)
=
[=3
=
P
=3
8
(7]
=
=3
2
£
<
Q
v
3
=
[
[=3
oo
£
o
Q
=3
=
]
=
L
=
©
o
<
=3
=
2
=
]
oo
=
o
-
D
=
o
=
2
e
(-]

°p
=
=
@
@
=
o0
=
@
@
=
"
v
=

Jodo Pedro Fernandes Ribeiro

UMinho | 2021

Universidade do Minho

Escola de Engenharia

Instituto de Investigacao em Biomateriais,
Biodegradaveis e Biomiméticos

Joao Pedro Fernandes Ribeiro
Bioisnpired organic-inorganic

nanocomposite scaffolds for bone tissue
engineering

julho de 2021






Universidade do Minho

Escola de Engenharia
Instituto de Investigacao em Biomateriais,

Biodegradaveis e Biomiméticos

Joao Pedro Fernandes Ribeiro

Bioinspired organic-inorganic
nanocomposite scaffolds for bone tissue

engineering

Dissertacao de Mestrado
Ciclo de Estudos Integrados Conducentes ao Grau de Mestre
em Engenharia Biomédica

Ramo Biomateriais, Reabilitacdo e Biomecanica

Trabalho efetuado sob a orientacao de
Professora Doutora Maria Manuela Estima Gomes
e a co-orientacao de

Doutor Manuel Gomez-Florit

julho de 2021



DIREITOS DE AUTOR E CONDICOES DE UTILIZAGAO DO TRABALHO POR TERCEIROS

Este & um trabalho académico que pode ser utilizado por terceiros desde que respeitadas as regras e

boas praticas internacionalmente aceites, no que concerne aos direitos de autor e direitos conexos.
Assim, o presente trabalho pode ser utilizado nos termos previstos na licenca abaixo indicada.

Caso o utilizador necessite de permissdo para poder fazer um uso do trabalho em condicées nao
previstas no licenciamento indicado, devera contactar o autor, através do RepositoriUM da

Universidade do Minho.

Licenca concedida aos utilizadores deste trabalho

Atribuicao-NaoComercial-SemDerivacdes
CC BY-NC-ND

https://creativecommons.org/licenses/by-nc-nd/4.0/



Agradecimentos

A concretizacao desta dissertacdo contou com grandes e importantes contributos, de forma

direta ou indireta, de varias pessoas e entidades as quais gostaria de expressar o meu agradecimento.

Em primeiro lugar, gostaria de agradecer ao Professor Rui Reis pela oportunidade e privilégio
de desenvolver a minha dissertacdo de mestrado no Instituto de Investigacdo em Biomateriais,

Biodegradaveis e Biomiméticos (I13BS), na Universidade do Minho.

Agradeco a minha orientadora, Professora Manuela Gomes, pela oportunidade de integrar a
sua equipa de investigacdo e desenvolver esta tese sob a sua orientacdo. Agradeco profundamente,
pela confianca que depositou em mim e pelo apoio e disponibilidade demonstrados, que foram cruciais

na realizacao desta tese.

Ao meu co-orientador, Manuel Gomez-Florit, um agradecimento especial por me ter acolhido
como seu orientando depois de fase menos positiva. Agradeco profundamente toda a ajuda, paciéncia,
partilha de ideias, e todo apoio e conhecimentos transmitidos. Nao poderia estar mais grato por ter
um investigador como o0 Manu a acompanhar toda esta aventura e a comprovar a velha maxima de

que Deus escreve direito por linhas tortas.

Uma palavra de agradecimento também para o Rui Domingues por um lado, juntamente com
o Manu, ter ajudado a dar a volta a uma situacao periclitante e dificil e, por outro lado, ter sempre

disponibilidade para o superconcorrido confocal.

Um agradecimento ao projeto InjecTE que providenciou o financiamento para a elaboracao

desta tese.

A todos os colegas de laboratorio com quem tive a oportunidade de trabalhar e partilhar
conhecimentos e vivéncias. Um especial agradecimento a Mahwish por ter aceitado despender o seu
tempo para me ajudar em diversas situacdes que me permitiram terminar este projeto com sucesso.
Obrigado pelas boas ideias, pelas palavras de conforto em todos os momentos e pelos infinitos after-
hours que pedimos. Um especial obrigado também para a Sofia e a Sara Vieira, por todas as conversas
e sinceramente por serem as pessoas que sdo e por apoiarem sempre e darem sempre forca para

continuar em frente.



Agradeco também ao staff i3Bs, particularmente a Elsa Ribeiro e Belinha pela aquisicao das

imagens de SEM e por todas as conversas fantasticas e momentos bem passados.

A fantastica Library Crew e a todos que por ela ja passaram, ja foram muitos. Obrigada por
me alegrarem até mesmo naqueles dias em que nada corria bem. Obrigada a todos por serem quem
sao e por ter tido a sorte de vos conhecer. Em especial uma palavra para a Filipa, Megui, Inés, Ana
Olival (o cabecao), Leonor, Didi e também para o Rafa e Rodrigo por todos os momentos vividos
naqueles curtos metros quadrados em area, mas muito mais que isso em amizade. Levo-vos a todos
para a vida e nunca me esquecerei dos melhores momentos vividos convosco. Um obrigado também
a nova geracao da Library Crew, a Rosa, Margarida, Ida e Mario, que a vida vos permita continuar a
serem felizes e vos trago muito sucesso e saude. Obrigado, também a Catarina Vale pelos desabafos

e conversas cientificas, mas sobretudo non-sense sobre qualquer coisa que viesse a baila.

Aos meus amigos de universidade, obrigado por todos os momentos vividos nesta inesquecivel
aventura que € a universidade. Muito obrigado aos broquitos de biomédica por todos os momentos
proporcionados, todos os cabecdes, noitadas, idas as termas e ao rio, enfim, obrigado por tudo. Aos
meus amigos de sempre, Freitas, Moisés, Mario, Tiago, Tropa, Rui e respetivas namoradas, obrigado
por todo o apoio, carinho e compreensao e por continuarem a compartilhar, todos os momentos desta

vida comigo. Os que ja foram vividos foram sem duvida inesqueciveis.

A minha Mae, aos meus padrinhos e aos meus primos um especialissimo obrigado por terem
aguentado e terem tido paciéncia para 0s momentos menos bons deste percurso, mas também por
me terem proporcionado momentos bastantes felizes. A Mariana e & mae por serem as pessoas
incriveis que sao, que apesar de a vida ter pregados inimeras e dificeis rasteiras, nunca deixaram se
estar presentes e por me terem sempre apoiado e dado carinho. Muito obrigado. E com nostalgia que
me despeco desta longa aventura que foi a vida académica e com a certeza que tudo o que foi vivido

e aprendido durante esta viagem foi fundamental para o meu crescimento pessoal e profissional.

“A vida é curta demais para se acordar com arrependimentos. Ama as pessoas que te tratam
bem. Esquece aquelas que nao. A vida coloca cada um no seu lugar. Tudo vai e vem por uma razao.
Se tens uma segunda oportunidade, agarra-a. Ninguém disse que a vida seria facil. S6 prometeu que

iria valer a pena. Vive, deixa viver e sé feliz " Antdnio Feio



DECLARACAO DE INTEGRIDADE

Declaro ter atuado com integridade na elaboracéo do presente trabalho académico e confirmo que
ndo recorri a pratica de plagio nem a qualquer forma de utilizacdo indevida ou falsificacdo de
informacdes ou resultados em nenhuma das etapas conducente a sua elaboracéo.

Mais declaro que conheco e que respeitei o Codigo de Conduta Etica da Universidade do Minho.

STATEMENT OF INTEGRITY

| hereby declare having conducted this academic work with integrity. | confirm that | have not used
plagiarism or any form of undue use of information or falsification of results along the process leading
to its elaboration.

| further declare that | have fully acknowledged the Code of Ethical Conduct of the University of Minho.



Resumo

O tecido 6sseo ¢ um composito organico-inorganico, cuja matriz extracelular (ECM) ¢
fortemente mineralizada a nanoescala, que constitui o esqueleto do corpo e é crucial para a
locomocao. E principalmente composto por cristais de apatite embutidos dentro e entre as fibras de
colageno e proteinas nao colagenas (NCPs), que se acredita que desempenham um papel ativo no
processo de biomineralizacdo em nanoescala. Diversas estratégias de engenharia de tecidos foram
propostas combinando biomateriais inorganicos e / ou organicos, células progenitoras e estimulos
bioquimicos. Apesar dos elevados niveis de sucesso destas, nao existem estratégias que reproduzam
totalmente e com sucesso a verdadeira complexidade do tecido 6sseo e do microambiente de
biomineralizacdo a nanoescala. Neste trabalho propomos uma estratégia biomimética na qual um
criogel bioativo baseado em lisado de plaquetas (PL) reticulado através de nanocristais de celulose
funcionalizados com grupos aldeido (a-CNCs) incorpora CNCs mineralizados (m-CNCs) podria replicar
0 processo e 0 microambiente da biomineralizacdo a nanoescala, e promover a diferenciacao
osteogénica de células progenitoras/estaminais. Além disso, pretendemos mimetizar o papel das
proteinas nativas ndo colagenas (NCPs) na regulacao da deposicao de apatite intra- e extrafibrilar no
colagenio com a incorporacdo dos CNCs mineralizados. Os criogéis desenvolvidos aumentaram a
proliferacdo de células estaminais, a atividade metabdlica e a atividade da fosfatase alcalina, bem
como regularam positivamente a expressdao de marcadores relacionados com 0sso, sem
suplementacao osteogénica, demonstrando as suas propriedades osteoindutivas. Em suma, os
cribgeis mineralizados a nanoescala propostos constituem um biomaterial alternativo com um grande

nivel de biomimética que podem ser aplicados em amplas abordagens regenerativas 6sseas.

Palavras-Chave: Biomineralizacdo a nanoescala, proteinas ndo colagenas, criégeis, nanocristais de

celulose, hidroxiapatite, lisado de plaquetas
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Abstract

Bone tissue is an organic-inorganic composite, showing an extracellular matrix (ECM) that is
heavily mineralized on the nanoscale, that constitutes the body skeleton and is crucial for locomotion.
It is mostly composed of apatite crystals embedded within and between the collagen fibers and non-
collagenous proteins (NCPs), which are thought to play an active role on the nanoscale
biomineralization process. Several tissue engineering and regenerative medicine (TERM) strategies
have been proposed combining inorganic and/or organic biomaterials, progenitor cells, and
biochemical stimuli. Despite the increased levels of success towards bone regeneration, there are no
strategies that fully and successfully replicate the true complexity of bone tissue and the nanoscale
biomineralization microenvironment. Herein, we propose a biomimetic strategy where a bioactive
cryogel scaffold based on platelet lysate (PL) crosslinked through aldehyde-functionalized cellulose
nanocrystals (a-CNCs) incorporates mineralized CNCs (m-CNCs) in order to replicate the nanoscale
biomineralization process and microenvironment and promote the osteogenic differentiation of
progenitor/stem cells. Moreover, we intended to mimic the native non-collagenous proteins (NCPs)
role on regulating the deposition of both intra- and extrafibrillar apatite in collagen with the m-CNCs.
The developed cryogels enhanced stem cell proliferation, metabolic activity, and alkaline phosphatase
activity as well as up-regulated the expression of bon-related markers, without osteogenic
supplementation, demonstrating their osteoinductive properties. Ultimately, the proposed nanoscale
mineralized cryogel scaffolds provide an alternative with a great level of biomimicry that may be applied

in broad bone regenerative approaches.

Keywords: Nanoscale biomineralization, non-collagenous proteins, cryogels, cellulose nanocrystals,

hydroxyapatite, platelet lysate
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Chapter l. General Introduction

Chapter l. General Introduction

1.1. Tooth morphology and function

Teeth and tissues around them play key roles in everyday functions as mastication, phonation,
speech, aesthetics, and even facial expressions [1]. Untreated oral diseases can profoundly impact
people’s quality of life by inflicting pain and discomfort, restricting normal day-life activities [2]. In
advanced states, oral diseases, such as deep caries or periodontal diseases, can compromise tooth
vitality or destroy the tooth structure and supporting tissues leading to extreme pain, bleeding,
ulcerations, abscesses, and, ultimately, tooth loss [2]-[4]. Poor oral health can also limit food choices
and diminish chewing efficiency, which leads to nutritional imbalances such as weight loss or obesity
in elderly adults [2], [5]-[8]. Oral diseases have been also associated with systemic co-morbidities,
such as increased risk of cardiovascular diseases, respiratory infections, adverse pregnancy outcomes,
septicaemia, rheumatoid arthritis, cognitive impairments, diabetes, and cancer [2], [9]-[11].
Moreover, the aesthetical consequences of oral diseases have a strong social burden: detract physical
appearance, affect individuals’ speech, lower self-esteem, inhibit intimacy, and harm mental health

[2], [12], [13]. Therefore, good oral health is crucial for general health and quality of life.

The tooth is a complex biologic composite organ composed of mineralized and non-mineralized
tissues that are connected to the surrounding periodontal tissues (figure .1) [14]-[16]. Enamel, dentin,
cementum, and alveolar bone constitute the mineralized tissues whereas dental pulp, gingiva, and
periodontal ligament are the major non-mineralized tissues [14]-[16]. Structurally, a tooth consists of
a crown covered by enamel and a root covered by bone-like cementum [17]. It contains also the dental
pulp, a soft connective tissue, continuous with the periodontal ligament via the apical foramen, which
contains vessels and sensory nerves that support dentin [17]. The pulp cavity is surrounded by dentine
and expands at the coronal end into a pulp chamber and narrows apically into the root canal system

(RCS) [17].
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Figure 1.1: Schematic representation of tooth “s anatomy. Adapted from [16].

1.2. Periodontium

The periodontal tissues (or periodontium) are defined as the tissues that surround the teeth
[18]. It is a complex structure designed to anchor the tooth to the maxillary or mandibular bone, while
providing a biological seal between the tooth and the oral epithelium, capable of withstanding the forces
generated by the masticatory process and acting as a protective barrier against foreign invaders, as

microorganisms [18], [19].

Periodontium is composed of four main components, namely the gingiva and periodontal
ligament (PDL), as soft tissues, and the cementum and alveolar bone, as hard tissues [14], [18], [20],
as depicted in figure I.1. In a healthy situation, gingiva covers the alveolar bone and tooth root to the
cementoenamel junction, providing the aforementioned defensive barrier [20]. The PDL is a soft,
dense, fibrous connective tissue (mostly composed of collagen type 1), which attaches teeth to the
alveolar bone through the PDL or Sharpey s fibers, and absorbs and dissipates loads applied to the
teeth during function [18], [21]. Cementum is a thin avascular bone-like tissue that covers the surface
of tooth roots [18], [21]. Besides providing the attachment of the tooth to the alveolar bone by insertion
of PDL fibers, it also prevents root resorption during remodelling of the periodontium [18], [21]. Alveolar
bone holds the tooth in place and is constantly remodelling in response to the functional demand

placed on it [18], [21].
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1.2.1. Alveolar Bone

Bone tissue is a mineralized viscoelastic connective tissue which makes up the body skeleton
and exerts crucial functions for it, such as providing (1) shape and support to the body; (2) attachment
for tendons and muscles, which are essential for locomotion; (3) protection for the vital organs and
other tissues; (4) storage for minerals and also blood cells [16]. Alveolar bone is a specialized part of
the mandibular and makxillary bones that forms and supports the sockets (alveoli) of the teeth [16],
[21], [22]. Although fundamentally comparable to other bone tissues in the body, alveolar bone is
distinctive because it is subjected to a continual and very rapid remodelling associated with tooth
eruption and movement, subsequently, with the functional demands of mastication, and it is lost in the

absence of a tooth [21], [22].

Anatomically, alveolar bone consists of outer cortical plates (buccal, lingual, and palatal) of
compact bone, a central spongiosa, and bone lining the alveolus [16], [21]-[23]. The cortical plate
and bone lining the alveolus meet at the alveolar crest. The bone lining the socket is specifically referred
to as bundle bone because it provides attachment for the PDL fiber bundles [16], [21]-[23]. Moreover,
the cortical plates consist of surface layers (lamellae) of fine-fibered bone supported by Haversian
systems, and are generally thinner in the maxilla and thickest on the buccal aspect of mandibular
premolars and molars [16], [21]-[23]. The trabecular (or spongy) bone, which fills the central part of
the alveolar process also consists of bone disposed in lamellae, with the typical Haversian systems
present in the larger trabeculae [16], [21]-[23]. In addition, the intertrabecular spaces are usually
filled with yellow marrow, rich in adipocytes and pluripotent mesenchymal cells, although sometimes
there can also be some red or hematopoietic marrow [16], [21]-[23]. Trabecular bone is absent in
the region of the anterior teeth; therefore, the cortical plate and alveolar bone are fused together [16],

[21]-[23].

