptible host, leading to disease [1, 57].
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Figure 4. The multifactorial characteristics of periodontitis and peri-implantitis: it includes the interaction
between the increased counts of periodontal pathogenic flora, the host susceptibility and environmental and

systemic risk factors (adapted from [54]).

The classification system of periodontal diseases was reviewed in a 2017 consensus
(2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and
Conditions) and further developed to include peri-implant conditions as well [56], as briefly
presented in Table 1.

Table 1. 2017 Classification of periodontal and peri-implant diseases and conditions

(adapted from [56])

Periodontal health, gingival diseases and conditions

Periodontal diseases and conditions  Periodontitis

Other conditions affecting the periodontium

Peri-implant health

- . o Peri-implant mucositis
Peri-implant diseases and conditions

Peri-implantitis

Peri-implant soft and hard tissue deficiencies
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A. 3.1. Periodontal diseases

Most gingivitis cases are dental biofilm-induced, which causes a site-specific
inflammation characterized by erythema, edema, bleeding and an increased flow of crevicular
fluid [58] (Figure 5a). The inflammation is confined to the gingiva without extending to the
periodontal attachment [51]. Once careful improvement of oral hygiene is implemented, it is totally
reversible and can be solved without clinical attachment and bone loss [58].

In contrast with gingivitis, besides the signs of gingival inflammation and bleeding, all
clinical forms of periodontitis present an irreversible loss of the connective tissue, periodontal
ligament and alveolar bone resorption [1, 59] (Figure 5b). Periodontal bone loss is classified
according to the morphology of the lesions, as presented in Table 1S (in the supplementary
material of Chapter VII). Most periodontitis cases progress with episodic bursts, depending on the
local site and on the patient, and it has been shown an alternation between active periods of
periodontitis progression with periods of disease inactivity [1, 54]. Although epidemiological
studies have shown that only some sites with gingivitis progress to periodontitis, prevention and
treatment of gingivitis are still crucial to avoid periodontitis onset [58]. Therefore, it is important to
implement an anti-biofilm treatment, which includes full-mouth debridement with mechanical
removal of supra and subgingival plaque and calculus [54, 60-62], that might be complemented
by measures such as full-mouth disinfection with antiseptics, systemic and local antibiotics, host
modulation therapy, laser therapy and chemical agents for local application in root surfaces [11,
54, 60, 61, 63]. Moreover, surgical approaches may also be performed, however many times they
imply negative outcomes, such as dentinal hypersensitivity of the exposed teeth roots, transient
increase in tooth mobility, loss of interproximal papilla, with consequent food impaction and
impairment of esthetics and, sometimes, phonetics [11, 54, 63].

It has been demonstrated that it is essential to control the most critical risk factors for the
progression of periodontitis, which are smoking and uncontrolled diabetes mellitus [53, 54, 64]
(Figure 4). Moreover, genetics seems to make some individuals more prone to develop a dysbiotic
oral microbiota and/or to exhibit a hyper-inflammatory response [52, 55]. Consequently, they
show more severe and progressive forms of periodontitis, and a worse response to prevention
and treatment, as well as having a higher systemic impact [52, 55]. Additionally, other systemic
conditions may contribute to the individual susceptibility to the onset and progression of
periodontitis: immunologic, metabolic and endocrine disorders; diseases that affect the oral
mucosa, gingival and connective tissues; acquired immunodeficiencies (human
immunodeficiency virus (HIV) infection); inflammatory diseases; neoplasms and metastasis;
some prescribed medications; abusing illegal drugs use; psychosocial factors like stress,
depression and connected to the socio-economic status [1, 53, 64, 65]. On the other hand, the
connection between periodontitis and the emergence or aggravation of conditions in other organ
systems has been demonstrated, like in cardiovascular diseases, diabetes [53, 64, 66], chronic
obstructive pulmonary disease, chronic kidney disease [66] and adverse pregnancy outcomes
[53].
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Figure 5. Representation of the evolution of periodontal and peri-implant diseases and their regenerative
treatment: (a) gingivitis; (b) periodontitis; c) periodontal bone defect grafting with bone-filling material; d)
ideal periodontal regeneration outcome; e) peri-implant mucositis; f) peri-implantitis; g) peri-implant bone
defect grafting with bone-filling material; h) ideal peri-implant regeneration outcome; i) alveolar ridge defect
upon tooth extraction; j) alveolar ridge reconstruction in a two-stage or k) one-stage bone augmentation

approach (with simultaneous implant placement); 1) alveolar defect regeneration with ideal implant

placement (adapted from [9]).
Periodontitis is one of the most prevalent non-communicable public health chronic

diseases worldwide [67]. The epidemiologic findings (from 2011 to 2020) of a recent meta-
analysis estimated that the pooled prevalence of periodontitis in general was currently nearly
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62%, in which moderate to severe forms of the disease represented 53.2%, while severe cases

affected 23.6% of the population covered by the meta-analysis [67].

A. 3.2. Peri-implant diseases

Peri-implant health, similarly to periodontal health, is also defined by the “absence of
erythema, bleeding on probing, swelling, and suppuration” [10] (Figure 1 right). Implant success
was consensually defined in 2008 as “no pain or tenderness upon function, absence of mobility,
< 2 mm radiographic bone loss from the initial surgery and no presence of exudate” [63].

Peri-implant mucositis is in implants the equivalent disease to biofilm-induced gingivitis in
teeth, in which there is bleeding at probing, and there may be as well other clinical signs of
inflammation as erythema, edema and/or suppuration [1, 10, 11, 63] (Figure 5e). Similarly to
biofilm-induced gingivitis, peri-implant mucositis inflammatory signs resolve in 3 weeks upon a
correct biofilm control, but the resolution of this condition may be negatively influenced by
conditions like smoking, uncontrolled diabetes (Figure 4) and irradiation therapy at the implant
zone [1, 10, 64].

Besides the clinical signs of inflammation, in peri-implantitis there is a progressive
destruction of the supporting bone around the implant [1, 10, 11, 63] (Figure 5f). Suppuration at
probing is a frequent finding, but mobility of the implant is only detected at the final stages of peri-
implantitis, indicating the complete loss of osseointegration [1, 63]. There is evidence that peri-
implant mucositis precedes peri-implantitis if no biofilm control measures and regular
maintenance care are timely implemented [1, 10, 11]. Moreover, it has been demonstrated that
patients with a previous history of severe periodontitis (and associated modifying factors like
uncontrolled diabetes and smoking) are at higher risk of developing peri-implantitis [1, 10, 11, 54,
63, 64]. Additionally, studies suggest that bone loss progression in peri-implantitis occurs at an
unpredictable higher rate than in periodontitis, because peri-implant connective tissues are less
organized and respond poorly to progressive biofilm-associated lesions [1, 10, 11, 63, 68]. Still, if
an anti-biofilm treatment is implemented with implant surface mechanical and/or chemical
decontamination, it is possible to diminish the soft tissue inflammation and arrest bone destruction
[10, 11].