Alveolar bone is a composite material that consists of 65% inorganic material, 25% organic
matter (2-5% cells), and 10% water [23], [24]. Regarding the inorganic material, it is composed of plate-
shaped crystalline hydroxyapatite (HAp) and some other minor elements, including phosphates,
carbonates, and sulphates, that can be found within the interfibrillar space of the collagen fibers [16],
[22]. The organic matrix, also known as osteoid, consists of collagen and non-collagenous proteins

(NCPs). Collagen (mainly type I) is the major organic component in alveolar bone (80-90%), acting as

5



Chapter l. General Introduction

scaffold where Hap can be deposited that provides the basic structural integrity for connective tissues
and a stable connection with the tooth [16], [22]. In addition, the elasticity of collagen imparts resiliency
to the tissue and helps to resist fractures [16]. The remaining organic content (10%) is characterized
by the presence of NCPs, including proteoglycans (PGs), glycoproteins, phospholipids, and numerous
growth factors (GFs). They are critical participants in bone formation, homeostasis, and remodelling
due to their ability to regulate extracellular matrix (ECM) organization, namely collagen fibrillogenesis
and degradation, ECM signalling and interactions with cells, mineral and GFs, cellular function and

motility, and the mineralization process.

NCPs, including glycosaminoglycans (GAGs) and proteoglycans, possess main roles in the
mineralization front. The more characteristic NCPs found in the alveolar bone are alkaline phosphatase
(ALP), osteonectin (ONN), osteopontin (OPN), bone sialoprotein (BSP), matrix extracellular
phosphoglycoprotein (MEPE), osteocalcin (OC), matrix gamma-carboxyglutamate-containing proteins
(Gla proteins), fibronectin, and vitronectin, among others [16], [22], [25]. Dentin matrix protein-1 (DMP-
1) and dentin sialophosphoprotein (DSPP), precursors of dentin sialoprotein (DSP), dentin
phosphoprotein (DPP) and dentin glycoprotein (DGP), which were thought to be exclusively found in

dentin, are also present in bone [25].

Moreover, a cocktail of GFs is also present in alveolar bone ECM, including the transforming
growth factors beta (TGF-), fibroblast growth factor (FGF), insulin-like growth factor | and Il (IGF-l and
IGF-Il), bone morphogenic proteins (BMPs), and platelet-derived growth factor (PDGF) [16], [23]. They

are important for the formation, homeostasis, maintenance, and repair of the alveolar bone [16], [23].

Different cells are responsible for the formation, resorption, and maintenance of
osteoarchitecture of alveolar bone. Two cell lineages are present in bone, each with specific functions:
(1) osteogenic cells (osteoblasts, osteocytes, and bone-lining cells), which form and maintain bone,
and (2) osteoclasts, which resorb bone [16], [22], [23]. Osteoblasts are mononucleated cells
responsible for the synthesis and secretion of the organic matrix of bone [16], [22], [23]. These cells
are derived from osteoprogenitor cells of mesenchymal origin, which are present in the bone marrow
and other connective tissues [16], [22], [23]. As the osteoblasts form the bone matrix, they either get

entrapped within the matrix they secrete, whether mineralized or unmineralized, and become
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osteocytes or remain on the surface as bone-lining cells, having important roles on the homeostasis
and remodelling of bone [16], [22], [23]. Osteoclasts are multinucleated giant cells derived from
hemopoietic cells of monocyte macrophage lineage that resorb bone tissue by removing the
mineralized matrix of bone [16], [22], [23]. Indeed, the coupling between bone formation and
resorption processes constitutes one of the fundamental principles for bone remodelled throughout life

[16], [22], [23].

1.3. Diseases of periodontium

Oral diseases are a major global public health and socioeconomic burden, having both high
prevalence and major negative impacts on individuals, communities, and society, reducing the quality
of life for those affected [27]. According to the World Health Organization, chronic and progressive oral
diseases affect over 3.5 billion people worldwide, starting in early childhood and progressing

throughout individuals * lifetime [27].

Periodontal diseases, along with dental caries, are the main diseases that affect the dental
tissues. They are a group of chronic inflammatory conditions that affect the periodontal tissues as a
result of the inflammatory response to accumulation of the dental plaque biofilm at the gingival margin
of the teeth [18], [28]. The conditions range from gingivitis, a mild-inflammatory response that is
confined to the superficial gingival tissues, to periodontitis, an immune-inflammatory response
characterized by a progressive destruction of the supporting tissues of teeth, including alveolar bone
[18], [28]. Gingivitis may persist for many years and with good oral hygiene is completely reversible. If
untreated, it may lead to periodontitis, the non-reversible destructive stage that affects the supporting
tissues, resulting in attachment loss, bone resorption, poor aesthetics, oral discomfort and loss of
function, halitosis, and ultimately tooth loss [18], [28]. Furthermore, periodontal diseases can have
multifactorial etiology involving microbial, lifestyle-related (inadequate oral hygiene, smoking, and
alcohol), systemic (immune or metabolic diseases), and genetic factors [28], [29]. The periodontal
diseases are highly prevalent worldwide, affecting up to 90% of the population [29], being the
prevalence among adults 50-90% for gingivitis and 5-20% for severe forms of periodontitis [30]. In US
periodontitis is considered a public health concern, affecting 46% of US adults representing 64.7 million

people, with 8.9% suffering from severe forms of the disease [31].
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Another type of periodontium disease or severe outcome of periodontal diseases is the
development of oral and maxillofacial neoplasms. In the next sections, these types of neoplasm will be

presented as well as the different tissue engineering (TE) strategies to overcome them.

1.3.1. Oral and Maxillofacial Neoplasms

Oral and makxillofacial neoplasms are malignancies affecting the oral mucosa or underlying
structures in the area between the vermillion border of the lip and the faucial pillars superolaterally,
and the base of the tongue inferiorly. Other structures typically involved include the maxilla, mandible,
other facial skeleton and skin, and salivary glands. The World Health Organization (WHO) estimates
that annually occur about 657,000 new cases of cancers of the oral cavity and pharynx worldwide

(Figure 1.2), causing more than 330,000 deaths.

Estimated number ofnew casesin 2018 E Main neoplasms in cranialbones
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Figure 1.2: Oral and maxillofacial cancer prevalence. A) Estimated number of new cases of new oral cavity and
pharynx cancer per continent in 2018, for both sexes and all ages (source: Globocan2018; Graph production: Global
Cancer Observatory (http://gco.iarc.fr) IARC). B) Distribution of the main neoplasms affecting cranial bones. The thickness
of the lines indicates its greater or lesser prevalence according to the literature.

Skeletal maxillofacial neoplasms (SMNs) are particularly pernicious as both their presence and
treatment present significant cosmetic and functional limitations, reducing patients quality of life [32].
These are often asymptomatic for long time, and very rarely cause pain, being difficult to detect in early
stages even using radiologic tools [33]. The WHO, in their last classification of Head and Neck Tumors
in 2017 [34], considered thirteen groups of odontogenic and makxillofacial bone tumors involving
around sixty-two diseases. Most of them are considered rare, sporadic, unknown, or only a few cases
have been reported worldwide. The most prevalent SMNs, summarized in Table I.1, include myxoma,

ameloblastoma, odontoma, odontogenic keratocyst and central giant cells glioblastoma, and can be of
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dental origin (odontogenic) or arise from bony tissues. The benign or malignant character of bone
maxillofacial neoplasms is based on specific histological criteria, including the presence or absence of

necrosis, mitotic figures as well as basic understanding of the entity [35].

Table 1.1: Summary of the most prevalent maxillary neoplasms.

Name Definition Epidemiology Localization Treatment Prognosis
Spindle-shaped cells
) . . Curettage/complete
dispersed in 2-5% of all 2/3 mandible .. g / P
Myxoma . ) excision with free RRA 25%
abundant myxoid the tumors 1/3 maxilla margins
ECM &
Benign intraosseous .
o fessivel 80% mandible, RRA 60-
Ameloblastoma prosvin e ityhelial 1% of all the most often in Wide surgical excision 80%
& & p. tumors the posterior & 50% within
odontogenic .
region 5 years
neoplasm
Tumor-like
. Most
malformation
common Any tooth- . Unusual
Odontoma (hamartoma) . . Conservative surgery
odontogenic bearing area recurrence
composed of dental tumors
hard and soft tissues
Odontogenic cyst
aontogeme cyst 10-20% of
with a regular lining the
of parakeratinized . . .
Odontogenic stratified sqUamMous odontogenic Enucleation or surgical
< . ) q . cysts. The 80% mandible resection for large RRA 25%
keratocyst epithelium with . .
- third most lesions
palisading
. common cyst
hyperchromatic .
of the jaws
basal cells.
Osteolytic lesi f
y ?O yhiclesion o More frequent
the jaws 10% of . ) .
. . ) in the anterior Higher
Central giant characterized by benign . .
. ) jaws, in Local curettage recurrence
cells granuloma  osteoclast-type giant  gnathic !
. particular, the rate
cells in a vascular tumors .
mandible.

stroma

Abbreviations: ECM, extracellular matrix; RRA, Recurrence rate average

1.3.1.1. Myxoma

Myxoma are a group of rare benign tumors of connective-tissue origin that occur in both hard
(central) and soft tissues of the body (Figure 1.3) [36], [37]. The treatment to myxomas consists in
wide surgical excision with a 2.0 cm margin of bone, resulting in most of the excisions of mandibular

myxomas in segmental mandibular resection (76.3%) or hemi-mandibulectomy (10.5%) [38].
1.3.1.2. Ameloblastoma

Ameloblastoma is a benign intraosseous progressively growing epithelial odontogenic neoplasm
characterized by expansion and tendency or local recurrence if not adequately removed [34].

Ameloblastoma can be associated with un-erupted third molar teeth (Figure 1.3) [39]. Treatment can
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be conservative or radical. Enucleation, curettage, and surgical excision are considered as part of the

conventional treatment. Radical treatment consists of bone resection [40].

Figure 1.3: Example of a type of skeletal maxillofacial neoplasm with significant bone loss. Unicystic
ameloblastoma. A. 3D tomography. B. Open flap before osteotomy. C. Conservative surgery. b-fluorouracil was used
topically to avoid recidivism. D. Ameloblastoma and third molar fragments (Courtesy of Dr. Juan Benenaula Bojorque). E
and F. Histopathological analysis at 100x and 400x respectively shows epithelial invasion in the ameloblastoma capsule in
a plexiform disposition; the peripheral cells are less pronounced than in the follicular type; the connective tissue is loose
and often undergoing cystic changes (Courtesy Dr. Fernanda Torres Calle).
1.3.1.3. Odontoma

Odontoma are calcifying benign tumors of odontogenic origin characterized by their slow
growth [41], [42]. They consist of enamel, dentine, cementum, and pulpal tissue [34], [41]. Odontoma
are frequently associated with an un-erupted teeth and are usually detected on routine radiographs
[34]. The traditional treatment consists of surgical elimination, and there is a small likelihood of
recurrence [42].
1.3.1.4. Odontogenic keratocyst

The odontogenic keratocyst is a locally aggressive, cystic jaw lesion with a putatively high
growth potential and a propensity for recurrence [43]. Treatment is usually the enucleation, or surgical
resection of large lesions [34], [44].
1.3.1.5. Central giant cells granuloma

Central giant cell granuloma (CGCG) is a benign but sometimes aggressive lesion of the
maxillofacial area, characterized by osteoclast-type giant cells in a vascular stroma [34], [45]. The

treatment of this lesion depends on the severity of the lesion. Usually is recommended the surgical

enucleation with curettage or resection [46]. Conservative therapies can also be used in combination
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with the surgical treatment, or as alternative and include the administration of as corticosteroids,

calcitonin, interferon, or bisphosphonates [46].

1.4. Currently used therapies

The traditional clinical options to treat these tumors can be more or less conservative,
depending on size, location, and malignancy [47]. Considering Hupp [47], the three primary modalities
of surgical excision of maxillary tumors are enucleation, segmental or partial resection, and compound
resection. Smaller bony defects (<4 to 6 cm) are commonly treated with enucleation followed by filling
of the defect with non-vascularized cortico-cancellous grafts harvested from the anterior or posterior
iliac crest [48]. On the other hand, when it has been determined that the lesion is aggressive by
histopathological examination, excision can be accompanied by resection of the lesion and adjacent
bone margins [47]. Finally, when the malignancy or the recurrence rate is very high, the treatment
includes total resection of the tumor by removing all of the affected bone [47], sometimes accompanied
with an adjuvant chemo or radiotherapy treatment [34]. The loss of mandibular bone continuity due to
neoplasm resections creates “socially mutilated” patients due to the significant loss of function and
aesthetics [49]. Likewise, the loss of a part of the jaw creates a communication between the maxillary
sinuses or nasal cavity with the oral cavity, which causes great difficulties in speaking or eating.
Therefore, after the tumor’s ablation, patients must be submitted to subsequent reconstruction
surgeries to rehabilitate the function and the aesthetics of the tissues, or, in most extreme cases, to
prepare the tissues to receive the prosthetics implants. The “gold standard” for the reconstruction of
large bone defects is the autologous bone graft. Usually, it requires the collection of a vascularized
bone flap from tibia or fibula [50], iliac crest [51], or ribs [52] which is then adapted to the defect and
properly fixed to the preserved bone. Further than the patient discomfort, and risk of donor site
morbidity, these procedures have limited aesthetic recovery and represent a heavy burden on national
healthcare systems worldwide [51]. Moreover, adverse effects of chemo- and radiotherapies can
postpone surgical reconstruction procedures due to complications such as thrombocytopenia, which
increases a patient's risk for hemorrhaging, and granulocytopenia, which increases the susceptibility

for infection [53].

Some alternatives have been used for small bone defects such as guided bone regeneration

(GBR). It consists on the use of barrier membranes to protect the blood clot to promote bone first
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intentional repair, while preventing infection and soft tissue collapse into the defect, avoiding the
colonization of the defect with epithelial cells or fibroblasts [54], [55]. However, oral and maxillofacial
surgeons and dentists still face serious difficulties in reconstructing bone maxillofacial defects after
tumor resection and in the osteointegration of implantation devices in patients subjected to

radiotherapy.

1.5. Tissue engineering for reconstruction of ablated skeletal maxillofacial

tissues

The tissue engineering (TE) is a multidisciplinary discipline which, during the last three
decades, has explored the principles of biology and engineering to the development of functional
substitutes for damaged tissues [56]. The most traditional TE concept consists of three main pillars
(figure 1.4): cells, scaffolds, and growth factors [57]. Along the years, it has been shown that there are
several other complements to these pillars which can enhance the regeneration of the desired tissue.
For example, the use of bioreactors to culture TE constructs under specific stimuli has been explored

for better mimic the natural physico-chemical environment of native tissue [58].

The oral and maxillofacial regions are quite complex since they consist of several tissues
namely, bone, cartilage, and soft tissues, nerves and blood vessels. The restoration of functional and
aesthetics demands of the skeletal maxillofacial tissues after oncologic surgery is one of the major
challenges for bone TE [59]. In addition to the surgical treatment, the patients may need to be subject
to radiotherapy and/or chemotherapy which compromises patient’s tissues self-regenerative potential,
jeopardizing the success of oral and makxillofacial rehabilitation [60]. Therefore, clinicians have
procured inspiration in the most recent advances in bone TE field to find solutions to the surgical

rehabilitation of skeletal maxillofacial tissues.

The TE approaches for oral and maxillofacial regeneration besides biocompatible, should be
osteoconductive, osteoinductive and osteogenic [61], [62], that is, should (1) act as a provisional
template for new bone growth, while (2) stimulate osteoprogenitor cells to develop into pre-osteoblasts
or bone-forming cell lineage [61], [63]; (3) but also provide stable anchorage between the living bone

and the implant [63]. This has been endured by the right combination of scaffolds, cells, growth factors,
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and culturing conditions, and, in the past few years, the exploration of the emergent microfabrication

and 3D printing fields (Table 1.2).

A) B)

INORGANIC MATERIALS POLYMERIC MATERIALS STEM CELLS

o and B-TCP Chitosan Embryonic ) Inc_iuced
A . Pluripotent

Calcium phosphate cements Silk Fibroin
Biphasiccalciumphosphate Fibrin l
Hydroxyapatite Collagen
Bovine-derived bone matrix PLGA BMSCs PDPCs ASCs DPCs
Natural bone mineral PCL Multilineage Differentiation

(i) = Osteogenic Chondrogenic Adipogenic

Cells

hBMSCs

Tissue
Engineering

Strategy " y

Scaffold / “ Biochemical
< cues

C)

GROWTH FACTORS

PDGF- Angiogenic/chemotatic

B-FGF — Angiogenic
IGF - Osteogenic
TGF-B — Morphogenic/chemotatic

VEGF - Angiogenic
BMPs - Osteogenic
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Figure 1.4: Schematic of the three pillars for bone tissue engineering. A) Scaffolds from inorganic origin, namely
i) ceramic meshes (B-Tricalcium phosphate) [34] or organic origin, such as i) 3D printing polymeric scaffold
(polycaprolactone)[48]; B) Stem cells, in particular, multipotent Mesenchymal stem cells isolated from different tissues -
bone marrow derived stem cells (BMSCs), periosteal derived progenitor cells (PDPCs), adipose tissue derived stem cells
(ASCs) and dental pulp stem cells (DPCs) (tri-lineage differentiation example adapted from [71)]; and C) biochemical cues
including growth factors and blood derivatives. Adapted from [79].

Abbreviations: BMP, bone morphogenetic protein; FGF, fibroblast growth factor; IGF, insulin-like growth factor; PDGF,
platelet derived growth factor; PL, platelet lysate; PRP, platelet rich plasma; TCP, tri-calcium phosphate; TGF, transforming
growth factor; VEGF, vascular endothelial growth factor
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Table 1.2: Tissue engineering strategies for bone maxillofacial regeneration.

Clinical target Scaffold

Cell type

Biochemical
cues

Type of study

Experimental design

Outcomes

References

B-TCP granules

ASCs

BMP-2

Clinical report

ASCs were combined with B-TCP
granules and BMP-2 and cultured in
basal medium for 3 weeks. The whole
was implanted in a parasymphyseal
defect created by ameloblastoma
resection.

Bone regeneration 10 months
after implantation allowed
prosthodontic rehabilitation in
the grafted site.

(48]

BMSCs-hBMP-2

BMP-2

In vitro and in
vivo

MSCs were genetically modified with a
recombinant human adenovirus type 5
encoding human BMP-2 and later
implanted onto ectopic and
mandibular defects in (NOD/SCID)
mice.

Large mandibular defects.

(64]

Large mandibular
defects

B-TCP granules
(Chronos)

ASCs

BMP-2

Clinical report

ASCs were mixed with the BMP-2 laden
B-TCP granules and implanted in the
rectus abdominis muscle for
maturation. Then after 8 months, the
microvascular custom-made ectopic
bone flap was transplanted to a
hemimaxillectomy defect after
keratocysts resection.

8 months of after implantation

the construct produced a well-

ossified and vascularized bone
graft ectopically.

(65]

PCL/ B-TCP (1:1)
3D-printed
scaffold

BMSCs

In vivo

BMSCs were seeded into the scaffolds
and incubated in a rotational oxygen-
permeable bioreactor system for 14
days.
Constructs were implanted into
mandibular 2 x 2 cm defects in
minipigs.

Implanted BMSCs enhanced
new bone formation and graft
osteointegration 8 weeks after

implantation.

(66]
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.. Biochemical . .
Clinical target Scaffold Cell type _Onncmm_“:nm Type of study Experimental design Outcomes References
Pre-osteogenic differentiated ASCs Increased expression of bone-
BBM + PRP ASCs PRP In <_H_.w and in carried in BBM 3_xm.a with vxv.s\mﬂm B._mﬁma mm:mw in a callus-like (67]
vivo subcutaneously implanted in tissue ectopically, 8 weeks
subcutaneous model in Balb/c mice. after implantation.
. | d ost i
3D porous PS ACSs spheroids or ASCs seeded PS Qimqhhhwmzmw: ﬂ”mwmwwﬁﬂwn: and
scaffolds ASCs In vitro scaffolds were cultured in OM for 14 o Lo [68]
(Alvetex) davs matrix mineralization by ASCs
ys. in PS scaffolds.
D . .
. : PLGA/PCL Rat ASCs seeded in PLGA/PCL—BMP-2 w_/\_m_un.m_N*M_ﬂmﬁnnwhw_oﬂﬂwmhmw
Maxillofacial fibrous 3D ASCs BMP-2 In vitro : < Slef v : [69]
bone scaffolds were cultured in OM over 14 days. proliferation and osteogenic
regeneration differentiation of Rat ASCs.
Mice-BMSCs were seeded in slices of
deer antler or OsteoSet and pe-culture  Tissue engineered grafts were
i in BMP-2 + TGF- ici i
Deciduous red . BMP-2 In vitro and in in OM or in BM TGF-B proven to be more .mm_n_mi in
Mice-BMSCs . supplemented OM. bone reconstruction than [70]
deer antler TGF-B vivo . . . .
Implantation in bone defects surgically alloplastic commercial
induced on the left parietal bone of biomaterials (OsteoSet).
CD1 mice.
CHT enhanced cell the
CPC/CHT BMSCs In vitro BMSCs seeded over CPC/CHT mechanical properties of CPC, (71]

constructs and cultured in OM.

cell adhesion, proliferation and
osteogenic differentiation.

15



Chapter l. General Introduction

Table 1.2: Tissue engineering strategies for bone maxillofacial regeneration. (continued)
Biochemical
Clinical target Scaffold Cell type _Onncmm_.w_nm Type of study Experimental design Outcomes References
Cells seeded over porous BCP/CHT
scaffolds incorporating FGF-laden FGF release
Gelatin In vitro and in gelatin microspheres were cultured in enhanced new
BCP/CHT BMSCs microspheres vivo vitro in osteoblastic conditions before vascularization in the [72]
laden with FGF implantation in transcortical defect area and new bone
mandibular defects in skeletally mature formation.
female Yorkshire pigs.
Spheroids (2% HUVECs and 98% Enhanced osteogenic
HUVECs BMSCs) were cultured under differentiation associated
BMSCs In vitro and in osteogenic and endothelial medium to pre-vascularized [73]
vivo before subcutaneous implantation in spheroids of HUVECs/
Manillofacial the dorsal region of 2 male nude mice. BMSCs co-cultures.
bone
_.mmmq._m-.mﬁ.mo: Four different implants were inserted The periosteal araft
(continuation) in premaxillary bone defects in rats; (1) P a8
. . provides satisfactory
. . premaxillar mucoperiosteal graft; (2)
Hap Periosteal graft In vivo . . support to the Hap [74]
Hap/ premaxillar mucoperiosteal graft; . .
. implant, allowing the
(3) Hap/ femoral periosteal graft; (4)
) growth of new bone.
and femoral periosteal graft.
Membranous mandibular periosteum Periosteal explant
Periosteal graft PRP Clinical report cultured in basal medium were applied  transplantation increased [75]
in severe human alveolar bone defects. bone regeneration.
DGF-BB i
PDGE-BB PDLCs seeded over BBM were cultured P Umﬂn_”_:mﬂwﬂwwo,,\\wm_wm__
BBM PDLC - In vit der PDGF-BB hBMP-2 ’ 76
s hBMP-2 nvitro unaer orr . rhBMP-2 did not support [76]
supplemented media. .
the cell mitosis.
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- Biochemical . .
Clinical target Scaffold Cell type ! cues ! Type of study Experimental design Outcomes References
- Autologous bone or SFCS were SFCS combined with periosteal
Silk fibroin/ CHT . . graft produced comparable
. . implanted over periosteal grafts placed . .
(SFCS scaffolds) Periosteal graft In vivo L . ectopic vascularized bone [77]
over the latissimus dorsi muscle of
grafts as the autologous bone
adult sheep.
control.
PDPCs/PLGA constructs
expressed osteogenic markers
Rabbit PDPCs seeded in PLGA fleeces in vitro and induced new bone
In vitro and in were cultured in vitro in ONM. The grew not only from the margins
PLGA fleeces PDPCs vivo tissue constructs were also implanted of the defects but even from [78]
in critical size calvarial defects in New islands in the centre portion of
Zealand White Rabbits. the defect 4 weeks after
implantation, leading to a full
regeneration of the injury site.
Maxillofacial Individual or co-cultures of human .
bone PDPCs and BMSCs were cultured in m<MMq.mn_M”MMMMR.WWM“MMMM:R
ti PDPC: In vit di OM. PDPCs + BMSC -TCP implant . L L
qmmmm._m-.m ..o: B-TCP > nv 6 andin . X . s/B 'MPIaNts = itferentiation both in vitro and [79]
(continuation) BMSCs vivo were inserted in the dorsal surface of o . .
. . . in vivo, enhancing ectopic bone
CD-1 athymic and immunodeficient o
. growth and neovascularization.
nude mice.
De novo synthesis of human
. preosseous tissue.
PDPC lated into th -
PGLA/B-TCP sfaiukiehinaens m. _.: © . m. The addition of TGF-B1
. PLGA/ B-TCP constructs within a fibrin . .
(cerasorbs) + PDPCs TGF-B1 In vitro . . increased new bone formation [80]
o matrix and cultured in OM + TGF-B1 o .
fibrin . with significantly higher
supplementation up to 40 days. . .
concentrations of osteogenic
marker proteins.
Cells were embedded in fibrin beads DNA content, alkaline .
containing 7.5% a-TCP particles phosphatase and osteocalcin
Fibrin/a-TCP PDPCs - In vitro ) ) content were significantly [81]

Beads were cultured in Ham’s F-12
medium.

higher in the constructs
containing o-TCP.
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- Biochemical . .
Clinical target Scaffold Cell type ! cues ! Type of study Experimental design Outcomes References
4 ths aft
BMSCs laden B-TCP/Hap scaffolds were montns arter mcqm.mj\\ mean
implanted into the subantral sinus new bone formation was
_ o o .
B .ﬁn_u\Imv BMSCs - Clinical report cavity in patients with loss of bone 41,34%. wwmu of the _.B.U_m:ﬁm [82]
(Kasios) i . . were considered clinically
height in the posterior maxilla, before
. successful 6 months post-
placement of metallic implants. . .
implantation.
BMSCs combined with BBM
. BMSCs from . Bilateral augmentations of the sinus consistently support new bone
BBM (Bio- - |
(Bio-Oss) iliac crest nvvoe floor in 6 adult sheep. formation, 8 and 16 weeks (831
fter impl ion.
Sinus floor moﬁ:mmMMﬁ_mBWM ”Mﬂﬁ__aomﬂmmﬁm
Augmentation Collagen PDPCs Removal of the bone, elevating the . & . -
- . h - new bone tissue with sufficient
- Clinical sinus membrane and implantation of . . [84]
. Autologous stability for successful implant
BBM (Bio-Oss) the constructs.
osteoblasts placement.
BMSCs were combined with PRP and All 41 dental implants were
mixed with thronbine + CaCl2 to clinically stable. Mineralized
produce a cell-laden gel. tissue height at 2 years
PRP BMSCs - Clinical report Mucoperiosteal flap was elevated, and increased 8.8+1.6mm. No [85]
the injectable implants were applied in  adverse effects and remarkable
the maxillary sinus in patients’ bone absorption were seen in
posterior alveolar ridge atrophy. the 2—6-year follow-up time.
Cells were seeded in BBM and used in The BMSCs-hBMP-2 combined
Maxillary Sinus BBM . maxillary sinus floor elevation surgeries  with BBM promoted new bone
BMSCs-hBMP-2 | 86
Floor Elevation (Osteobone) > nvivo made bilaterally in Male New Zealand formation in rabbit maxillary [86]

rabbits.

sinus.
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Table 1.2: Tissue engineering strategies for bone maxillofacial regeneration. (continued)
.. Biochemical . .
Clinical target Scaffold Cell type cues Type of study Experimental design Outcomes References
o PTTM-enh d dental
PTTM-enhanced titanium implants im _mJMMEmmMan_SMM_W
Prosthodontic PTTM-enhanced Pilot clinical were placed in both maxilla and P . <
L. - - . . effective in the prosthetic [60]
Ti implants cases mandibles of postablative e
. rehabilitation of
cancer patients. . .
postoncological patients.
Formation of confluent layers
Temporal- . .
. Culture for 5 weeks in a custom-made of lamellar bone and osteoids,
In vitro . . o [87]
perfusion bioreactor. homogeneously distributed

BBM BMSCs
throughout the scaffold.

mandibular joint
replacement

a-MEM, alpha minimum essential medium; ASCs, adipose tissue derived stem cells; BCP, biphasic calcium phosphate; BBM, Bovine derived bone matrix; BMP-2, bone morphogenetic protein-
2; BMSCs, bone marrow derived stem cells; BMSCs-hBMP-2, genetically modified BMSCs overexpressing recombinant human BMP-2; B-TCP, beta-tricalcium phosphate; CHT, chitosan; CPC,
calcium phosphate cement; DMEM, Dulbecco’s modified medium; FGF-2, fibroblast growth factor-2, Hap, hydroxyapatite; HUVECs, human umbilical vein endothelial cells; MSCs,
mesenchymal stem cells; NBM, natural bone mineral; OM, osteogenic medium; PCL, polycaprolactone; PDGF-BB, platelet derived growth factor; PDLCs, periodontal ligament cells; PDPCs,
periosteal derived progenitor cells; PLGA, poly(glycolide-co-lactide) acid; PRP, platelet rich plasma; PS, polystyrene; PTTM, porous tantalum trabecular metal; TGF-B, transforming growth

factor-beta; Ti, titanium.
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1.5.1. Scaffolds

The use of “scaffolds” or engineered biomaterials, stems from the need for an adequate
matrix to drive the regeneration of target tissues [61], [62]. Its function lies on providing structural
support with adequate mechanical properties, architecture and volume mimicking tissue 3D
environment, and biophysical/ biochemical cues for progenitor cells to attach, migrate, proliferate,
generate their natural extracellular matrix (ECM), and differentiate until the mature tissue is fully
regenerated. Scaffold s bioactivity could be intrinsic to the material or achieved by functionalizing
it structurally or with the incorporation of biochemical cues, as endogenous biomolecules, GFs, or
ECM proteins [24], [88], [89]. An ideal scaffold should accomplish several requirements, such as
biocompatibility, appropriate mechanical strength and degradation, adequate porosity, and pore

interconnectivity [61], [62], [90]-[92].

Dental biomaterials have evolved from inert materials, aimed only at replacing and
restoring dental structures, to bioactive biomaterials, which are designed to regenerate tissues and
restore the natural functions of the tooth and its surrounding tissues [88]. The biomaterials that
have been used for the regeneration of skeletal maxillofacial tissues can be inorganic, such as
ceramics, metals, or metallic alloys, or organic, including both synthetic or natural origin molecules

as polymers [62], [90].

1.5.1.1. Inorganic materials

Ceramic materials, such as [-tricalcium phosphate (B-TCP), hydroxyapatite (Hap),
biphasic calcium phosphate (BCP) and calcium phosphate cements (CPC), or xenogenic bone
mineral matrices, are the most used TE bone graft substitutes for the reconstruction of oral and
maxillofacial region [58], [61], [67], [70], [76], [83], [84], [86], [90], [93]. The ceramics are highly
biocompatible and closely resemble the natural bone apatite in terms of composition and
compressive strength [58]. Their intrinsic osteogenic and osteoconductive properties have been
widely explored alone [48], [65], [82]-[84], [86], [87] or in combination with other biomaterials
[71], [72], [94]. Moreover, they can be produced in a large range of shapes, sizes, and porosity
using industrialized manufacturing techniques, as 3D printing technologies [58], [61]. Although,
their very low degradation rate [94], brittleness, and limited tensile strength [95], might

compromise the quality of the regenerated tissues [96].

Metal alloys have also been used for their biocompatibility and osteointegrative potential.

Brauner et al. demonstrated that porous tantalum trabecular metal (PTTM)-enhanced titanium
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dental implants improved the osteointregation of the implants and, subsequently, boosted the
efficacy of the clinical treatment used for the prosthodontic rehabilitation of post-ablative cancer

patients submitted to post-surgery radiotherapy (Figure 1.5 A) [60].