It has been reported that the 5- and 10-year success rate of dental implants is 90 %
worldwide [54, 68]. In terms of the prevalence of peri-implant diseases, it can be stated that peri-
implant mucositis is a quite common finding, with a prevalence ranging from 40 to 48 % [1, 63] of
patients and in 16 to 50 % [1, 63] of implant sites. Some studies indicate that peri-implantitis is a
common disease in dental implant rehabilitated patients, ranging between 30 and 55 % [1, 63],
while others indicate a mean prevalence of 12.8 % of implant sites and 18.5 % of patients [63].

Moreover, it is important to acknowledge that, very often, there are hard and soft tissue
deficiencies in the alveolar ridge (Figure 5i) that may compromise the placement of dental

implants in the most appropriate site from the prosthetic point of view [69]. These defects may
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exhibit a wide range of sizes and according to Berglundh et al. (2018) they may be due to factors
such as bone loss caused by periodontitis, endodontic infections, root fractures, thin cortical bone
envelopes, mispositioning of teeth in relation to the arch, traumatic teeth extractions, injuries,
pneumatization of the maxillary sinus and reduction of the amount of bone formation due to drug
intake, systemic diseases, agenesis or prolonged absence of teeth and the mechanical pressure
from removable prosthesis [10]. Therefore, in order to achieve a correct prosthetic rehabilitation,
it is frequently necessary to regain the lost volume of bone and/or gingiva before (Figure 5j) or

during the implants’ installation (Figure 5k) through bone augmentation procedures [69].

A. 4. Periodontal and peri-implant regenerative treatments

Periodontal regeneration has become a main goal of periodontal therapy, ideally with full
formation of new gingiva, bone, cementum and PDL with perpendicularly oriented collagen fibers
[60, 62, 70-73] (Figure 5d). Additionally, regenerative approaches of peri-implantitis treatments
(Figure 5h) aim to reduce probing depth (the distance between the gingival margin of a
tooth/implant and the most apical location of the bone crest), increase bone levels and implant
attachment (re-osseointegration), while minimizing soft tissues recession and improving esthetic
outcomes [1, 11].

Periodontal and peri-implant regeneration may be accomplished by a single or a
combination of procedures, including soft tissue grafts, bone replacement grafts (Figure 5¢ and
g), root biomodifications, guided tissue/bone regeneration (GTR/GBR) and delivery of GFs (e.g.
enamel matrix-derived (EMD) proteins and others), [1, 3, 9, 11, 54], and, still under development,
stem cell delivery or gene therapies [1, 3, 9, 60, 62, 74, 75]. However, the success of regenerative
treatments is dependent on the morphology of the infrabony defect (Table 1S), i.e., better
outcomes are achieved for three-walled than for two- and one-walled lesions, and if the defect
angulation is less than 45° [11, 54, 63], since better blood supply and mechanical support can be
provided [9, 69]. Nevertheless, the clinical outcomes of such therapeutic approaches in humans
are still quite unpredictable [11], in part due to the great variety of hard/soft tissues and cell types
which are present in the periodontal apparatus [7, 74], but also because the cells’
microenvironment at periodontium maturity is different from the one that led to its initial formation
[3]. The outcomes of regenerative treatments for bone augmentation in ridge deficiencies and
around diseased implants are also highly dependent on the characteristics of the implant surface
(more favorable with smoother surfaces) and on the degree of local decontamination [1], as well
as the systemic conditions of the patient [69].

The aim of filling osseous defects with bone replacement grafts is to stimulate the
regrowth of alveolar bone [1, 60, 70, 75], many times in conjunction with GBR procedures. Bone
graft materials (Table 2) offer mechanical support if membranes are used, avoiding their collapse
to the defect, stabilize the blood clot and act as a scaffold for bone ingrowth [3, 60, 70, 74]. Also,

bone graft biomaterials are useful to solve hard tissue deficiencies prior, during or after implant
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surgery in more than 50% of the cases (Figure 5j and k) [69, 76-78]. However, there may be some
negative outcomes when e.g. bone filling materials are placed in direct contact with the root
cement, like teeth ankylosis [1]. Moreover, the crucial primary closure of soft tissue around the
grafted area may compress the graft and compromise the space maintenance, especially in
vertical augmentations [69].

Table 2. Types of bone graft materials according to their biological effect

Osteogenic if it contains osteocompetent cells [1, 69, 75, 79]

Osteoconductive  if it functions as a three-dimensional scaffold that promotes the migration
of osteoprogenitor cells through a porous structure for ingrowth of
surrounding bone [1, 62, 69, 75, 79]

Osteoinductive if it contains bone-inducing substances like growth regulatory molecules,

which alter osteoblast gene expression, enhancing the bone healing
process [1, 15, 60, 62, 69, 75, 79]. An osteoinductive material stimulates

bone growth in ectopic (non-bone) sites [75, 80]

Bone graft materials may be classified as autogenous, allogenous, xenogenous or
alloplastic (synthetic) [9, 62, 76, 81], or even a combination of two or more types of grafts
(composite grafts) from different sources in order to achieve optimal results [69, 77]. Table 3
shows some examples of bone graft biomaterials currently commercialized in Portugal.

In the case of autografts, the donor tissue comes from the same individual who is
receiving the graft (from either oral or extra-oral sites), comprising cortical and cancellous bone
[1, 62, 76, 78]. Cancellous autograft is considered the “gold standard” bone graft material [42, 62,
69, 76, 78, 79, 81-83] since it presents the advantages of immune compatibility (no risk of
rejection), a favorable composition and morphology (osteoconductive) [31, 83] and osteogenic
potential [73] (bone GFs and viable cells) [69, 78, 81]. However, this treatment option has some
disadvantages, since it is a more invasive procedure that implies a second (donor) surgical site
(intra or extra-oral), increasing the patients’ morbidity (risk for pain and infection), and also the
limitation of bone volume that can be collected from the donor site, and its unpredictable
resorption rate [21, 31, 42, 62, 69, 76, 78, 79, 82-84]. Bone slurry collected during surgery can be
used, though it might be contaminated by oral microorganisms [62, 69].

Alternatively, in order to avoid the second surgical site, allografts (grafts from cadaver
donors) [1, 62] from commercial tissue banks have also been used, including human iliac
cancellous bone and marrow (fresh frozen bone, FFB), freeze-dried bone allografts (FDBA) and
demineralized freeze-dried bone allografts (DFDBA) [1, 4, 60, 73, 77]. Since it maintains its
remaining proteins like BMPs, an allograft has osteoinductive properties (especially FFB) apart
from being osteoconductive [62, 78]. Nevertheless, factors such as the age of the tissue donor
and the variable content in GFs may influence the osteoinductive performance of some allografts,

thus the efficacy of these grafts is controversial [60, 69, 81]. Despite allografts are often clinically
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used on American patients, their use is more restricted inside the European Union [60, 78], since
they raise several concerns on the risk of the transmission of diseases [21, 31, 78, 81-83] and
adverse immune reactions, unpredictable resorption rates [60], as well as high cost [85] and short
shelf-life [78]. Moreover, osteoinductive properties of the DFDBA may be affected by the
sterilization method, being worse with gamma irradiation compared to ethylene oxide [69, 81].
The DFDBA matrix is an acid-treated allograft to remove the mineral mesh and provide a
trabecular framework rich in BMPs and GFs, such as TGF- and FGF, though its osteoinductive
potential may be limited by its preparation methods and its mechanical properties are lower when
compared to other grafts [78].