A. Enhanced Titanium Implants for

Prosthodontic Rehabilitation £ SliierSonchogeneiation

i)

FveeddBlbsues™
%.”S-:%,!!ﬁées'?l'* '
N

Figure 1.5: Tissue engineering-based therapies for skeletal maxillofacial rehabilitation. (A) Porous tantalum
trabecular metal (PTTM)-enhanced titanium dental implants for prosthodontic rehabilitation in postablative oral and
makxillofacial cancer patients: (i) X-ray of the oral cavity after cancer treatments; (i) implantation of the dental implants;
(iii) post-implantation image of the oral cavity; adapted from [60]. B. Guided bone regeneration in a patient with an
odontoma in 43 zone: odontome identification (i and ii); filling of the mandible defect with (iii) Bioss from Geistlich mixed
with autologous liquid fibrin; (iv) covering with EPTFE membrane and (iii) PRF; courtesy from Dr. Antonio Dolera Ortiz.
C. 3D printed TE scaffolds for bone resection reconstruction: (i) general appearance of PCL/-TCP (1:1) 3D-printed
scaffolds; (ii) scaffolds seeded with BMSCs (left) or unseeded (right), implanted in mandibular body osteotomies in
Yucatan minipigs; (iii) new bone formation in the core of scaffolds seeded with BMSCs and (iv) absence of new bone in
plain scaffolds, 8 weeks after implantation; adapted from [66]. Patient designed whole mandibule reconstruction: (v)
original model of the cancerous mandible from patient's CT scan data; (vi) final 3D template of the reconstructed
mandible; (vii) 3D printing, by fused deposition modelling in ABS polymer; (viii) reconstructed mandible implant; adapted
from [66].
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1.5.1.2. Synthetic polymeric materials

Several synthetic polymers are already approved by the FDA for biomedical applications
[97], [98]. Among the most used synthetic polymers are poly(glycolic acid) (PGA), poly(lactic acid)
(PLA), poly(glycolic-co-lactic acid) (PGLA), and polycaprolactone (PCL) [97], [98].

In general, these polymers are biodegradable and biocompatible and can be produced in
highly controlled conditions, enabling to tailor their average molecular weight, porosity, mechanical
properties, etc. TE has explored these materials to produce scaffolds with reproducible and
predictable features, such as degradation kinetics or mechanical properties [58], [91]. However,
synthetic polymeric biomaterials usually do not have adequate biofunctional cues to promote
cellular attachment and differentiation [58]. So, synthetic polymeric biomaterials often require
either some surface modification, or the blending with natural polymers (e.g. starch, chitosan
(CHT)) or ceramics to enhance their biocompatibility and bioactivity [66], [78], [80]. In a pre-clinical
study, Konopnicki and coworkers showed that 3D-printed scaffolds of poly(caprolactone) (PCL)/3-
TCP (1:1) blends seeded with pig bone marrow cells were able to regenerate mandibular critical

defects in minipigs (Figure 1.5 C) [66].

1.5.1.3. Natural polymers

Several molecules derived from biologic/natural sources such as collagen [77], [84], [93],
hyaluronic acid (HA) [94], [96], [99], fibrin [81], CHT [71], [72], [77], gelatin [72], or silk fibroin
[77] are commonly used in TE. Most of them have already FDA approval for clinical use in
temporary applications [58], [91]. Unlike synthetic polymers, the nature-derived polymers are more
challenging to tailor and engineer using industrial processing technologies and present higher
batch-to-batch variability. Nevertheless, their similarity with extracellular matrix, biocompatibility
and intrinsic biofunctionality, make them ideal to functionalize other biomaterials or even be use

as raw materials to produce matrices.

Collagen is the main structural protein present in the ECM of all the animals. Scaffolds
based on collagen have been used in oral and maxillofacial applications as membranes [82], [83],
[100], matrices [84], [93] or sponges [101]. For GBR, collagen membranes are able to avoid soft
tissues collapse into bone defects while maintaining the ability space stability for new bone growth
[82], [100]. Collagen matrices have been used for cells [84] or growth factors delivery [101]
showing promising results in the regeneration of the skeletal maxillofacial defects by improving the

cellular attachment and 3D spreading, and promoting faster new bone formation in clinical studies.
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CHT is the de-acetylated derivative of chitin, commonly found in shells of marine
crustaceans and cell walls of fungi. This linear 3-(1-4) linked polysaccharide of glucosamine and
N-acetyl glucosamine, is a polyvalent material used in TE applications as scaffolds, injectable
hydrogels, microspheres, composites with ceramics [102] or as carrier agent both for cells and
growth factors [77], [103]. For bone TE, CHT/calcium phosphate composites processed as porous
scaffolds were shown to be valuable matrices to support bone and cartilage regeneration [71].
Along with CHT, the incorporation of calcium phosphates promotes osteogenic differentiation, new
bone growth, and enhance the ability for osteoblasts to migrate through the pores of the scaffold

[71], [72], [104].

HA is the backbone of vertebrates’ ECM. Further than its structural role, HA is implied in
several relevant biological processes such as angiogenesis and endothelial cell migration [105].
HA biocompatibility, degradability by means of hyaluronidases, and capacity to be modified through
its carboxyl [106] and hydroxyl [107] groups to produce stable hydrogels makes it particularly
interesting for TE. HA has been processed into microparticles capable of sustained drug delivery
[106] or hydrogels [99], [107], [108] capable of supporting cell encapsulation. In particular, the
HA microspheres, have been explored to be used as porogenic and drug delivery materials to
enhance the degradability and osteoconductive/osteointegrative properties of injectable calcium

phosphate cements [94], [96], [109]

Autologous fibrin- or platelet-rich blood derivatives have also been explored (figure 1.7 B)
as matrices for bone regeneration. The similarity of fibrin matrices with blood clot, namely the
presence of cell- and GFs-binding motifs [110], [111], support their use in regenerative
approaches. Despite fibrin’s weak mechanical properties, fibrins matrices are excellent cells or GFs
carriers, and can be incorporated with inorganic compounds, like ceramics (Figure 1.5 B), in order

to enhance their osteogenic properties [81], [112].

1.5.2. Cells

The inclusion of cells capable of participating in the regeneration of the tissue that is being
replaced and integrate in host tissues is a keystone in TE strategies [90]. Stem cells are
unspecialized cells with the ability for indefinitely self-renewal and differentiate into multiple cell
lineages, capable of generating new tissues/organs or regenerate the existing ones [89], [113]-
[117]. Moreover, they possess immunomodulatory properties down-modulating the immune

reactions, therefore reducing the probability of graft failure, and attenuating the inflammatory
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process [118], [119]. Also, they establish paracrine interactions with host cells, regulating their

migration and differentiation into endowed cells of the target tissue [89], [119].

Commonly, stem cells are classified into three main types: embryonic stem cells (ESCs),
usually isolated from the inner wall of the preimplantation blastocysts [90], [120], [121]; adult
stem cells, found in adult tissues [115]; and induced pluripotent stem cells (iPSCs), which are

produced artificially by genetic manipulation of somatic cells [121], [122].

While ESCs and iPSCs are pluripotent stem cells potentially capable to differentiate into all
types of cells from the three germinal layers [90], [120], [122], their use in TE strategies is impaired
by technical, ethical, and safety concerns [90], [122]. In contrast, adult stem cells can only
differentiate into a restricted number of cell types from certain tissues [90], [113]. These cells, also

named as postnatal stem cells, or somatic stem cells have been widely explored for TE applications.

1.5.2.1. Mesenchymal stem cells

Since the first isolation of clonogenic cells capable of multi-lineage differentiation in vitro
from bone marrow, termed mesenchymal stem cells (MSCs) [123], different studies have shown
that MSCs can be found in several tissues [113], [123]. Populations of MSCs-like cells have been
found in periosteum, muscle, liver, brain, epithelium, skin, peripheral blood, umbilical cord blood,
amniotic membrane, dental, and adipose tissues [61], [90], [113]. After harvesting, MSCs can

expanded ex vivo, and then be induced to differentiate into the desired cell type.

MSCs from these sources exhibit the ability to undergo osteogenic, chondrogenic, and
adipogenic differentiation in vitro [58], [124]-[131], however they have distinct differentiation
potential, possibly due to niche effect [132]. Remarkably, these cells have immunomodulatory and
chemotactic effects, preventing TE graft rejection and enhancing host regenerative potential [132],
[133]. For bone TE, MSCs are most commonly obtained from bone marrow aspirates, adipose

tissue, and periosteum.

1.5.2.1.1. Bone marrow derived stem cells

Bone marrow derived stem cells (BMSCs) are the most used MSCs in bone TE, and can
be isolated from iliac crest aspirates, core biopsies, or surplus bone removed surgically [61]. The
pre-culture in vitro in osteogenic conditions, incorporation into osteogenic biomaterials, and/or
supplementation with growth factors have been explored by TE to engineer implantable grafts for

critical bone defects regeneration. Urkmez et al., assessed the combinatory effect of porcine
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BMSCs, and scaffolds composed of CHT flakes and BCP granules incorporating fibroblast growth
factor (FGF) laden gelatin microspheres [72]. The cells pre-cultured under osteoblastic conditions
and seeded onto the engineered scaffolds were able to induce new vascularization and
new bone formation 8 weeks after implantation in transcortical mandibular defects in skeletally
mature female Yorkshire pigs [72]. In another study, aiming to develop a successful sinus floor
augmentation strategy for patients that had suffered a loss of height in the posterior maxilla,
Shayesteh et al. implanted iliac crest”'s BMSCs combined with porous Hap/TCP ceramic matrices
[82]. Numerous areas of osteoid and orthotopic bone formation were seen 4 months after

implantation, as confirmed by evaluation of biopsy specimens [82].

1.5.2.1.2. Periosteal-derived Progenitor Cells

Another interesting source of MSCs-like cells are the Periosteal-Derived Progenitor Cells
(PDPCs). MSCs isolated from periosteum could be a useful resource for bone regeneration [113].
PDPCs have been shown to differentiate into several cell lineages such as osteogenic, adipogenic,
chondrogenic and myogenic [58], [124]-[126].For bone TE, the PDPCs have been combined with
osteogenic biomaterials, and/or GFs for oral and maxillofacial defects rehabilitation, presenting
very good results in terms of new bone growth in critical defects, neovascularization, and higher
osteogenic ability than BMSCs [74], [78]-[81], [84]. Redlich, et al., with the purpose of repairing
critical size calvarial defects in New Zealand White Rabbits, seeded rabbits " tibial periosteum
PDPCs, cultured in osteogenic conditions, in PGLA fleeces (Ethisorb) [78]. The expression of
osteogenic markers was observed in vitro and, 4 weeks after implantation, histological analysis
revealed that the group treated with the biocomplex showed orthotopic new bone growth, not only
from the margins of the defects but also from islands in the core of the defect, leading to a full
regeneration of the injury site [78]. Arnold et al., using the same polymeric fleeces (Ethisorb)
combined with B-TCP and transforming growth factor betal (TGF-B1), seeded the developed
construct with PDPCs from human anteomedial portion of tibia and cultivated in vitro under
osteogenic conditions [80]. After 40 days, histological images demonstrated that the samples that
included TGF-B1 presented enhanced new bone formation and displayed significantly higher
osteogenic markers expression than the constructs without GFs, whereas the inclusion of the
inorganic part enhanced the osteoconductivity of the construct [80]. Remarkably, some studies
have suggested that, the osteogenic potential of PDPCs is consistent, regardless the bone from

which PDPCs were isolated [74].
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1.5.2.1.3. Adipose tissue-derived stem cells

Adipose tissue-derived stem cells (ASCs) are MSCs obtained from the adipose tissues
[134]. ASCs high abundance in adipose tissue, lower collection morbidity [128], [130], [131],
higher proliferation rate in vitro comparing to BMSCs [90], [127], and osteogenic potential [127]-
[131] has supporting ASCs as a good alternative to BMSCs for bone TE. Despite displaying lower
osteogenic potential compared to BMSCs, it is maintained with aging, unlike the rest of the MSCs
[135]-[137]. Clinical studies conducted by Mesimaki et al. or Sandor et al. showed that ASCs hold
great potential in oral and maxillofacial rehabilitation [48], [65], [138]. They both combined
autologous ASCs with a tricalcium phosphate scaffold and bone morphogenetic protein-2 (BMP-2)
in order to repair critical maxillofacial defects, in patients subject to hemimaxillectomy due to a
recurrent keratocyst or patients with anterior mandibular ameloblastoma resection defects,
respectively [48], [65], [138]. The cytokines and chemokines produced by the transplanted ASCs
acted as homing signals for endogenous stem cells and progenitor cells migration towards the site
of injury [48], [65], [138]. This ability together with the osteoconductivity of the B-TCP acted
synergistically in order to regenerate native-like bone 10 months after implantation in a
parasymphyseal defect created by ameloblastoma resection, which allowed prosthodontic

rehabilitation in the grafted site [48].

1.5.2.1.4. Dental pulp stem cells

The dental pulp is the soft tissue inside a tooth that contains neural fibers, blood vessels,
lymphatics, and MSCs derived from the neural crest [139], [140]. Consequently, DPSCs have a
strong differentiation potential towards the osteogenic lineage [141]. DPSCs have many advantages
for bone TE, including high proliferation rate, excellent osteogenic differentiation potential, low

donor site morbidity, and favorable paracrine and immunomodulatory properties [140], [142].

There are many different bone TE strategies using DPSCs in combination of scaffolds made
of bone ECM [141], alginates [143], bioactive glass [144]-[146], CHT [144], [147], gelatin
sponges [148], PCL [149], [150], and collagen [151], [152]. Other less conventional additives
have been explored, to enhance the osteogenic differentiation of the DPSCs for bone regeneration,
for example aloe vera [151], platelet-rich plasma (PRP) [153], parathyroid hormone [154],
adenosine triphosphate (ATP) [155], tooth powder [156]; drug like aspirin [157], or berberine

[158]; or even metal nanoparticles, such as iron [159] or gold [160].
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D’Aquino et al. in order to fill the injury site left by the extraction of the mandibular third
molar in patients that needed all wisdom teeth extraction seeded DPCs harvested from the
extracted teeth onto a collagen sponge scaffold and implanted into the alveolar bone [161]. After
3 months, X-rays showed an optimal vertical repair of the alveolar bone tissue, whereas histological
observations from biopsies clearly proved the complete regeneration of bone at the injury site and
the enhancement of the expression of osteogenic markers [161]. Also, the combination in vitro of
DPCs with HA hydrogels enriched with platelet lysate (PL) improved the osteogenic potential of the
cells, increasing the cellular metabolism and stimulating the mineralized matrix deposition by

DPSCs [162], and promotes implant vascularization [163].

1.5.2.1.5. Co-cultures

Other studies have procured to emulate the organogenesis, combining relevant cell types
in co-cultures. Spheroid of human HUVECs and BMSCs (2:98), prevascularized after 10 days in
culture, were implanted subcutaneous in the dorsal region of male mice resulting in a significantly
increase of the osteogenic marker alkaline phosphatase (ALP) [73]. This study showed that
combination with endothelial cells is likely to have a positive effect on the osteogenic differentiation

of BMSCs [73].

In another study, Chen et al. co-culture BMSCs and PDPCs, both harvested from
metaphyseal distal part of tibia, and loaded them into porous B-TCP scaffolds to evaluate their
osteogenic potential and their capacity for ectopic bone growth [79]. Compared to single cultures,
co-culturing MSCs in vitro showed abundant mineralization and a steadily increasing ALP activity
and expression of osteogenic specific genes (COL1A1, BMP-2, osteopontin and osteocalcin) [79].
Eight weeks after implantation in the dorsal surface of CD-1 nude mice 's, similar synergistic effects
were confirmed by histological observation of enhanced ectopic new bone formation and

neovascularization [79].

1.5.3. Biochemical cues

GFs are secreted proteins which bind specific cellular receptors located on target cells to
implement a desired function [90], [91]. These peptides activate the cellular signalling network,
initiating several intracellular cascades that alter and influence many different cellular processes,
such as the promotion or prevention of cell adhesion, proliferation, migration, and differentiation,
the matrix deposition and the maturation of tissues [61], [90], [91]. The cellular response depends

upon the GF, dose, the cell type, and the bound receptor. Hence, these molecules are
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therapeutically applied in the regeneration of tissues aiming the enhancement of level of

regeneration beyond the limit of spontaneous and natural tissue healing [90], [164].

Particularly for oral and maxillofacial reconstruction, the most used GFs are platelet-derived
growth factor (PDGF) [76], [165], basic FGF (b-FGF) [72], insulin-like growth factor (IGF) [63], [70],
[93], [162], [166], [167], TGF-B [70], [80], vascular endothelial growth factor (VEGF) [73], [163],
[166] and bone morphogenetic proteins (BMPs) [48], [64], [65], [69], [70], [76]. These bioactive
molecules can be used as a supplement for cell cultures, impregnated, or coated on the scaffolds

[48], [64], [65], [69], [70], [72], [76], [80], [165], [167].

The morphogenic GFs, such as BMPs and TGF-B, have been widely used in skeletal
maxillofacial regeneration for their ability to induce osteogenic differentiation, accelerating the
production of bone ECM and, consequently, promote the tissue integration [168]. Specifically,
BMPs are chemotactic, mitogenic, and osteogenic, recruiting MSCs from the surrounding tissues
towards the bioengineered graft and inducing the differentiation of the recruited cells into the

osteogenic lineage [61], [90], [168], [169].

Platelet-rich hemoderivatives (PRHds) are used for maxillofacial bone reconstruction since
the 90's. Whitman et al. showed that PRP improve the aggregation and cohesiveness of particulate
bone, enhancing the osteogenesis in palatal bone defects [170]. The PRHds are simple and cost-
effective compositions containing supra physiologic concentrations of platelets, usually 1x10¢/uL
[171] which, upon activation, release a cocktail of GFs and cytokines, that are essential in wound
healing orchestration and regenerative processes, such as chemotaxis, cell proliferation and
differentiation [28], [172]. Moreover, structural proteins and scaffold-forming elements, as
fibrinogen (or its polymerized product fibrin) and fibronectin, which may act as temporary matrix
for cell adhesion and migration, are also present in PRHds [28], [172]. Additionally, some PRHds
have been reported to exhibit antimicrobial properties, which promotes the prophylaxis of the

wound site [28], [107], [172].

Among the most clinically explored PRHds are the PRP and the platelet-rich fibrin (PRF),
which have been shown to have therapeutic potential for osteointegration of implants [173] or as
GTR occlusive barriers [174] (Figure 1.12 B). Recent research on TE field has procured to use
PRHds with more consistent batch-to-batch composition (e.g, platelet lysate) using standard
preparation and activation protocols or pools of different donors, in order to overcome the

therapeutic outcomes variability reported for these hemoderivatives [28], [172]. Likewise, PRHds
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have been incorporated into smart materials in order to modulate the spatial-temporal release of

the factors, enhancing host tissues healing potential [28], [172].

1.5.4. Bioreactors

Bioreactors have been explored in TE to mimic the human body biophysical, biochemical,
and/or hydrodynamic conditions in a sterile, confined, and controlled environment. Four main
bioreactor types have been used for bone tissue engineering [175]: spinner flasks [176], [177],
rocker platforms [178], [179], rotating wall vessels [180], [181], compression [182], and perfusion
systems [183], [184]. In general, these systems allow a more effective mass transport for feeding
in the essential nutrients, cells, and oxygen and remove wastes and carbon dioxide, which yield
more homogeneous colonization with cells and matrix deposition within large TE scaffolds [87],
[175], [185]. Bioreactors can also provide complex biophysical stimuli, such as static and dynamic

mechanical stresses, and magnetic or electrical signals [175].

The use of bioreactors has been proposed for recellularization of decellularized bone with
autologous cells to treat large bone defects. It has been proposed as an alternative for those
patients that are not candidates for additional surgery to bone graft harvest either due to radio- or
chemotherapies, or to systemic conditions as malnutrition, a common consequence of maxillary
neoplasm resection [175]. Some studies [87], [186]-[189] had reached good results regarding
the clinical size, shape, and functionality of customized bone grafts using autologous stem cells
and a bioreactor system to provide patient-specific bone grafts for maxillary reconstruction. In a
study, scaffolds from fully decellularized bovine trabecular bone, anatomically shaped to resemble
a human temporal-mandibular junction based on CT scans, were seeded with BMSCs and cultured
with interstitial flow of culture medium in a perfusion bioreactor [87]. After 5 weeks of culture in
dynamic conditions, tissue growth was evidenced by the formation of confluent layers of lamellar
bone and osteoids, homogeneously distributed throughout the scaffold [87]. Conversely, statically
cultured constructs exhibited empty pore spaces and loosely packed cells [87]. However,

appropriate means to provide construct vascularization are still yet to be achieved [186].

1.5.5. Prophylactic tissue engineering constructs

Postoperative proliferation of residual tumor cells may result in the tumor recurrence,
which has been strike with the irradiation or chemotherapy after tissue ablation. Given the impaired
regenerative potential of irradiated tissues, successful bone regeneration combined with the control

of residual cancer cells presents a challenge for bone tissue engineering.
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Recently, has been explored the delivery of tumor suppressive drugs locally incorporated
into the scaffolds to avoid the systemic administration of chemotherapy. Chai and coworkers,
demonstrated that poly-cyclodextrin functionalized porous bioceramics laden with an antibiotic
(gentamicin) and an anticancer agent (cisplatin) were cytocompatible and enabled the controlled
release of the drugs [190]. Photothermal and magnetic hyperthermia therapies have also been
developed, in which specific agents combined with TE scaffolds generate heat locally under near-
infrared irradiation or magnetic stimulation respectively, to ablate tumor cells. Such agents include
organic particles [191], gold nanoparticles [192], molybdenum sulfide (MoS,) nanosheets [193],
or graphene oxide (GO) [194], and magnetic nanoparticles [195].

1.6. Future perspectives and unmet challenges

The field of TE has substantially contributed for the development of therapies aiming the
recovery of oral and maxillofacial tissues inflicted by neoplasms. In the particular case of skeletal
maxillofacial tissues, two main lines have been approached: (i) the replacement of the “gold
standard” bone flap autografts by engineered constructs; and (ii) the improvement of impaired
regeneration of tissues following surgical resection of tumors and chemo or radiotherapy. Strategies
combining biomaterials-based micro-engineered scaffolds, progenitor cells, and biophysical/
biochemical stimuli deeply contributed for the successful outcomes towards the development of
successful bioengineered solutions. However, there are still controversial aspects to be clarified,
such as the clinical use of GFs. For instance, the unpredictable effects and complications of BMP-
supplemented treatments of oncogenic patients, led FDA to restrict the application of this GF to
sinus alveolar process augmentation in the United States [196]. Likewise, the proper
vascularization of bioengineered bone grafts, and the conjugation of adequate mechanical,
processing, and biofunctional properties in a single construct are unmet challenges in bone TE.
The bias responses in humans, highlights the complexity behind tissue regeneration after tumor
development and defies for new therapeutic solutions with improved efficacy and systematic

biological responses.

Overall, the future of TE in the rehabilitation of tissues affected by SMNs is unquestionable.
Further than the sole fabrication of tissue substitutes, TE research is evolving to become a holistic
research field addressing all the aspects of disease progression and post-implantation issues. The
exploitation of imaging technologies and computer modeling to engineer patient-customized

therapies [197]; the development of smart drug delivery strategies for spatio-temporal delivery of
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GF [172]; the incorporation of molecules to prevent opportunistic microbial infections [107], [198],
or tumor residence [191]-[195]; or even the development of in vitro models resourcing to artificial
tissues to recreate the 3D tumor microenvironment and key physiological interactions [199]-[201],
are driving the development of more efficient and personalized TE-based therapies for patients

suffering from SMNs.

Recently, the emerging of microfabrication and 3D printing technologies have empowered
the conventional TE approaches, enabling the preparation of hierarchically organized scaffolds
emulating the complexity of tissue organization. Mimicking the 3D structural characteristics and
functionality of the recessed tissues is one of the most challenging difficulties to overcome [58],
[61]. The integration of imaging, CAD, and 3D printing technologies can be used to print
anatomically identical models of complex bones, such as mandibles [202]. Moreover, the use of
3D printing technology has been explored to produce TE constructs closely mimicking bone
microarchitecture [193]. However, in the particular case of bioprinting, which is the 3D printing of
cells into constructs, available bioinks are still at an infancy stage and do not have the adequate

mechanical properties or biofunctionality to reliably regenerate large bone defects [203].

TE research lines have also been exploring the cumulative experience in the preparation
of artificial tissues to produce in vitro tumor models [199]-[201]. The ideal in vitro cancer models
procure to mimic 3D microenvironment and key physiological interactions that are crucial to
modulate tumor response to soluble paracrine factors, tumor drug resistance, and invasiveness.
These models, further than providing a realistic platform which could potentially minimize the
animal-based preclinical cancer models, might be equally essential to pave the way for personalized

cancer medicine.

However, the costs for such therapies are still very high and will predictably be affordable
just for wealthy populations in the near future, which raises funded ethical concerns. Hence, the
future research trends of TE in oral and maxillofacial rehabilitation should focus on three main
goals: (1) encourage the clinical translation of the most promising TE approaches for bone
regeneration; (2) the development of new printable bioinks and technologies more stable,
biofunctional, and cost effective, and its homologation for biomedical application; and, most
importantly, (3) to disseminate/communicate this exciting field of knowledge to clinicians and
healthcare providers so new solutions for the rehabilitation of SMNs can be successfully

implemented, contributing for improved quality of life of patients.
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Under the scope of this thesis, we ambitioned to optimized and test PL-m-CNCs cryogels
that comply with the requirements of alveolar bone tissue. In this sense, we pretended to
recapitulate the genesis of bone by developing a strategy that promotes the recruitment of
STEM/ progenitor cells from the surrounding tissues which differentiate into functional osteoblastic-
like cells and lead to the deposition of mineralized matrix that resembles the alveolar bone in oral
and maxillofacial defects. In the following chapter, all experimental procedures developed
throughout this thesis are described in detail to allow their understanding and reproducibility as
well as the rationale behind the materials and procedures selection for achieving the main

objectives proposed by this thesis.

2.1 Materials

Adequate selection of biomaterials in TE is crucial for the success of the system under
development since the material itself is a source of important biochemical and physical signals that
allow the proliferation and differentiation of stem cells, aiming for the regeneration of injured

tissues.

Different biomaterials were used for the optimization of the scaffolds. For this purpose,
platelet lysate (PL) was elected as the matrix due to its enriched content in structural proteins and
growth factors. Moreover, this low strength matrix was blended with cellulose nanocrystals modified
with aldehyde groups (aCNCs) and/or modified with hydroxyapatite (m-CNCs) as cross-linkers and
reinforcement nanofillers, aiming at the regeneration of bone tissue. A detailed description of the
main characteristics of these materials as well as the motivation behind their selection is thoroughly

described in the subsequent sections.

2.1.1 Cellulose Nanocrystals

Cellulose is the most ubiquitous, abundant, and renewable polymeric raw material
available in nature from different vegetal, bacterial, and animal sources [1]-[6]. Regardless of its
source, cellulose is described as a high-molecular-weight long-chain linear homo-polysaccharide

consisting of D-anhydrous-glucopyranose linked by B(1—4) glycosidic bonds, in which every

monomer unit is corkscrewed at 180° concerning its neighbours, and the repeating unit is
frequently considered a dimer of glucose, known as cellobiose, as depicted in figure 1.1 [1]-[6].

Several cellulose chains form elementary fibrils (protofibrils), which assemble into microfibrils
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supported by van der Waals forces, as well as intra- and intermolecular hydrogen bonds [1]-[6].
Microfibrils * diameter ranges from 5 to 50 nm and they can have up to several micrometers in
length while presenting alternate crystalline (highly organized) and amorphous (disordered) regions
[1]-[6]. These microfibrils assemble into larger units called macrofibrils, which in turn further form

the familiar cellulose fibers [3].

i OH
OH
HO 0 {
i OH HO |

n

Figure Il.1: Molecular structure of cellulose di-saccharide unit, known as cellobiose. This polysaccharide is
composed of a dimer of D-anhydrous-glucopyranose units.

Controlled acid hydrolysis of cellulose fibers is the most common and well-known process
used to synthesize cellulose nanocrystals (CNCs) [1]-[8]. By exploiting the hierarchical structure
of native cellulose, this method promotes the selective degradation of the more accessible,
disordered parts (amorphous regions), leading to the isolation of the typical crystalline rod-shaped
CNCs, as demonstrated in figure 1.2 [1]-[8]. The selection of the acid determines the properties
of the resulting nanocrystals [8]. The most common acid used for the hydrolysis of cellulose is
sulfuric acid, followed closely by hydrochloric acid [5]. Moreover, sulfuric hydrolysis allows to obtain
not only isolated cellulose whiskers but also will make CNCs surface negatively charged due to the
esterification of hydroxyl groups with sulphate groups [2], [5]-[8]. The incorporation of negatively
charged sulphate groups on CNCs " surface results in their high colloidal stability in aqueous
suspension via electrostatic repulsion forces [2], [5], [8], [9]. This feature may also confer
additional interesting functional properties to hydrogels, as this functionality is also characteristic
of the ECM sulphated GAGs which are known to induce and control specific cell functions on the

cellular microenvironment [10].

Crystalline region Amorphous region
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Figure 11.2: Schematic representation of the chemical structure of cellulose depicting crystalline and amorphous
regions and cellulose nanocrystals. After the process of sulfuric acid hydrolysis, the disordered amorphous regions are
degraded and only the crystalline regions remain. The resultant cellulose nanocrystals exhibit a surface covered with
hydroxyl and sulphate half-ester groups.

Cellulose
nanocrystals
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Depending on their source as well as the hydrolysis conditions, these elongated rod-like
nanoparticles generally possess a width of about 3 — 50 nm and a length that ranges from 25 nm
to several um [3]-[6], [11], [12]. Additionally, along with general biocompatibility, CNCs present a
high aspect ratio, low density (1.6 g/cm?), high crystallinity, excellent mechanical properties (axial
elastic modulus ranging from 110 to 220 GPa and tensile strength is in the range of 7.5 - 7.7
GPa), high surface area, and reactive surface chemistry (hydroxyl and sulfate side groups) [1], [3],
[5], [6]. This last feature enables different surface modifications of CNCs, such as noncovalent
modifications and covalent modifications, as oxidation, esterification, etherification, amidation,
carbamation, nucleophilic substitution, silylation, or polymer grafting, leading to different
functionalization of CNCs [4]-[6], [8]. These surface functionalizations (1) facilitate their self-
assembly; (2) improve their colloidal stability to obtain better dispersion within a wide range of
polymer matrices; (3) improve their compatibility by controlling the particle-particle and particle-
matrix bond strength while trying to maintain CNCs original morphology and integrity [3]-[6]. All
these properties render to CNCs the status of a potentially suitable candidate for various
applications, as enzyme immobilization, synthesis of antimicrobial and medical materials, green
catalysis, biosensing, bioimaging, drug delivery, and reinforcing nanofiller material for tissue

engineering and regenerative medicine (TERM) approaches [3]-[6].

As nanofillers (incorporation without covalent attachment), CNCs have been widely studied
in several bio-nanocomposites. Their incorporation has been shown to enhance the stability as well
as the thermal and mechanical properties of polymer hydrogels based on gelatin [13], poly(vinyl
alcohol) [14], [15], cyclodextrin [16], polycaprolactone [17], [18], polyethylene [19], polyethylene
glycol [20], poly(N-isopropylacrylamide) [21], and carboxymethyl or hydroxyethyl cellulose [22],
among others. For instance, our group has investigated the incorporation of CNCs on
polycaprolactone/chitosan (PCL/CHT) nanofibrous scaffolds, which increased their mechanical
performance by raising the biomaterial-toughing effect mechanical properties, as Young 's modulus
and tensile strength, to tendon/ligament relevant range [23]. This reinforcing effect is attributed to
the formation of a rigid CNCs network governed by the percolation threshold and the strong

hydrogen bonding between them and with the matrix [24].

Further than nanofillers, CNCs can be covalently incorporated within polymeric matrices
through specific aforementioned surface modifications to crosslink, for example, hydrogel systems.

This usually results in improved stability, biochemical, and mechanical properties when compared
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to the mere physical entrapment of CNCs within the gel matrix [13], [25], [26]. For instance, our
group has previously used aldehyde-modified CNCs (a-CNCs) to reinforce and chemically crosslink
platelet lysate-based hydrogel networks, which avoided the typical clot retraction and showed
favoured retention of platelet-derived bioactive molecules [27], [28]. Moreover, these
nanocomposite hydrogels allowed cell spreading and the formation of well-developed cellular

networks.