Xenografts (heterografts) are usually inorganic slowly absorbable bone scaffolds, which
are used as volumetric fillers [47, 81]. Xenografts are retrieved from a donor of a different species
[1, 62, 78] (bovine, equine, porcine), from which all cells and proteins were removed [47, 73], in
order to minimize diseases transmission and undesirable immune reactions [78]. Since these
graft materials are only osteoconductive [78], with a lack osteoinductivity, they must be implanted
close to the bone defect margin, otherwise foreign body host response with fibrous encapsulation
might occur [60]. Polymeric-based xenografts like collagen, chitosan and silk fibroin which are
also derived from animals [78] will be further explored in section B2 in this chapter.

Alloplastic biomaterials are synthetic grafts which application is to full fill bone defects [1,
15, 69, 73], preferably promoting its guided regeneration (osteoconduction) [15, 69, 75]. Since
alloplastic materials are produced from synthetic matrices, there is no risk of diseases
transmission, the quantity of graft material is unlimited and there is no need of a donor surgical
site [62, 81]. However, osteoinductive or osteogenic properties are absent and they lack of
defined resorption rates [81] (if it is not resorbable, the material will remain in between the tissue
ingrowth, limiting the space to bone tissue properly grow), so nowadays their clinical application

is limited to smaller bone defects with surrounding tissue [69].
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Table 3. List of some bone graft biomaterials for regenerative dentistry and maxillo-facial

surgery commercialized in Portugal (source: Infarmed, 20-09-2023 and manufacturers’

informative brochures)

Manufacturer/  Commercial Type of o o
o Source/ Composition Clinical format
Distributer name bone graft
Augma ™
Biomaterials Augma Bond . Biphasic calcium
. Alloplastic Bone graft cement
Ltd./ Apatite sulphate
Biofix
Cerabone® Xenograft Bovine pure bone mineral Granules
Cerabone® Bovine pure bone mineral )
Xenograft ) _ ) Sticky granules
Plus with hyaluronic acid
Botissdental 60 % hydroxyapatite
GmbH (HAp) and 40 % beta-
Maxresorb® Alloplastic tricalcium phosphate (B- Granules
TCP) — Biphasic calcium
phosphate (BCP)
Chiyewon Co., ] )
Creos™ Bovine mineral
Ltd/ Xenograft Granules
. Xenoform cancellous bone
Nobel Biocare
Chiyewon Co., Bovine mineral
Granules, porous
Ltd/ Iceberg.Oss™ Xenograft cancellous bone (100 %
blocks
GMI HAp)
Curasan Ag/ ) ] - )
) IngeniOs™ Alloplastic  Silicated B-TCP Particles
Zimmer Dental
) ) . Granules, spongious
Bio-Oss® Xenograft Bovine spongious bone
bone blocks
Geistlich 90 % wt. bovine o
) ) Granules with fibers
Pharma AG Bio-Oss® spongious bone and 10 )
Xenograft ) in a preformed block
Collagen % wt. porcine collagen
] form
fibers
Institut Straumann® _ 60 % HAp and 40 % -
Alloplastic Granules

Straumann AG BoneCeramic™

TCP (BCP)
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Table 3. cont.

Manufacturer/  Commercial Type of o o
o Source/ Composition Clinical format
Distributer name bone graft
Activloss® . ) )
Alloplastic  Bioactive glass 45S5 Granules
granules
Noraker ] Bioactive glass 45S5 and .
Activioss® . Injectable non-
o Alloplastic  polyethylene glycol and ]
injectable putty ) hardening putty
glycerol (binder)
NovaBone® . ) ]
Alloplastic  Bioactive glass Granules
Dental Morsels
NovaBone . —
Calcium-phospho-silicate
Products, LLC/ ) _
NovaBone® _ particulate and Injectable non-
Megagen Alloplastic )
Dental Putty polyethylene glycol and hardening putty
glycerin (binder)
_ 60 % Cortico-cancellous
OsteoBiol® Gel ] ] .
20 Xenograft ~ porcine bone mix and 40  Injectable gel
% collagen gel
Tecnoss S.r.l.  OsteoBiol® Sp- Collagenated cancellous o
Xenograft ) Rigid dried block
Block equine bone
OsteoBiol® Collagenated cortico- o
Xenograft _ Rigid dried block
Dual-Block cancellous porcine bone
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Il. Bone tissue engineering

B. BONE TISSUE ENGINEERING

B. 1. Properties of biomaterials for bone regeneration

Bone tissue engineering is a specific branch of tissue engineering which involves the
integration of artificial porous and biodegradable 3D scaffolds, GFs and osteogenic cells to
promote and accelerate bone regeneration [25, 32]. The development of scaffold biomaterials
with adequate properties is essential to make full use of the body’s innate regenerative capacity,
which relies on the host’'s stem cells populations and GFs [86] and an adequate blood supply
(vascularization) [74]. The scaffold itself may also function as a carrier of progenitor cells and GFs
[74]. According to the European Society of Biomaterials (Second Consensus Conference on
Definitions in Biomaterials, 1992), a biomaterial is a “material intended to interface with biological
systems to evaluate, treat, augment or replace any tissue, organ or function of the body” [87].
Biomaterials are considered medical devices, which according to the International Organization
for Standardization (ISO) are defined as: “any instrument, apparatus, implement, machine,
appliance, implant, in vitro reagent or calibrator, software, material or other similar or related
article, intended by the manufacturer to be used, alone or in combination, for human beings for
one or more of the specific purpose(s) [...]” [88]. Accordingly, a medical device may be as simple
as a single material or it may be a complex apparatus made of different parts and materials [88].

With the fast development of a wide range of new technologies, equipment and devices
for medical care, it has emerged the necessity of classifying the medical devices in order to
guarantee their safe utilization. The European Regulation 2017/745 classifies medical devices
according to the purpose of intended use and the potential risk they may pose to the human
organism, considering several criteria [89]. Since the more invasive and/or longer duration of
contact, the higher risk is implied in the device utilization [89], it is important to carry out
appropriate testing on medical devices within a risk management process [88].