2.1.2 Hydroxyapatite

Hap is the main mineral component of bone embedded between the ordered collagen
fibers with c-axis orientation (along the length of the fibers), parallel to the longitudinal orientation
of collagen. The term “apatite” describes a family of compounds that have similar chemical
structures but not the same composition (Ca,(PO.)sX.), mainly composed of calcium phosphates
[29]-[31]. Pure or stoichiometric calcium hydroxyapatite, commonly referred to as hydroxyapatite
(Hap), Cawn(PO.)s(OH),, with a Ca/P molar ratio of 1.67, is considered the most thermodynamically
stable calcium phosphate salt at physiologic temperature and pH [29], [32], [33]. Moreover, Hap
can exhibit either hexagonal or monoclinic crystal structures. The major differences between the
monoclinic and hexagonal HAp is the hydroxyl groups orientation and the synthesis process, where
hexagonal HAp is usually formed by precipitation from supersaturated solutions, while the
monoclinic HAp is primarily formed by heating the hexagonal form at 850 °C in air and then cooling
to room temperature (RT) [29], [32], [34]. However, from a chemical perspective, biologic and
synthetic Hap, unlike the pure one, are non-stoichiometric due to the presence of ionic substituents
in their crystalline structure, as Na:, Mg, Zn#, Sr», K+, F, CI, Si~, HPOz, SiO#, and CO2 [29],
[31]-[36]. Therefore, impure biological apatites, frequently referred to as calcium deficient or
carbonated hydroxyapatites, are the main mineral components of human bones and teeth enamel
and dentin, being embedded between the oriented collagen fibers with c-axis orientation [30], [31],

[36], [37].

During the past decades, different Hap production processes with precise control over its
microstructure have been reported [38]. These methods can be classified into six distinct groups:
1) dry methods, which include the solid-state and mechanochemical procedures; 2) wet methods,
which involve processes as chemical precipitation, emulsion, and hydrolysis, sol-gel, hydrothermal
and sonochemical methods; 3) high-temperature processes that comprise the combustion and

pyrolysis methods; 4) synthesis procedures based on biogenic sources; and 5) combination or
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hybrid methods [38], [39]. Depending on the chosen synthesis method, Hap can possess different
microstructures regarding its morphology, stoichiometry, crystallographic structure, and phase
purity, which will, subsequently, affect its intrinsic properties [29], [38]. Hap has attracted great
interest for TERM approaches owing to its excellent biological properties, namely its
biocompatibility, producing non-toxic, non-inflammatory, and non-immunogenic responses [38],
[40]-[42], affinity to biopolymers [37], [43]-[46], and bioactivity, through its osteoconductive
[47]-[50], osteointegration [50], [51], and osteoinductive (in certain conditions) [52]-[56]
features. On the other hand, Hap 's low mechanical properties represent its main disadvantage,
limiting its usage in TERM strategies [30], [32]. Nevertheless, Hap is widely used for biomedical
applications, mainly in the fields of orthopaedics, maxillofacial surgery, and dentistry, in different
forms, as porous, dense, granules, blocks, or scaffolds, alone or as a composite with specific
polymers or other ceramics, or as coatings for implants [30], [31]. Throughout the past years, Hap
materials have been used as fillers, TERM scaffolds, drug delivery agents, and bioactive coatings

on metallic implants for several bony, maxillofacial, and dental defects [32], [38], [57].

2.1.3 Platelet Lysate

Platelet lysate (PL) is obtained by freeze/thaw cycles or by ultrasounds that disrupt
platelets” membranes contained in platelet concentrates (PC) batches, produced either by
centrifugation cycles or by apheresis [58]-[63]. This hemoderivative is a rich natural source of
growth factors (GFs), cytokines, and structural proteins, essential for wound healing and
regenerative stages [59], [60], [63], [64]. Among the GFs present in PL are platelet-derived growth
factor (PDGF), transforming growth factors (TGF) -B1 and -B2, bone morphogenetic proteins
(BMPs) -2, -4, and -6, vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),
insulin-like growth factor (IGF), epidermal growth factor (EGF), epithelial cell growth factor (ECGF),
and hepatocyte growth factor (HGF) [58], [59], [61], [64], [65]. They allow PL to be involved in
several cellular processes, such as chemotaxis [66], cell proliferation [67] and differentiation,
including angiogenesis [68], [69], chondrogenesis [70], and osteogenesis [71]-[73]. Additionally,
PL contains fibrinogen (fibrin "s precursor), fibronectin, and vitronectin which may provide a

temporary matrix for cell migration and adhesion [58], [60], [64].

PL presents numerous advantages over other platelet-rich hemoderivatives regarding
therapeutic applications: 1) clot and platelet debris are removed during PL processing, therefore,

PL is a solution that hardly forms spontaneously a gel or retracts; 2) PL is usually obtained from
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outdated platelet concentrate units pools from different donors, thus, it is not necessary a blood
collection from the patient; 3) freeze/thaw cycles are easy to standardize and do not require the
addition of any clot activator to release the platelet factors; 4) the concentration of the (GFs) and
cytokines are highly reproducible between batches, which can contribute for more predictable
outcomes; 5) it can be frozen and stored to be readily available for further use; 6) PL exhibits
antimicrobial properties which might reduce the recurrence of diseases and infections [58], [61],
[74], [75]. Actually, PL has also been proposed as a prevailing alternative to fetal bovine serum

supplement for culture of several human cell types [58].

For TERM applications, PL has been applied externally, loaded into carriers for the
sustained release of PL bioactive molecules, injected directly into injured tissues, or as a scaffold
for cell and/or biomolecules delivery [58], [64]. These constructs incorporating PL have shown
potential to induce neovascularization [27], osteogenesis [63], [71], [76], to enhance periodontal
re-attachment [77] and potential to enhance wound healing [78]. For example, the incorporation
of PL into hyaluronic acid (HA) microparticles enhanced the biological performance and osteogenic
potential of calcium phosphate cements through the sustained release of PL chemotactic and
osteogenic GFs [63]. Moreover, the inclusion of PL in HA-based hydrogels improved their ability to
recruit host cells and promote their sprouting, and also their pro-angiogenic properties [27]. Within
this thesis, we reasoned that combining aldehyde-modified CNCs and hydroxyapatite coated CNCs
into an PL-based cryogel would lead to a strategy that gathers improved mechanical properties with

enhanced cellular signalling cues for applications in bone regeneration, as studied in chapter lIl.

2.2 Methods

2.2.1 Synthesis and functionalization of cellulose nanocrystals (CNCs)

2.2.1.1 Synthesis of cellulose nanocrystals (CNCs)

In this project, CNCs were isolated from microcrystalline cellulose (MCC, Sigma-Aldrich,
USA), following a well-established sulfuric acid hydrolysis described by Bondeson et a/. and adapted
by Domingues ef al. (Figure 11.5). Briefly, 42 g of MCC were mixed with 189 mL of DI water with
vigorous mechanical agitation for 20 min and at 500 rpm while cooled in an ice bath, and
concentrated sulfuric acid (188.3 mL, 95-97% (v/v), Honeywell, USA) was added dropwise up to a
final concentration of 64 wt%. The suspension was heated to 44°C in a pre-warmed water bath,
under continuous stirring at 500 rpm for 2 h. Afterwards, the reaction was stopped by diluting the

suspension with a b-fold excess of cold deionized (DI) water and left to decant at 4°C for 2 h.
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Thereafter, the supernatant was discarded, and the remaining suspension was successively
centrifuged (Eppendorf 5810R, Germany) for 10 min at 3220 xg and 5°C, until the supernatant
became turbid, with continuous replacement of the supernatant with DI water and subsequent

resuspension of the solution in each cycle.

The resulting suspension was collected into dialysis membranes (MWCO: 14 kDa, Sigma-
Aldrich, USA) and extensively dialyzed against DI water for a week until neutral pH was reached,
with regular water replacement. Dialysis membranes were previously treated by washing and
submerging them for 2 h in warm DI water several times. After dialysis, the content was sonicated
with an ultrasonic processor (VCX750, Sonics & Materials Inc, USA) and using an ultrasound probe
(¥2" Threaded End Part No. 630-0220) for 3 cycles of 5 min at 60% of amplitude output, under
ice-cooling, to prevent overheating, which can lead to the desulfation of CNCs. The sonication
process helps to disperse the CNCs avoiding the formation of possible aggregates and provides
reasonable stability to the suspension. Then, the cloudy suspension was centrifuged one more time
(10 min, 5°C, 3220 xg) to remove big particles aggregates and the final supernatant containing
the CNCs was collected. The suspension of CNCs was further filtered using a vacuum pump
chemically resistant (PTFE) (N820.3FT18, KNF Neuberger), and a fritted funnel D2. The
concentration of CNCs in the final solution (stock solution) was determined gravimetrically to be

2.5 wt.% and was stored at 4°C until further use.

2.2.1.2 CNCs surface functionalization

2.2.1.2.1 Aldehyde functionalization of CNCs (a-CNCs)

As explained, CNCs can be modified to act as crosslinker agents through chemical
functionalization of their surfaces. Periodate oxidation is a well-known method that induces the
selective oxidative cleavage of the C2-C3 glycol bond of the glucose residues, resulting in the
formation of dialdehyde groups at the respective carbon atoms along the cellulose chains (figure
11.3) [10], [13], [79]. Therefore, under the scope of this thesis, the aldehyde functionalization of
CNCs (a-CNCs) was obtained by sodium periodate oxidation route, according to the procedures

described elsewhere with minor modifications [10], [13], [79].

In this sense, 3.95 g of sodium (meta) periodate (NalO,, Sigma Aldrich, Portugal) were
added to 200 mL CNCs aqueous suspension (1.5 wt.%) in a 1:1 molar ratio (NalO,/CNCs). The
suspension was stirred for 6 h protected from light exposure and at RT. Non-reacted periodate was

guenched by the addition of 8 mL ethylene glycol (Sigma-Aldrich, Portugal). Thereafter, the solution
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was loaded into dialysis membranes (MWCO: 14kDa, Sigma-Aldrich, USA), previously treated by
washing and submerging them for 2 h in warm DI water several times, and then dialyzed against
ultrapure water (Milli-Q, 18.2 MQ.cm) for a week with regular water replacement. The final
aldehyde-modified CNCs (a-CNCs) suspension was then collected and stored at 4°C until further
use. To concentrate a-CNCs a reverse osmosis procedure was used. Briefly, a suspension of a-
CNCs was concentrated against poly(ethylene glycol) (average MW 20,000 kDa, Sigma-Aldrich,
USA) using benzoylated cellulose dialysis membranes (2000 Da NMWCO, Sigma-Aldrich, USA).

The final a-CNC concentration was determined gravimetrically.
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Figure 11.3: CNCs surface oxidation. During the oxidation, the reaction of sodium periodate with the hydroxyl groups
on CNCs surface leads to the formation of dialdehyde groups.

1

2.2.1.2.2 CNCs coating with hydroxyapatite (m-CNCs)

As explained, Hap possesses osteoconductive, osteointegrative, and osteoinductive
properties, promotes the growth of new mineral material without causing any inflammatory
response, and is an attractive material for biomedical applications, namely mineral tissue
regeneration. Particularly, nanosized Hap, which has a high surface to volume ratio and ultrafine
structure, can significantly improve cell adhesion and cell-biomaterial interactions [38]. Simulated
body fluid (SBF) is a solution that mimics the natural composition and concentration of human

blood plasma presented by Kokubo ef a/. in 1991 [48]. Besides being widely used to evaluate the
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bioactivity of different materials [48], SBF can be used for decorating materials’ surfaces with
different kinds of apatite, including Hap [37], [43], [44]. Moreover, Hap crystals formed in SBF are
nanosized and tend to grow and elongate in the c-axis (vertical orientation) resembling their natural

orientation in real bone [80].

Moreover, during bone biomineralization, the deposition of apatite crystals within
(intrafibrillar) and between (extrafibrillar) collagen fibrils has been suggested to be orchestrated by
matrix non-collagenous proteins (NCPs), the arrangement of the tropocollagen molecules, fibril
geometry, and water [81]. Although initially viewed as rather redundant and static acidic calcium
binding proteins, NCPs are multifunctional proteins that actively participate in the organization of
the ECM, coordination of cell-matrix and mineral-matrix interactions, and regulation of the
mineralization process [82], [83]. NCPs, such as osteocalcin (OC) and osteopontin (OPN), are
anionic matrix proteins able to regulate the sequestration of mineral ions to form metastable
nanodroplets of amorphous calcium phosphate (ACP), which penetrate the interstices of collagen
fibrils, later transforming into thermodynamically stable carbonated, calcium-deficient Hap [81],
[84]. NCPs might not only stabilize the amorphous phase by inhibiting apatite nucleation, but also
play an active role in aiding the formation of negatively charged complexes of mineral precursors
that allow them to enter into collagen through electrostatic attraction and thus allowing the
intrafibrillar collagen mineralization [84]. Moreover, the existence of positively charged domains in
collagen fibrils provides binding sites for templating NCPs, which further contributes to the

regulation of mineral deposition in an ordered manner [84].

Thus, NCPs ultimately control where and how much mineral crystal is deposited, as well
as determining the quality and biomechanical properties of the mineralized matrix produced [83],
[85]. Efforts to controllably mimic the process of nanoscale bone biomineralization date back to
decades ago. These include the use of poly(amino acids) and synthetic organic polyelectrolytes
early on, and have recently explored the use of self-assembling peptide-amphiphiles and anionic
polymer acids to mimic the function of NCPs in templating Hap growth within collagen fibrils [81],

[86]-[91].

In this sense, to mimic the nanoscale biomineralization process, particularly, the role of
the acidic and negatively charged NCPs in bone formation, CNCs were used to promote Hap
nucleation on their surface (figure 11.4), inspired by the procedures described by the Salazar-Alvarez

group [43], [92], adapted and optimized, as necessary. In this work, a simplified SBF (s-SBF)
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without Mgz, HCO,, and SO.> was used to precipitate nano-Hap on the surface of CNCs, since
these ions had a negative effect on the Hap coating formation due to their competition with Ca and

P binding sites on CNCs surface.

S-SBF
Nacl Na,HPO,
cacl, HCl
-
© Hydroxyapatite
Ca(PO4)6(OH),

CNCs CNCs/Hap

Figure I1.4: Schematic representation of CNCs coating with hydroxyapatite using a s-SBF solution without Mgz, HCO;
, and SOz

In brief, s-SBF solution composed of 140.0 mM sodium chloride (NaCl, Honeywell, USA),
2.5 mM calcium chloride hexahydrate (CaCl,.6H.0, Sigma-Aldrich, USA), 1.0 mM disodium
hydrogen phosphate (Na,HPO., 98%, abcr GmbH, Germany), and 20 mM hydrochloric acid (HCI,
VWR, France) was prepared 24 h in advance and stored at RT preventing air and light exposure to
avoid undesired precipitation. Thereafter, CNCs aqueous solution of 0.8% (w/v), prepared from the
original CNCs stock solution (2.5 wt.%), was added to s-SBF in a closed flask in different amounts
to obtain the calcium ion (in s-SBF) and sulfonic groups (in CNCs) molar ratio (Caz/S0O;) of 10:1,
20:1, and 40:1. The suspension was then vigorously stirred using a magnetic stirrer until no bulk
particles were apparent and then moved to an ultrasonic water bath (DT 100 H Sonorex Digitec,
Bandelin, Germany) for 30 min to disperse evenly. Afterwards, the mixture pH was adjusted to two
different values, 6.9 and 7.9, with the addition of tris(hydroxymethyl)aminomethane (Trisbase, Alfa
Aesar, Germany), to avoid that Ca»/SO; molar ratio was disturbed. After this, the solutions were
placed in an orbital/linear thermostatic shaking water bath (OLS 200, Grant, UK) at 37°C and 150
rpm for 1 h. The ultrasound and shaking steps were repeated three times. Subsequently, the
precipitated products were collected by centrifugation (Eppendorf 5810R, Germany) at 3220 xg
and 15°C for 10 min and washed several times with anhydrous ethanol and ultrapure water (Milli-
Q, 18.2 MQ.cm) to remove the residual salts. Finally, m-CNCs nanocomposites were stored at 4

°C until further use.