Biomaterials which are implanted in intimate and permanent contact with the organism
are classified in classes IlIb or lll (European Regulation 2017/745) [89] and those which interact
actively with tissues are class Ill devices [33]. Moreover, graft biomaterials can be classified
according to their activity degree upon implantation in the organism, which is dependent on the
tissue response towards the implant surface [79]:

e Bioinert — there is minimal interaction with the surrounding tissue, thus these

biomaterials do not bond to tissue and might be encapsulated by fibrous tissue [26,
79].
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e Bioactive — in a broader sense it is a biomaterial which upon chemical modifications
of its surface, actively interacts with the hard and/or soft tissues nearby, eliciting a
beneficial specific response from the host [26, 79, 80, 90]. Moreover, in a narrower
sense, this concept also describes the ion-exchange of the biomaterial with body
fluids that promotes a chemical strong bond to the bone interface through the
formation of an apatite layer in vitro (in simulated body fluid (SBF)) and/or in vivo,
contributing to its osteointegration [20, 33, 78-80, 90].

e Biodegradable/bioresorbable — upon implantation, the biomaterial starts to degrade
at a variable rate, depending on its chemical features, and is gradually substituted by

new tissue [26, 79].

The most common raw materials that have been used in synthetic bone graft biomaterials
preparation include biopolymers (section B2 of Chapter Il), bioceramics (section B3 of Chapter
I1), metals/metallic alloys [79, 91] and, more recently, combinations of these raw materials [3, 91].

In recent years research focus has been shifting towards the development of new
biomaterials, medical devices and systems that mimic the natural elements, structures and
models [3, 19, 79]. Bone is a composite tissue with complex hierarchical architecture, consisting
of a fibrous organic ECM with dispersed inorganic nano-crystals [20, 27, 44, 80, 92]. A composite
is a solid material that consists of a combination of two main types of phases: a continuous
phase/matrix and one (or more) dispersed phase(s), which altogether result in a final product with
superior properties than those of the individual raw materials [19]. The matrix confers the volume
and supports the dispersed phase(s), which fills and enhances the properties of the matrix [19].
Thus, developing biomimetic bone alloplast grafts is an option that has been explored in bone
tissue engineering, by designing 3D biodegradable porous nano-composite (polymeric matrix and
dispersed ceramic particles) scaffolds that reproduce bone ECM [3, 9, 19, 44, 93, 94]. The
physicochemical structure and composition of the biomaterial is recognized by the host stem cells,
which could be induced towards cellular differentiation [70, 80]. The dispersed ceramic phase
contributes for the material’s bioactivity and strength, while the polymeric matrix promotes its
flexibility and deformation capacity under mechanical load [3, 95].

However, as it has been mentioned before, bone is a very complex and organized tissue
[21] from the chemical and mechanical points of view, directly influencing its biological responses,
which make it difficult to reproduce [20]. It has been demonstrated that composites produced at
the nano-scale show improved biological and mechanical responses when compared to micro-
scale materials [75, 80, 93, 96, 97], because they mimic the natural bone surface topography [98].
Nano-scale materials present a higher specific surface area, which increases cell binding
capacity, protein adsorption, ion release and bioactivity [97, 99], as well as stimulation of the
proliferation and attachment of various cells types like MSCs, osteoblasts, osteoclasts,
endothelial cells and PDL cells [27, 36, 75, 93, 98].

A biomaterial intended as a scaffold for bone regeneration should ideally:
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a) be biocompatible with the living organism [70, 78, 80, 100-102], and not inducing acute
or chronic inflammatory reactions in vivo [19, 100, 102, 103];

b) have a highly interconnected multiscale porous structure [20, 27] (porosity > 50 %) [34]
(mean pore diameter > 100 — 200 um) [19, 31, 44, 79, 97, 100], mimicking cancellous bone [80],
to allow the circulation of oxygen, nutrients and wastes, cell migration, to promote
neovascularization/angiogenesis and bone guided ingrowth [15, 25, 70, 78-80, 99, 103]. This type
of porous structure also increases surface area [82]. This topic will be further explored in Chapter
M.

c) be biodegradable into non-toxic sub-products and at a rate that keeps up with
simultaneous new bone formation [15, 70, 78, 100, 101, 103]. Also, in the case of composite
scaffolds, the different phases should be degraded in an appropriate rate [70, 80];

d) be hydrophilic, with a proper water-uptake (swelling) capability [104, 105], increasing
the internal surface area, facilitating the cell migration, transport of oxygen, nutrients and
metabolic wastes [25];

e) be osteoconductive [78, 82, 101], with a hydrophilic surface, morphology and topology
suitable for osteoblast migration, adhesion, proliferation and differentiation towards osteocytes
[15, 20, 102];

f) be osteogenic and osteoinductive by serving as a vehicle of osteoprogenitor viable cells
[78, 79, 100, 101] and GFs [15, 70, 71, 78, 79, 100, 101];

g) be bioactive by interacting and establishing direct chemical bonds with the interface of
the adjacent bone [26, 78-80], without forming a fibrous tissue layer in between [80], which
promotes a strong bioactive fixation of the scaffold to the bone [20, 23, 26] (osteointegration) [19,
21, 23, 78];

h) have enough mechanical strength [20, 70, 75, 78, 82] (similar to bone) [80, 100, 102]
to maintain the tissue volume, support bone growth, remodeling and mechanotransduction
properties [15, 27], especially in load-bearing sites [84], and maintain its properties despite its
initial degradation [34, 80]; This topic will be further explored in Chapter .

i) have an antimicrobial activity [33] or at least a surface that does not favor microorganism
adhesion [106];

j) be easy to handle clinically and/or cut into shape [70, 78, 80, 91, 102, 103], so it can be
fixed into the bone defect and adapt to its complex shape [70, 80], as well as having the possibility
of being manufactured and available in multiple forms like 3D scaffolds, sponges, foams,
hydrogels, fibers, membranes, micro-spheres or cements [3, 20, 102];

k) be sterile [19, 27, 78, 80, 90] through validated processes that assure it is “free from
all forms of viable microorganisms” [107], but without modifying the structural and chemical
characteristics of the biomaterial [19];

[) be safe in general [62], i.e. “freedom from unacceptable risk” [108];

m) be scalable, commercially viable, affordable and have a long shelf life in regular
storage conditions [19, 27, 80, 90, 91].
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Obviously, it is very difficult that a single biomaterial can fulfill all the above-mentioned
properties [19, 20, 93].

B. 2. Biopolymers

Natural biopolymers are ubiquitous and play important structural roles in every living
being, since animals to plants and fungi [22, 109]. These biopolymers show valuable properties
like abundancy, biocompatibility, low immunogenicity and biodegradation into non-toxic
molecules [22, 109]. The mechanism of degradation of some natural biopolymers can be
mediated by enzymes of the organism [80]. Biopolymers possess ligands to cell receptors that
can induce cell differentiation [25] and upon chemical and physical modifications they may
become versatile biomaterials [22]. Therefore, in the past years, so-called smart polymers derived
from biological sources have been exploited for their use in medical devices [105]. However,
because of their natural source, the reproducibility of these biopolymers is more difficult to achieve
and the same polymer might present chemical differences according to its origin [80]. Table 4
presents some of the most common biopolymers used in bone tissue engineering.

Polysaccharides are composed of repeating monosaccharide units connected by
glycosidic bonds forming carbohydrate structures [110] and are the most prominent group of
smart polymers in tissue engineering nowadays [105]. Most of their sources are quite abundant

and economically accessible, and they are in general physically and chemically versatile [110].

Table 4. Biopolymers used in tissue engineering

Type of molecule Examples

Natural source [15, 22, 70, 102]

Proteins Collagen; gelatin and silk fibroin
Polysaccharides Starch; alginate; carrageenan; cellulose and chitin/chitosan
Glycosaminoglycans Chondroitin sulfate and hyaluronic acid

Synthetic source [19, 27, 70, 74, 78, 111]

Polyesters Poly (lactic acid) (PLA); Poly (glycolic acid); co-polymer Poly d,
I-lactic-co-glycolic acid (PGLA); Poly-e-caprolactone (PCL)

Other molecules (very slow Polyurethane, polyesterurethane

biodegradation)
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B. 2.2. Chitosan

The biopolymer chitin is the second most abundant after cellulose and it has been
obtained mostly from the crustacean exoskeleton (shrimp, crab, lobster), but also from insect
cuticles, mushroom envelopes, green algae and yeasts [15, 20, 70, 102, 112], where it has an
important structural role comparable to collagen in animals and cellulose in plants [20, 22, 27].
Thus, there are three polymeric forms of chitin, presenting different features and functions: a-
chitin that is stiffer, in comparison to - and y-chitins, which are more flexible [20]. However,
chitin’s practical use is very limited due to its poor solubility in water [102], and despite its
abundancy, it is difficult to collect and to obtain a final product with reproducibility and
standardized properties [20].

Chitosan (CS), which is a linear, semi-crystalline polysaccharide comprising co-polymers
of N-acetyl D-glucosamine (2-acetamido-2-deoxy-D-glucose) and D-glucosamine (3-1,4-linked 2-
amino-2-deoxy-D-glucose), linked by B(1-4) glycoside bonds, can be obtained from the partial
deacetylation of chitin [15, 36, 70, 93, 102], rendering a more reactive polymer [20]. CS may have
varying degrees of deacetylation between 50 and 95 %, corresponding to the ratio of D-
glucosamine groups compared to the sum of N-acetyl D-glucosamine and D-glucosamine groups
along the chains [15, 102]. Upon removal of the proteins and minerals from chitin through alkali
and acid treatments respectively, the deacetylation process of CS can be obtained by either
chemical hydrolysis in alkaline conditions at high temperatures [20, 70, 112] or by enzymatic
hydrolysis with chitin deacetylase [70, 102, 112]. Its molecular weight can vary between 300 and
1000 kDA [15, 70, 102, 112]. Therefore, factors like the chitin source, presence of organic and
inorganic impurities and the preparation method influence the molecular mass, the deacetylation
degree (DD) and the distribution of the deacetylated amino groups, which widely modify its
chemical features (crystallinity, solubility, degradation) and consequently CS’s biological
properties [15, 70, 102, 112].

CS is insoluble in neutral and alkaline solutions, but its protonated amino groups make it
soluble in acid solutions (pH < 6) [15, 44, 102]. One of the most remarkable and differentiating
property of the CS chain is its cationic nature provided by its D-glucosamine amino groups, which
might be protonated and form polyelectrolyte complexes with anionic ions and molecules,
including other polysaccharides, polymers, DNA, proteins and lipids [15, 22, 102, 112]. The higher
the DD, the higher the number of positively charged free amino groups [15] and the higher
functionalization can occur along the CS polymeric chain. CS derivatives such as carboxymethyl
CS, N-carboxyethyl CS, quaterinized CS (QCS) and hydroxypropyl CS have been reported in
previous studies to improve water solubility [112-115].

Because of its unique chemical features, CS’s diverse biological properties make it a
versatile biopolymer for biomedical applications [105]. Firstly, CS is highly biocompatible [70, 105,
112, 116], showing no toxicity when tested in vitro or in vivo in rats and humans [117, 118]. When
implanted in vivo, CS materials show no inflammatory response [118] (low immunogenicity) [78,

119], with minimal foreign body response or fibrous encapsulation [15, 78, 94, 117] for CS with
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higher DD (closer to 95 %) [120, 121]. Besides, CS with different DD shall be able to promote
inflammatory cells recruitment and polarization that can lead to wound healing [15, 105]. CS
biocompatibility increases with its DD, but it is dependent on the preparation method and the
eventual presence of residual proteins (e.g. from crustaceans), which may induce allergic
reactions [102].

Specifically, in the case of bone tissue regeneration, CS chain structure resembles the
glycosaminoglycan of the bone tissue ECM, contributing to the regulation of cell behavior [25, 27,
36, 37, 70]. It has been demonstrated that osteoblast-like cells are able to adhere and proliferate
on 2D CS films and 3D sponges with degrees of DD higher than 87 % [122, 123].

An interesting characteristic of CS is its biodegradability because it may be modified
according to the final use of the material (e.g. to fit the tissue regeneration rate), since it largely
depends on CS’s DD and preparation method [15, 70, 102]. The biodegradation rate is inversely
proportional to CS’s crystallinity and, consequently, to its DD and molecular mass [15, 70, 102].
Therefore, the degradation rate is the lowest for a DD of 100 % (fully deacetylated, maximum
crystallinity) and increases as the polymer becomes semi-crystalline and its DD is closest to 60
% [15, 70, 102]. Also, the biodegradation kinetics is affected by the distribution of the N-acetyl D-
glucosamine residues along the polymer chains [102]. CS is degraded by hydrolysis due to
interactions of the water molecules which break the polymer chain network [97]. Moreover, it must
be considered that CS is a polysaccharide with B(1-4) glycoside bonds that are degraded in vivo
by enzymes, primarily lysozyme [36, 70] (normal serum concentration in humans is 10 mg/L) [124]
and also by hydrolyzation in about 3 to 7 weeks [15, 39, 102]. When degraded, CS forms non-
toxic neutral oligosaccharides (saccharides and glucosamines) of variable molecular size that can
be metabolized and excreted [15, 97, 102, 119]. Accordingly, the lower the DD, crosslinking and
the smaller molecular mass of the CS chains, the fastest is its degradation rate [102, 119].

The polycationic nature of CS contributes for many biological properties that are very
useful for tissue engineering. The positive charges of its amino groups can interact with the
negative charges of cells membranes [40, 78], as well as with the glycoprotein mucin in acidic
medium, which contributes to CS’s mucoadhesion [70, 102, 119]. Once more, a higher DD
correlates with increased mucoadhesion [102]. Besides, the CS amino residues react with the
anionic membrane surface of the erythrocytes, creating a hemostatic effect by binding the cells
and forming a clot that contributes to wound healing [15, 70, 102, 119]. With the same mechanism,
CS is capable of causing the permeation of cells tight junctions by interacting with the negatively
charged proteins of the membranes [78, 102]. In addition to its immunomodulatory effect, CS
amino residues (polycationic nature) release proton ions that have an analgesic effect in the
inflammatory area [102].