2.2.2 Preparation of platelet lysate (PL)
PL used in this project was produced from outdated (> 5 days old) platelet concentrates

(PC) obtained by plasma apheresis, provided by “Servico de Imunohemoterapia do Centro

59



Chapter Il. Materials and Methods

Hospitalar de Sao Jodo” (CHSJ, Porto, Portugal), under a previously established cooperation
protocol, approved by the Hospital Ethical Committee (approval number 363/18). The platelet
count was performed at the CHSJ and the sample volume was adjusted to one million platelets per
mL. All the lots were biologically qualified according to the Portuguese legislation (Decreto-Lei n.°
100/2011), and stored at -80°C five days after collection. PL was produced by three repeated

freezing/thaw cycles to disrupt platelets and release their protein content [60], [61].

To obtain a more consistent content and a higher reproducibility of PL batches, PC lots
from ten different donors, previously stored at -80°C, as above described (Figure 11.5A), were
thawed in a 37°C water bath and pooled (Figure 11.5B) [61], [76], [93]. Thereafter, the suspension
was subjected to another freezing/thaw cycle (frozen with liquid nitrogen at -196°C and thawed in
a 37°C water bath) and aliquoted in several sterile tubes (Figure 11.5C). The third cycle started by
freezing all the aliquots in liquid nitrogen at -196°C before their storage at -80°C until further use
(Figure 11.5D). The last cycle was concluded just before use by thawing the PL in a 37°C water
bath. Then, the cellular debris were removed by centrifugation at 3220 xg for 5 min (Figure 11.5E),
and the supernatant was filtered through 0.45 pm sterile filters (TPP, Switzerland) (Figure I.5F).

All the experimental processing was performed in aseptic conditions.

Platelet concentrate Pooled platelet Aliquote, freeze, and Centrifuge Filtration Platelet Lysate
(108/mL, 10 donors) concentrate store (-80 °C) (5 min, 3220 xg, and 5°C) (0.45 pm filter)
.- * . Thaw Freeze [ ] e
..... .
- (37 °C water bath) (196 °C liquid nitrogen) rﬁ- - i
Thaw Thaw = g

————
] (37 °C water bath) (37 °C water bath) -
Stored at-80 °C

Figure 11.5: Schematic representation of platelet lysate preparation from platelet concentrates.
2.2.3 Characterization of cryogel precursors

2.2.3.1 Physicochemical characterization

Zeta potential is a measure of the magnitude of the electrostatic or charge/repulsion
between nanoparticles or molecules in a liquid medium [94]. Theoretical principles postulate that
when a charged particle is suspended in a liquid, ions with opposite charge are attracted to the
surface of the suspended particle [94]. lons close to the particle surface are strongly bounded while
ions that are further away are slightly bounded, forming a diffuse layer. Within this layer there is a
notional boundary called slipping plane, and only the ions within this boundary will move with the
particle when it moves in the liquid [94]. A difference of charge exists between the particle surface
and the dispersing liquid, varying with the distance from the particle surface, being the charge at

the slipping plane called the Zeta potential [94]. Zeta potential is measured using a combination of
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two measurement techniques: electrophoresis and Laser Doppler Velocimetry, sometimes called
Laser Doppler Electrophoresis, a method that measures how fast a particle moves in a liquid

(particle velocity) when an electrical field is applied [94].

In the scope of this thesis, the Zeta potential was calculated for 0.1 w/v% suspensions of
CNCs and m-CNCs in DI water. Briefly, 1 mL of each suspension was transferred into a Folded
Capillary cell (DTS1060, Malvern) and zeta potential was measured by Zetasizer (Nano ZS,

Malvern). Each analysis was performed in triplicate.

2.2.3.1.1 Conductometric titration of CNCs and a-CNCs

Conductometric titration is a quantitative technique that measures the conductivity of a
solution as a titration proceeds, which has been widely used to study polyelectrolytic compounds
in terms of complex composition, association phenomena, colloidal stability, and charged groups
nature, content, and behaviour [95], [96]. The stoichiometric endpoints of titrated acids with bases
and vice-versa are revealed by a minimum in the conductivity, showed by the interception between

two straight-line segments tangential to the diminishing and increasing of the conductivity [96].

Regarding this, the amount of protonated sulfate half-ester groups introduced onto the
surface of the CNCs during the hydrolysis reaction was determined by conductometric titration with
sodium hydroxide (NaOH), following the procedure described elsewhere with minor adjustments
[96], [97]. Succinctly, a CNCs suspension containing 150 mg CNCs was diluted with ultrapure
water to give a total volume of 200 mL, followed by the addition of 2 mL NaCl solution (0.1 M,
Honeywell, USA) for a final concentration of 1 mM NaCl. Thereafter, the solution was titrated with
a solution of 10 mM NaOH (Panreac Quimica, Spain), added in 0.25 mL increments over 30-40
min with constant stirring to equilibrate the mixture after each NaOH addition. Titration conductivity
values (uS/cm) were recorded using a conductivity meter (DDS-11AW, SCANSCI, UK) and
corrected for dilution effects, and plotted against the added volume of NaOH. The typical titration
curves show two distinct linear regions: (1) an initial decrease in conductivity with the added NaOH
as the protons associated with the sulfate ester groups are consumed and (2) an increase in
conductivity with the addition of NaOH which happens once all the charged groups have been
neutralized [96]. Furthermore, the inflection point, determined by the intersection of the two linear
regions, provides the volume of NaOH (V....) with a defined concentration (Cy..) required for the

neutralization. Since this is related to the surface charge density of the crystallites, it can be
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reported as percent sulphur content (%S) by weight, through the following calculation described in

equation 1.1 [98]:

%S = WNaonCraouMw(S) o 4 900y (Equation I1.1)

MgyspLsusp
Where m.,,, and c.., are the mass and concentration (mass %) of the CNCs suspension and
M. (S) is the atomic mass of sulphur. The CNCs conductometric titration was performed in

triplicate.

Moreover, the number of aldehyde groups on a-CNCs and the corresponding degree of
oxidation were also quantified by acid-base conductometric titration after selectively oxidizing the
aldehyde groups to carboxylic acid groups using silver(l) oxide, according to Yang ef a/. with minor
modifications [25]. In a typical run, 3.6 mL of a-CNCs aqueous suspension (0.8 wt.%, 0.0288 g)
and 0.025 g (0.62 mmol) of NaOH were dispersed in a final volume of 10 mL of ultra-pure water.
Afterwards, 0.193 g of silver(l) oxide (Sigma-Aldrich, USA) were added to the solution, which was
allowed to stir overnight, whilst selectively oxidizing the aldehyde groups to carboxylic acids. Next,
to remove the unreacted silver particles, which may alter the reliability of the conductivity results,
the suspension was centrifuged for 10 min at 3220 xg and 15 °C. Then, 5 mL of the supernatant
from the centrifuged mixture were diluted with 80 mL of ultrapure water and the pH was adjusted
to 3.5 with 1M HCI (VWR, France) added dropwise. Later, the solution was titrated using a 0.01M
NaOH solution, added in 0.25 mL increments for 30-40 min with constant stirring to equilibrate
the mixture after each NaOH addition. Lastly, the conductivity values, registered using a
conductivity meter (DDS-11AW, SCANSCI, UK) were plotted against the volume of NaOH (in mL)
and used to determine the content of carbonyl groups. The total amount of carboxyl groups
corresponding to the carbonyl content, or the degree of oxidation (DO) was calculated from

equation 11.2:

162C(V,—Vy)

DO = W—36C(V2 _Vl)

(Equation 11.2)

where C is the NaOH concentration (mol/L), V, and V, are the amount of NaOH shown in
conductimetric titration curves, and w (g) is the weight of a-CNCs [99]. The conductometric

titrations were performed in triplicate.

2.2.3.1.2 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) is an infrared (IR) spectroscopy technique

that is based on the measurement of the absorption (or transmission) of infrared radiation by a
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material as a function of wavelength (or frequency), being their plot known as IR spectrum [100].
The absorption of infrared radiation results in transitions between quantized vibrational energy
states of a molecule [100]. So, when a sample is exposed to IR radiation, different functional groups
will absorb the energy of the radiation at specific wavelengths characteristic of each group, which
is equal to the energy of a vibrational transition of each functional group [100]. Since each molecule
has a unique IR spectrum often referred to as the “fingerprint”, its identification can be achieved
by comparing its absorption peak to a reference bank of spectra. Therefore, this technique allows
the chemical analysis of the molecular composition of samples, the quantitative determination of
species in complex mixtures, the determination of the molecular composition of surface species,
the differentiation of structural and geometric isomers, and the determination of molecular

orientation in polymers and solutions, of a wide variety solid, liquid, or gas specimens [100].

Furthermore, FTIR spectroscopic measurements can be obtained by transmission,
reflectance, or attenuated total reflectance (ATR) methodologies. In this work, only transmission
and ATR modes were applied. For traditional transmission FTIR, the incident IR radiation passes
directly through the sample while for the ATR technique, IR radiation passes through an internal
reflection element (IRE) crystal material, which surface is in contact with the sample to be
measured and as the IR light passes through the IRE crystal it interacts at the crystal/sample
interface [101]. Since the depth of penetration is very small, the ATR spectrum primarily provides
information about the sample surface or the sample closest to the IRE surface and will not yield

information of the bulk sample properties, which can be achieved by the conventional FTIR [100].

Regarding this work, to evaluate the modification of CNCs, FTIR spectroscopy was applied
to acquire information about the characteristic absorbance peaks of functional groups in CNCs
before and after the functionalization. For this purpose, Hap, CNCs, a-CNCs, and m-CNCs freeze-
dried samples were used for FTIR analysis. The spectra of all samples were collected using an FTIR

spectrophotometer (IRPrestige 21, Shimadzu, Japan), in 400—4000 cm* range, recording 32 scans

at a resolution of 4 cm-. All data was analysed and processed using OriginPro 2018.

2.2.3.1.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique used for the characterisation of the
crystalline or semi-crystalline structure of materials by measuring the average spacing between
layers or rows of atoms [102]. This methodology provides information on their structures, phases,

preferred crystal orientations (texture), and other structural parameters, such as average grain size
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and shape, crystallinity, strain, and crystal defects [102]. Moreover, it also allows to study the

deviation of a particular component from its ideal composition and/or structure [102].

The working principle behind this method is based on the scattering of a collimated beam
of x-rays by the periodic lattice of a material, as a result of the interactions of the photons with the
electrons of the material [102]. Each crystalline material has a characteristic atomic structure,
which upon irradiation with x-rays causes a constructive and destructive interference of the
scattered x-ray beam, at specific angles, generating a unique diffraction pattern that presents
several peaks, known as Bragg diffraction peaks [102]. Consequently, the XRD pattern is the
“fingerprint” of periodic atomic arrangements of each material. The diffraction of X-rays by a crystal
is described by the Bragg law that relates the wavelength of the x-rays to the interatomic spacing

and is given by the equation I.3:

2dsin 0 = nA (Equation I1.3)

where d is the perpendicular distance between pairs of adjacent planes, 0 is the angle of
incidence or Bragg angle, A is the wavelength of the beam, and n denotes an integer number,
known as the order of the reflection and is the path difference, in terms of wavelength, between
waves scattered by adjacent planes of atoms [102]. XRD patterns of the crystalline samples reveal
the presence of well-defined peaks at specific scattering angles, while amorphous samples show

an intensity maximum that extends over several degrees (20).

Regarding the crystallite size, XRD can provide additional information that can be used to
calculate the average crystallite size by the peak broadening of the diffraction peaks using the

Scherrer equation (equation 11.4):

_ kA
- BcosO

(Equation 11.4)

where t is the crystallite size, A is the wavelength of the incident x-ray beam, [ is the full

width at half of the maximum intensity of the reflection peak, and k is the Scherrer constant [102].

Experimentally, samples from CNCs and m-CNCs formulations were freeze-dried and then
pressed on the sample holder to form a uniform film of material for analysis. The XRD diffraction
patterns measurements were performed using a conventional Bragg-Brentano diffractometer
(Bruker D8 Advance DaVinci, Germany) equipped with Cu Ka radiation. Data sets were collected

in the 20 range of 10-80° with a step size of 0.05° and 1 s for each step and processed using
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OriginPro 2018 software. Subsequently, the average crystallite size was calculated using the

Scherrer equation.

2.2.3.1.4 Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS or EDX) is a surface analytical technique that
identifies and maps or quantifies the elements (elemental composition) present in any given
material [103], [104]. This method relies on the ionization of atoms in a sample by an electron
beam which excites an electron in an inner shell, causing its ejection and the formation of an
electron-hole in the electronic structure of the element [103], [104]. Subsequently, this void can
be filled by an electron from a higher energy shell and the difference of energy between these two
shells is expelled as x-rays [103], [104]. Therefore, the amount of energy of the emitted x-rays is
specific for each element and its detection provides important information on the presence of
specific elements on a sample, using an adequate energy-dispersive detector [103], [104].
Generally, elements present in concentrations higher than 1% by mass are usually detectable and
EDS is commonly combined with scanning electron microscopy (SEM) since its modules are

coupled within electron microscopes.

EDS analysis (INCAx-Act, PentaFET Precision, Oxford Instruments, UK) incorporated in
scanning electron microscope (JSM-6010 LV, JEOL, Japan) was performed on the samples to
estimate the Ca/P molar ratio of the Hap formed on the surface of CNCs. For this purpose, 0.01
and 0.001% (v/v) CNCs and m-CNCs dilutions were prepared from the stock solutions and
sonicated (5 min, 60%; VCX750, Sonics & Materials Inc, USA) to disperse the nanoparticles. Then,
a drop of each solution was placed on top of aluminium stubs fitted with conductive adhesive
carbon tape (Media Lab System S.r.l., ltaly) and tissue coverslips (polyethylene terephthalate,
glycol-modified (PET-G); Sarstedt, Germany) cut at half, and allowed to dry until the procedure was
performed. After drying, the samples were transferred into the EDS chamber and imaged at RT
with an incident electron beam accelerated to 10 kV. After this, the Ca/P molar ratios were

calculated for each sample.

2.2.3.1.5 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is a low-cost but destructive analytical method that
monitors materials weight change as a function of temperature/time in a controlled environment

[105]-[107]. This technique is widely used to study physical phenomena of materials as mass
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variations, thermal stability, oxidation/reduction behaviour, decomposition, corrosion studies,

water content, compositional analysis, and fraction of volatile components [105]-[107].

TGA comprises a furnace, a microbalance, a temperature controller, and a data acquisition
system [105]-[107]. The materials' weight is measured on the microbalance while subject to a
crescent or decreasing temperature at a constant rate or an isothermal temperature in the furnace,
according to the desired method, and the values are recorded through time [105]-[107]. Moreover,
the measurement is usually carried out in the presence of an oxygen-rich or free atmosphere,

simulating or not the air atmosphere.

Within this work, a nitrogen (N,) and a nitrogen/oxygen (N,O,; 79% to 21%) atmospheres
were used to determine CNCs and m-CNCs water content and degradation temperature, and
amount (%) of Hap, respectively, using a simultaneous thermal analyser (STA7200, Hitachi, Japan).
In this sense, samples were freeze-dried and further weighted and transferred into a platinum pan
and heated according to the desired purpose. For the determination of the water content and
degradation temperature, samples were heated from 40°C to 105°C and then from 105°C to
600°C both at a 10°C/min heating rate for 15 min, under a N, atmosphere. Whereas, for the
determination of the percentage of Hap, they were heated from 40°C to 600°C at 10°C/min

heating rate for 15 min, after a 2-min isothermal period at 40°C under a N, O, atmosphere.

2.2.3.2 Morphological characterization

2.2.3.2.1 High-Resolution Scanning Electron microscopy (SEM)

High-Resolution scanning electron microscopy (SEM) is a versatile surface-imaging
technique, which produces high-resolution and high-magnification images of samples surface. For
this purpose, a focused electron beam generated under high vacuum and accelerated through high
voltage scans the specimens surface causing the emission of characteristic X-rays, elastically
backscattered (or primary) electrons, secondary inelastic electrons, and Auger electrons from the
atoms on the surface of the sample [102], [108]. This emission of electrons is detected by specific
detectors and then displayed in a visual mode. Backscattered and secondary electrons are the
most valuable in SEM to study the topography, morphology, and the atomic composition of the
scanned specimen surface [102], [108]. Moreover, in SEM, the samples surface must be
electrically conductive and grounded to prevent the accumulation of electrostatic charge, as this

results in electrostatically distorted images and artefacts. To prevent this issue, the surface of
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nonconductive samples should be coated with an ultrathin layer of an electrically conducting

material, such as gold (Au), gold/palladium (Au/Pd) alloys, or platinum (Pt) [102].