Furthermore, CS has shown natural antibacterial (examples of oral bacteria: Gram
positive like S. mutans and Gram negative like A. actinomycetemcomitans) and antifungal
properties, though the mechanisms of action are not totally clear yet [62, 118]. One of the possible
explanations is related to CS being an alkali polysaccharide with a polycationic structure, which

interacts with the anions of the Gram negative bacteria membranes and modifies its permeability,
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weakening their barrier function, interfering with the mass transport of essential molecules
through the cell wall and consequently reducing bacteria viability [15, 36, 102, 118, 125]. It is also
possible that CS amino residues bind to bacterial DNA and inhibit the subsequent RNA synthesis
[102]. Studies have also shown that CS is able to permeate fungal biofilms and interfere with
these cells’ metabolism and viability [118].

Also, because of its protonated amino groups, CS shows a great affinity to water.
Therefore, its hydrophilicity is favorable for the adhesion, proliferation and differentiation of animal
cells in vitro and in vivo, and thus, to tissue regeneration [15, 70, 78, 117]. In vitro studies have
shown that it preferably supports the attachment and growth of osteoblasts when compared to
fibroblasts [42].

Moreover, CS has been used in medical devices and pharmaceutical preparations as
drug (e.g. heparin) and GF delivery (e.g. BMP-2) and gene carrier systems [42, 62, 118], on its
own or in combination with alginate, collagen or gelatin [22, 118]. It forms colloidal hydrogels that
carry the desired molecules such as antibiotics, GFs, protein or peptide drugs and vaccines that
are released in a controlled way (in time and concentration) at the target tissues [102, 118]. It can
also interact with bioactive molecules such as DNA through chemical crosslinking, ionic
crosslinking and ionic complexation [118].

Despite its osteoconductivity [17, 37, 82] and versatility to be used in different forms
(beads, films, hydrogels, scaffolds) [78, 96], pure CS biomaterials cannot support bone
regeneration due to their weak mechanical properties [17, 78, 82, 96, 112], especially when
immersed in solution [40], thus CS has been combined with other polymers like alginate, gelatin,
hyaluronic acid and silk fibroin [17]. Moreover, CS does not present bioactive properties, so it
does not directly bond to bone through an apatite layer [17, 18, 82, 105], therefore it should be

combined with other bioactive materials like bioceramics, such as HAp [82].

B. 3. Bioceramics

Bioceramics are a class of inorganic non-metallic crystalline biomaterials [79] that can be
derived from metallic oxides, calcium phosphates, glass ceramics, [26, 80] or calcium sulfate [79]
(Table 5). Their molecules are connected by ionic bonds, rendering a strong structure, which
density can be enhanced by sintering [79, 126]. However, these materials lack elasticity and have
a brittle nature [21].

Bioceramics have been used as biomaterials for bone grafting because they resemble
the inorganic phase of the osseous ECM [26]. Calcium phosphate (CaP)-based bioceramics are
chemically and structurally the most similar to the inorganic phase of bone, are biocompatible,
osteoconductive and form a strong chemical bond to bone (bioactivity) in vivo, which makes them
an optimal choice as bone graft materials [23, 37, 44, 90, 112]. CaP ceramics are partially
dissolved when in contact with physiological fluids and increase the concentration of Ca?* and

POs*, which stimulates the osteoblasts activity [27, 62]. Their degradation rate is dependent on
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the ceramic crystallinity, porosity, chemical purity and surface roughness [35]. Properties like the
chemical composition, crystallinity, particle size and surface structure directly influence the cells’

responses [127].

Table 5. Bioceramics used in medical devices [26, 79, 80]

Molecular group Biomaterials examples

Metallic oxides Carbon, alumina (Al203), zirconia (ZrOz), single oxide ceramics

Calcium phosphates (CaP) HAp, a- and pB-tricalcium phosphate (a-, B-TCP), biphasic
calcium phosphate (BCP), calcium phosphate cement (CPC)

Glass ceramics Bioactive glass (BG): Bioglass® (45S5), PerioGlas®, Novamin

Calcium sulfate (plaster of Paris)

B. 3.1. Hydroxyapatite

HAp of either natural or synthetic origin has been extensively used as a graft biomaterial
for bone regeneration [39, 96, 97, 117, 128] in a range of orthopedic and dental surgical
techniques as bone fillers [20, 26, 86, 93, 96, 117]. This can be explained by the HAp similarity
with the inorganic phase of bone ECM [25-27, 75, 93, 99, 112] in terms of chemical composition,
crystal size and morphology [27, 44, 86]. Its chemical formula is Ca1o(POa4)s(OH)2 (Ca/P molar
ratio 1.67) [23, 112], the molar mass is 502.31 g/mol and the density is 3.16 g/cm?3 [26].

Synthetic HAp is very often prepared by wet-chemical processes (co-precipitation,
hydrolysis, hydrothermal and sol-gel), but it can also be prepared by dry processes (solid-state
reactions and mechanochemical) and high-temperature synthesis (spray pyrolysis, combustion,
and thermal decomposition) [112, 129]. In the co-precipitation method [21, 23], calcium and
phosphorous-based inorganic salts are combined in an aqueous solution at low temperature [26,
129], followed by aging, precipitation and drying [112], with the production of highly pure HAp
rods [26]. Moreover, trace elements can also be incorporated to the HAp formula [130], resulting
in non-stoichiometric crystals to enhance physicochemical and biological effects [23, 27, 79, 129,
130]. In the hydrothermal method [23] the reagents in aqueous solution react at high temperature
[112] and pressure inside a sealed system, obtaining a crystallized nanophase rod-like HAp
powder [26, 129]. The hydrolysis technique inhibits the agglomeration of the obtained HAp
particles through the transformation of another calcium phosphate phase in an aqueous solution,
followed by emulsion synthesis [112]. The sol-gel method involves molecular-level mixing of
calcium and phosphorous usually at low temperature and pressure, forming a colloidal
suspension [26, 112], which improves the homogeneity of the final precipitated HAp powder [26,
129]. Besides, a biomimetic approach has also been described, involving the nucleation and

growth of HAp in SBF at 37°C, forming a carbonated HAp, which is more similar to natural bone
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crystals [26]. HAp nano-fibers can also be obtained by electrospinning [26, 27], as well as flexible
ultralong HAp nanowires prepared by a solvothermal method [131]. Finally, HAp from natural
origin (mammalian, marine, shells and plant sources) [112, 129] can be prepared by e.g. thermal
calcination, resulting in HAp micro-particles; alkaline hydrolysis, producing carbonated nano-
particles [96]; sol-gel, co-precipitation, among others, or a combination of methods [112]. The
features of the final HAp product obtained by each of the described methods are influenced by
the reaction times, pH, temperature, starting materials and surface modification treatments [23,
26, 27].

When implanted in the physiological medium, HAp biomaterials release calcium and
phosphate ions and precipitate an active carbonated layer structural and chemically similar to
bone [26, 97, 130]. Therefore, it has been shown that HAp is a bioactive biomaterial in vitro in
SBF and in vivo directly bonds to bone without fibrous tissue interposition [86, 93, 99, 132]. HAp
coatings of metal implants have been successfully employed to enhance their osseointegration
[26, 79, 93, 112].

Due to its chemical composition, HAp presents several valuable features like
biocompatibility, non-inflammatory inducement, osteoconductivity, osteoinductivity [20, 23, 25,
39, 93, 94, 97], pro-angiogenic properties [117, 128] and hydrophilicity due to its large amount of
-OH groups [109]. HAp nanopatrticles (1 — 100 nm) are more similar to those found in natural bone
when compared to microparticles [26], thus they are more osteoconductive since they show
several advantages such as improved surface energy, with a subsequent enhancement of its
bioactivity, as well as an increase in surface area and higher protein adsorption [26, 75, 78, 98].
Therefore, HAp nanocrystals on a scaffold surface are easily recognized by osteoblasts due to
protein adsorption [23, 36, 133] and contribute to the nucleation process that initiates the
mineralization process mediated by these cells [26, 27, 40, 96]. Studies confirmed that HAp nano-
crystals promote the BMP expression by alveolar osteoblasts in vitro, inducing osteogenic
differentiation [27, 31, 75]. It has been reported that HAp scaffolds seeded with MSCs may induce
ectopic bone formation [62]. HAp nano-particles have also been used as delivery systems for
drugs, GFs, enzymes and antigens [23, 26, 78, 93].

However, HAp also presents some drawbacks, namely its brittleness despite its high
mechanical strength [39, 78, 93, 97]. Therefore, the clinical use of HAp biomaterials is quite limited
to low load-bearing sites [44, 78, 130]. Besides, HAp biomaterials are very stable in physiological
pH ranges [26] and are generally considered long-term biodegradable, since they take a long time
to be replaced by new bone tissue [40, 78, 79, 86], which may impair some regenerative
applications (e.g. periodontal GTR and normal bone remodeling) [27, 74]. The biodegradation
rate depends on the porosity degree (higher degradation with higher porosity) [20, 79, 86, 133],
size and shape, crystallinity [20] and composition such as the ratio of ion substitution of the
carbonated groups (non-stoichiometric HAp has a higher degradation rate) [35, 78]. Also, the
patient’s individual characteristics such as age, gender, bone type, hormonal and genetic factors
affect the cell-mediated HAp rate of degradation during bone remodeling [20]. One of the

strategies to improve the biodegradation of HAp materials is to combine them with other highly
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resorbable CaP bioceramics like tricalcium phosphate (TCP) [35]. Moreover, some HAp
presentations like micro-spheres and granules are difficult to handle clinically and they can
migrate from the defect sites [39, 97, 117].

In order to solve these limitations, HAp has been combined with biopolymers, resulting in
composite biomaterials that mimic the bone tissue ECM [39, 93, 97, 112]. The HAp dispersed
phase increases the mechanical strength of biopolymers, which in general present low
mechanical properties [82, 97]. Moreover, composites with HAp in their composition contribute to

an increased adhesion and proliferation of osteoblast cells [93, 97].
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II. Nano-hydroxyapatite/chitosan composites

C. NANO-HYDROXYAPATITE/CHITOSAN COMPOSITES

The use of CS combined with HAp (Figure 6) is considered an attractive biomimetic
alternative [23, 25, 134] to the use of collagen in bone tissue regeneration [27, 112]. The concept
is to simultaneously increase the mechanical properties and the biological responses [25, 70, 93,
112, 135]. Since that CS is mechanically weak and it is not bioactive [82, 93, 96], it can be
combined with HAp, which provides mechanical strength to the composite, resulting in a bioactive,
biodegradable and osteoconductive biomaterial [15, 82, 112, 136]. On the other hand, CS
increases the compressive/tensile strength of HAp, providing elasticity, decreasing brittleness [19,
42, 93] and improving the clinical handling [42]. Additionally, since the biodegradation rate of HAp
is generally difficult to adjust to clinical demands and normal bone healing, the combination with
CS improves the control over the scaffolds’ degradation to become more adjusted to the bone
tissue formation [42, 112]. Biocomposites of nHAp and CS have been studied not only as bone
regeneration biomaterials (membranes [97], scaffolds), but also as drug delivery systems, gene
delivery carriers and coatings of metal implants [112].
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Figure 6. Hydrogen bonds between the CS monomer and HAp (adapted from [20, 112]).

C. 1. Preparation methods

During the preparation process of such 3D scaffolds there is the difficulty of balancing
properties like porosity, mechanical strength and biodegradation [21, 25]. As described before,
composites prepared at the nano-scale present improved biological and mechanical properties
when compared to micro-scale materials [28, 96]. However, the preparation processes of these
biomaterials are also challenging due to the tendency of nanoparticles to agglomerate [28]. Quite

often it is reported the use of crosslinking agents (e.g. genipin [18], CaCl. [82]) to reinforce the
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scaffolds structure and mechanical resistance [136]. Crosslinking degree is defined as the ratio
of consumed amino groups in the crosslinked samples to the free amino groups in the
corresponding uncrosslinked samples [18, 137].

Generally, the synthesis of biopolymer/bioceramic composite porous scaffolds is
comprised of two main stages: in the first stage a dispersion/slurry of the two phases is prepared;
in the second stage the porous structure is formed and the solvents are eliminated. Both stages
can be pursued using different methods and respective variations, which results in a final product
with different physicochemical and biological properties [19, 30].

Therefore, for the first stage, one of the simplest, quickest and most popular method is
the mechanical stirring [15, 44, 112], in which separate polymer solution and ceramic
powder/paste are previously prepared in the intended proportions [18, 29]. Then, the two
components must be thoroughly mixed in order to achieve a homogenous, and thus stable,
dispersion [19, 29, 112]. However, it can be difficult to obtain a homogenous mixture [18, 29],
since miscibility between two phases is dependent on physicochemical properties like the
wettability and hydrophilicity/polarity of the polymer and the ceramic [19, 28, 44]. Preferably, both
components should establish an interface through strong and stable bonds (covalent or ionic
bonds) rather than through van der Waal forces or hydrogen bonds, in order to avoid early
mechanical failure of the final product because of lack of adhesion [18, 19, 28] or unwanted
migration of the HAp particles in the organism [42].

Also, a common method is the co-precipitation, in which the mineral crystals are
precipitated and formed inside the polymer solution [29]. This process is also called in situ co-
precipitation [44, 82, 112] or biomimetic method because it resembles the natural process that
happens during bone mineralization [28, 29], which is the formation and precipitation of the nano-
sized apatite crystals uniformly distributed and strongly bonded upon a pre-existing polymeric
extracellular matrix [42]. For example, in the case of an nHAp/CS composite, an acid CS solution
containing Ca?* ions is mixed with a basic solution containing PO43- precursor [30, 112]. The pH
of the final solution is increased, which causes the simultaneous precipitation of CS (at pH > 6)
and HAp crystals [15]. Although with this cost-effective and reproducible method, it is easier to
obtain a homogenous distribution of the biopolymer and the bioceramic [112], it might be more
difficult to control the size and purity of the inorganic crystals [82]. Since this method is performed
at room temperature, it allows the incorporation of thermally sensitive molecules (drugs, GFs,
proteins) [112].

Another biomimetic method includes the coating of a previously prepared biopolymer
scaffold with an apatite layer [15, 18]. This can be achieved by either soaking the scaffolds in SBF
in mild processing conditions [15, 18, 30] or in a water/ethanol solution with Ca?* and PO4% ions
at 80 °C [138]. This apatite layer can also be obtained by electrochemical and electrophoretic
procedures [29].

In a second stage of scaffold preparation, the porosity is formed and the solvent is
eliminated by phase separation. This stage might be accomplished by solvent casting, gas

foaming or freeze drying [28]. The solvent casting technique consists in pouring the
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polymer/organic solvent solution in a mould with porogen particles [28], which can be a foaming
agent (e.g. hydrogen peroxide solution), a hydrophobic liquid (oil), calcium sulfate or degradable
polymer microparticles [139]. Once the solvent evaporates, the composite is poured in another
adequate solvent of the porogen, leaving pores in the place of the particles [28]. The fact of having
to use an extra and potentially hazardous organic solvent constitutes a disadvantage, hence the
gas foaming technique uses a gas (CO>) instead of porogen particles, which is eliminated inside
a high-pressure chamber [25, 28, 140]. The latter technique takes a long time to perform (several
days), it does not leave an interconnected pore structure and uses excessive heat that may
damage the polymer structure [28].

The most commonly employed thermally induced phase separation technique is freeze
drying [25, 82, 112], since it is quite simple and does not require porogen particles or gases [28,
44]. Upon scaffold freezing, solvent ice crystals nucleation occurs inside the scaffold, which
sublime afterwards with the vacuum inside the freeze drying chamber [28]. The freezing
temperature dictates to a great extent the size and distribution of the ice crystals and consequently
the size and interconnection of the pores of the final scaffold [25, 97]. The mean pore diameter
diminishes with the decreasing temperature [44], as well as with a higher concentration of CS and
lower swelling ratios [25].

Moreover, composites with a polymer nanofiber or mesh structure (50 — 100 nm of
diameter) similar to that of bone extracellular matrix can be obtained by electrospinning [28, 84,
141]. It has been described that the polymer nanofibrous scaffolds present high interconnectivity
and resemble the fiber collagenous structure of bone ECM, but since their mechanical properties
are weak [17], the dispersed nHAp phase can be either introduced in the polymer solution before
electrospinning [15, 17, 92] or posteriorly deposited upon the scaffold by e.g. soaking
mineralization [17]. In this inexpensive technique a high voltage electrical field is applied to the
polymer solution that is being poured from a syringe or similar, which causes the solvent
evaporation, transforming the liquid into a conical shape and therefore into a fiber before being
collected [15, 80, 92, 102].

Despite during the phase separation stage (e.g. by freeze drying) the majority of the
residual solvent is eliminated (in most CS-based biomaterials it is acetic acid), most of the
preparation techniques described in the literature present a problem with the need of getting rid
of unwanted potentially toxic solvents [28]. Most studies usually neutralize the scaffolds with
alkaline solutions such as NaOH, wash it thoroughly with distilled water and then repeat the freeze
drying step [42, 96, 112]. Nevertheless, this procedure increases the complexity of the whole
process, time and costs of production, and might leave more unwanted solutions and precipitated
salts from the neutralizing solutions inside the porous scaffold structure.

An alternative procedure to overcome this is the scCO:2 extraction technique [140]. The
supercritical state is when a certain molecule is simultaneously a liquid and a gas in conditions
beyond its specific critical temperature (Tc) and pressure (Pc) [140]. As a result, the molecule
preserves the properties of a liquid (dissolution capacity) and of a gas (high diffusion and low
viscosity) [140, 142]. COz is quite an available and affordable non-inflammable gas [142-144],
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environment friendly and recyclable [143], which is only hazardous by inhalation [144]. The
supercritical conditions of COz are Tc 31.1°C (near-ambient temperature) and Pc 7.39 MPa (73.9
bar), which are relatively mild conditions for sensitive polymers [140, 142-146]. Also, scCOz is an
inert gas to most polymers and since it has high density, low viscosity and no superficial tension,
it is appropriate for highly porous scaffolds [140, 142-144, 146]. Since CO:2 is a non-polar
molecule, scCOz: is a suitable solvent for molecules with a low hydrophilic/hydrophobic character,

low molecular weight and low polarity [140].

C. 2. Sterilization methods

Furthermore, upon the scaffold preparation, it must be sterilized in an efficient and
convenient way, so it can contact directly with cell culture medium for in vitro tests [15] or in vivo
with living body fluids [20]. Sterilization is only considered to have been achieved after the
inactivation of spore preparations of Bacillus subtilis and Bacillus stearothermophilus (most
resistant bioindicators), with a reduction in bacterial spore colony forming units (CFUs) of 106
(sterility assurance level (SAL)) [143, 147].

Published reports employed disinfection methods such as immersion in ethanol [17, 44,
97, 101, 109, 113, 125, 148] or sterilization methods such as ethylene oxide [37, 42, 131, 149,
150], irradiation with ultraviolet light [18, 32, 38, 44, 115, 125, 151, 152], gamma irradiation [83,
153, 154], but without much consensus on the sterilization protocols, which might produce
irreversible physicochemical structural alterations to the polymer chain matrix [15, 19, 20],
hindering the properties of the polymer-based biomaterials.

It has been described in the literature that scCO2 has been used in the food and
pharmaceutical industry as a sterilization method of food and biomaterials respectively, being
effective against a range of bacteria, viruses and insects [142, 146]. Nevertheless, its sterilization
effectiveness is variable and dependent on the working conditions and the type of microorganism
contamination, namely bacterial spores [142, 144, 146]. Spilimbergo et al. (2003) reported that
Bacillus subtilis spores can be totally inactivated after scCO: treatment at 75 °C for 2 hours [142].
Moreover, Wehmeyer et al. (2015) reported the sterilization of an amniotic membrane for
transplantation through the scCO2 method for 10 — 30 min at constant 9900 kPa and 35 °C, with
the addition of 2 mL of peracetic acid (PAA) as a chemical co-adjuvant [147]. The literature has
been showing that probably the scCO2 modifies the microorganisms’ membrane permeability and
synergistically causes an intracellular pH decrease due to increased mass transfer of CO2 [142,
143, 146, 147]. In the case of spore bacteria, the mild heat firstly induces the pore activation and

germination, which is subsequently inactivated by the former mechanisms described [142, 143].
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