Regarding this work, SEM analysis was performed to confirm if the decoration of CNCs
with Hap was successful and to study Hap morphology, using a high-resolution field emission
scanning electron microscope (Auriga Compact, Zeiss, Germany), which compared to conventional
SEM produces clearer and less electrostatically distorted images. For this, CNCs and m-CNCs
dilutions (0.01 and 0.001% v/v) were prepared from the stock solutions and sonicated (5 min,
60%; VCX750, Sonics & Materials Inc, USA) to disperse the nanoparticles. Then, a drop of each
solution was placed on top of aluminium stubs fitted with conductive adhesive carbon tape (Media
Lab System S.r.l., Italy) and circular coverglasses (13 mm @; 0.16-0.19 mm thickness; optical
quality borosilicate; Agar Scientific Ltd, UK) cut at half, and allowed to dry until the procedure was
performed. After drying, the samples were then transferred into the SEM chamber and imaged at

RT with an incident electron beam accelerated to 3 kV.

2.2.4 Development of the cryogels
PL-based cryogels incorporating CNCs modified with aldehyde groups, and/or coated with

Hap, were produced by cryogelation, following the procedure developed by Mendes et a/. [78].

Towards this, the PL-m-CNCs cryogels were prepared by blending PL with a mixture of
aCNCs and m-CNCs, at 1:1 volume ratio, using a double-barrel syringe, fitted with a static mixer
placed at the outlet (Medmix, Germany) to homogenously extrude the cryogel precursors solutions
into square molds (12 well silicone chamber, Ibidi, Germany). For PL-CNCs cryogels without m-
CNCs, barrel A was filled with PL and barrel B with a-CNCs dispersion at 2.4 wt % concentration.
Whereas, for PL-m-CNCs cryogels, barrel A was also filled with PL and barrel B with aCNCs (1.8-
2.4 wt %) and m-CNCs dispersions (0.6-2.4 wt %). Before extrusion, the viscous aCNCs
suspensions with or without M-CNCs nanoparticles were dispersed with an ultrasonic processor
(30 s, 3 cycles, 60% amplitude; VCX750, Sonics & Materials Inc, USA) and sterilized under UV for
30 min. After extrusion into the molds, the cryogel precursors were frozen at -80°C on top of
styrofoam and subsequently freeze-dried until full cryogelation. Figure 1.6 depicts the working

principle of the system developed in chapter llI.

The final cryogel formulations were named according to the m-CNCs nanoparticles used
and their concentrations: 0 wt % (Control), 0.6 wt % m-CNCs 6.9/20 (Amorphous-Low or A-Low),
2.4 wt % m-CNCs 6.9/20 (Amorphous-High or A-High), 0.6 wt % m-CNCs 7.9/20 (Crystalline-Low
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or C-Low), and 2.4 wt % m-CNCs 7.9/20 (Crystalline-High or C-High). Table Il.1 summarizes the
different conditions used to develop the cryogels, as well the abbreviations that will be used to refer

the different formulations.

[ LRV

——A A =
e aCNCs 18-24wt% 0 _

“v4ya,. CNCs/Hap 6.9 or 7.9 0-2.4wt %

Figure 11.6: Schematic representation of cryogelation process to obtain the different formulations of the PL-m-CNCs
cryogels.

Table I1.1: List of the developed formulations of the PL-m-CNCs cryogels studied within this thesis.
Amorphous or crystalline nomenclature was adopted after XRD analysis.

Concentration of PL  Concentration of a-CNCs Concentration of m-CNCs
Formulation
(% v/v) (% v/v; wt %) (% v/v; wt %)
Control 50 (50%; 2.4) (0%; 0)
m-CNCs 6.9/20
A-Low (37.5%; 1.8) (12.5%; 0.6)
A-High ” (25%; 2.4) (25%; 2.4)
m-CNCs 7.9/20
C-Low (37.5%; 1.8) (12.5%; 0.6)
C-High ” (25%; 2.4) (25%; 2.4)

2.2.5 Physical characterization of cryogels
The developed cryogels were analyzed in terms of microstructure, water uptake and

degradation profiles, and mechanical properties.

2.2.5.1 Microstructure
Micro-computed tomography (micro-CT) uses X-rays for non-destructive 3D analysis of the
bulk structure of scaffolds and tissue samples. The output is the general structure as a 3D model

with micrometre resolution, more importantly, the subsequent analysis can yield information in
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relation to pore size, pore distribution and pore interconnectivity in 3D, as well as pore wall
thickness, material distribution, and the differentiation in between crystalline and hard materials

inside samples.

In this work, PL-M-CNCs cryogels formulations (7 x 7 x 5 mm, n = 5) were scanned using
an X-ray scan micrograph (micro-CT; SkyScan 1272; Bruecker, Kontich, Belgium). Series of two-
dimensional projections, with a resolution of 10 um were acquired over a rotation range of 180°,
at a rotation step of 0.45°, by cone-beam acquisition. The data was reconstructed using the
software NRecon (Version: 1.6.6.0, Skyscan), and analyzed on CT analyzer (Version: 1.17.0.0,
Skyscan). The region of interest (ROIl) was defined as a 6 x 6 mm square centred over the
specimen. By auto-interpolation the manually defined ROl was yielded a representative 6 mm thick
cobblestone-shaped volume of interest (VOI), which was the essential basis for the quantitative
analyses. For the 3D morphological analysis, the Batman tool of CT analyzer software was used.
The object was automatically defined (Ridler-Calvard method) to produce binarized projections, and
the total porosity (Po.V (tot); vol. %), structure thickness (Tb.Th; um), and pore size (Tb.Sp; um)
were calculated. The interconnectivity (InterConn) of the pores present in each sample was

calculated according to equation I1.5.

TV.2px—0Dbj.V.2px

InterConn =1 — TV_0BV

(Equation IL.5)

In Equation I1.5, TV.2px is the total VOI volume; Obj.V.2px is the object volume after shrink
over holes with a diameter of 4 voxels (40 um?), defined as the lower dimensions for an
interconnective pore; TV is the total VOI volume, and Obj.V is the object volume. The 3D

reconstructions were produced using the CTVOX software.

2.2.5.2 Water uptake and degradation profiles

The stability and degradability of cryogels in vivo is dependent on several physicochemical
and biological factors that include hydrolysis and degradation with specific enzymes, phagocytosis,
and dissolution/erosion. Given that, the water uptake and degradation behaviour of the cryogels
was tested in simulated physiological conditions to conclude about their biodegradability and

stability, according to their m-CNCs content.

For determining the water uptake behaviour of the developed cryogels, the samples were

initially weighed (Wi) and subsequently immersed, for 30 s, in 1 mL phosphate buffered saline
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(PBS, Sigma-Aldrich, USA). The samples were immediately weighed (Wf) and the water uptake

(mg/mg sample) was calculated using Equation 11.6. All experiments were performed in triplicate.

Wi—W;

Water Uptake = (Equation I1.6)

Regarding the degradation properties, the weight loss of the cryogels over time was also
analysed. For that, the specimens were incubated in 1 mL of PBS at 37°C for 2 h. After removing
the excess PBS, the initial mass of the cryogel was measured (Wi) and successively weighed at
different pre-selected time points (Wf) to determine the weight loss (%), according to equation I1.7.

The results are expressed as an average of three samples.

Wi-W

Weight loss (%)= W X100% (Equation 11.7)

2.2.5.3 Evaluation of the mechanical properties

For bone TERM, it is very important to ensure that the implant has compatible mechanical
properties compatible to the bone tissue. The uniaxial compressive test provides a simple, effective,
and inexpensive way to characterize the developed cryogels behaviour and response while it
experiences a compressive load. In this type of mechanical test, the sample is placed on the lower
plate and compressed by moving the upper plate by a hydraulic piston. The specimen is strained
at a constant speed and the applied load is shown as the load supported by the specimen over

time.

For this, the specimen is subjected to a controlled compression and, by analysing the
changes in length and resulting load, it is possible to calculate a stress-strain profile and assess
some properties, such as the Young's modulus (E) or the compressive stress. The compressive
stress (o) is calculated by relating the applied force, P, expressed in Newtons (N), measured by
the load cell, and the initial surface cross-sectional area perpendicular to the applied force (before

load application), A, in mz, as shown in equation 1.8 [111].
o= % (N.m™2 or Pa) (Equation 11.8)

The dimensions of each sample were also measured and the compressive strain (&) was
calculated using equation 1.9, where AL stands for the elongation that corresponds to the
difference between the initial length (L,; before any load applied) and the final length - L, both in

millimeters (mm) [111].

e=2L= % (%) (Equation I11.9)
0

T Lo
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Since this material has an initial elastic behaviour, stress and strain are linearly related in
this region and, upon unloading, the deformation is elastically recoverable. The Elastic Modulus or
Young's Modulus (E) corresponds to the slope of the stress-strain plot, within the linear elastic
regime, and characterizes the stiffness of a material in units of force per unit area. It can be
calculated by Hooke's Law, which relates the compressive stress and strain, as described by the

equation 11.10.
E= g (Pa) (Equation 11.10)

At least three samples of each cryogel formulation were tested in a universal mechanical
testing machine (Instron 5540, USA) equipped with a load cell of 50 N, under unidirectional
compression. The hydrated (10 min in PBS) PL-m-CNCs cryogels (7 x 7 x 5 mm, n = 5) were set
on the lower plate and compressed by moving the upper plate at a compression rate of 1 mm per
min at RT. For cyclic tests, the samples were subjected to three successive loading and unloading

cycles at a compression rate of 1 mm per min and € = 50%. The obtained stress—strain curves
were used to determine the Young's modulus (i.e., the average slope of the stress—strain curve in

the initial linear region) to evaluate the structural integrity of the cryogels and their recovery

capacity.

2.2.6 /n vitro evaluation of the developed systems

Biological analysis of the designed systems was employed to study their performance in
vitro when seeded with human adipose-derived stem cells (hASCs) and human dental pulp cells
(hDPCs). Therefore, the effect of the Hap coating density and m-CNCs concentration in the potential
modulation of bone regeneration of the cryogels was evaluated. For this, both cell types were
seeded on the different samples and their behaviour in terms of viability, metabolic activity,

proliferation, morphology, differentiation, and migration was evaluated.

2.2.6.1 Expansion of human Adipose tissue-derived Stem Cells (hASCs)
Adipose tissue-derived stem cells (ASCs) are mesenchymal stem cells (MSCs) obtained
from adipose tissues, which are a rich source of multipotent stromal/stem cells that can
differentiate along the adipogenic, chondrogenic, osteogenic, myogenic, neurogenic, endothelial,
and other lineage pathways [112], [113]. ASCs high abundance in adipose tissue, lower collection
morbidity [114]-[116], higher proliferation rate /n vitro comparing to bone marrow derived stem
cells (BMSCs) [117], [118], and comparable osteogenic potential [114]-[117], [119] have been
supporting ASCs as a good alternative to BMSCs for bone TE. Despite displaying slightly lower
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osteogenic potential compared with BMSCs, this potential is maintained during cells = aging, unlike
the rest of the MSCs [120]-[122]. Moreover, clinical studies conducted by Mesimaki et al. and
Sandor et al. showed that ASCs hold great potential in oral and maxillofacial rehabilitation [123]-
[125]. Therefore, hASCs were chosen for this work to be seeded onto PL-m-CNCs cryogels to

address the regeneration of injured bone tissues.

Human adipose-derived stem cells (hASCs) were obtained from lipoaspirate samples of
the abdominal region of healthy donors undergoing plastic surgery under the scope of an
established protocol with Hospital da Prelada (Porto, Portugal) and with the approval of the Hospital
Ethics Committee (approval number 005/2019). The hASCs isolation was performed using a
previously optimized protocol [112]. hASCs were maintained in o-MEM (Sigma-Aldrich, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, ThermoFisher Scientific, USA) and 1%
antibiotic/antimycotic (A/A, Gibco, ThermoFisher Scientific, USA) and incubated at 37°C in a 5%
CO, high-humidity environment, with medium replacements every 2 to 3 days. Cells until passage

5 were used for this study.

2.2.6.2 Expansion of human Dental Pulp Cells (hDPCs)

Human dental pulp cells (hDPCs) constitute an excellent mesenchymal stem cell source
for dental tissue regeneration, owing to their high accessibility, motility, and multilineage
differentiation potential [126]. Moreover, hDPCs have been able to regenerate dentin-pulp-like
complexes with a similar ECM architecture as the natural tissue, exhibiting odontoblasts aligned
with the dentinal wall to produce new dentin, and also to promote angiogenesis [127]. Therefore,
hDPCs were chosen for this work to be seeded into PL cryogels laden with m-CNCs to address the

regeneration of injured dental bone tissues.

hDPCs were isolated from human third molars, removed by orthodontic reasons, under a
protocol established with the Malo Clinic (Porto, Portugal), as described by Almeida ef a/ [59].
Cells were expanded in 150 cm: culture flasks (TPP, Switzerland) and cultured with a-MEM (Sigma-
Aldrich, USA) with 10% fetal bovine serum (FBS, Gibco, ThermoFisher Scientific, USA) and 1%
antibiotic/antimycotic (A/A, Gibco, ThermoFisher Scientific, USA), as supplements. All cultures
were incubated at 37°C in a 5% CO, high-humidity environment, with medium replacements every

2 to 3 days. Cells until passage 5 were used for this study.
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2.2.6.3 Expansion of human umbilical vein cell line (EA.hy926)

Endothelial cells are intrinsic and essential to blood vessels structure and functionality, by
surrounding the lumen and constituting the endothelium, the physical separation between the
circulating blood and the surrounding tissues [128]. Moreover, they have an active role in
maintaining vascular homeostasis by being involved in the processes of angiogenesis, that consists
in their recruitment, proliferation, migration, organization and remodelling, thrombosis, blood

pressure, and inflammation [129].

Human umbilical vein cell line (EA.hy926) was established by fusing primary human
umbilical vein endothelial cells (HUVECs) with permanent human cell line A549 from carcinomic
human alveolar basal epithelial cells [130], [131]. The resultant immortalized hybrid cell line
retained many vascular endothelial properties of HUVECs such as expression of Von Willebrand
factor, coagulation factor VIII (anti-hemophilic factor), tissue plasminogen activator, and
thrombomodulin [130]-[132]. Furthermore, EA.hy926 cells grow faster in culture without any
special requirement in terms of supplementation compared to HUVECs, and possess a unique
marker that makes their identification easier. These cells are widely used as a model system for
human vascular endothelial cells for the purification endothelial-specific factors, and identification
and analysis of compounds that treat endothelial-mediated pathologies such as: high/low blood

pressure, blood clotting, atherosclerosis, angiogenesis, and inflammation [130]-[132].

EA.hy926 were expanded and cultured using DMEM - low glucose (Sigma-Aldrich, USA)
with 10% FBS (Gibco, ThermoFisher Scientific, USA) and 1% A/A (Gibco, ThermoFisher Scientific,
USA). All cultures were incubated at 37°C in a 5% CO, high-humidity environment, with medium

replacements every 2 to 3 days.

2.2.6.4 Cell seeding onto PL-m-CNCs cryogels

The ability of the cryogels to support cell adhesion and proliferation and to control cellular
behaviours is crucial for successful TE applications. Thus, two different cell types were selected,
and their behaviour was studied, when seeded on the developed cryogels, to address bone

regeneration in chapter Il

For this, PL-m-CNCs cryogels were produced following the same procedure described in
section 2.2.4, under sterile conditions. Afterwards, cultured cells, hASCs or hDPCs, were detached
by trypsin, counted, and centrifuged at 300 xg for 5 min, at RT. The obtained cell pellets were

resuspended in basal culture media («-MEM) and 1 X 105 cells were seeded on the surface of
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each sample, using 150 pL of cell suspension, and placed in 48-well plates. After 90 min of
incubation at standard culture conditions to allow cell adhesion onto the cryogels, a-MEM with 10%
FBS and 1% antibiotic/antimycotic was added to cover the samples. Then, the cryogel formulations
were incubated at 37°C in a 5% CO, high-humidity environment for 1, 3, 7, 14, and 21 days, with
medium replacement every 2 to 3 days. All formulations for each time point and assay were

produced in quadruplicate.

2.2.6.5 Preliminary determination of cell viability by live/dead assay

Before the differentiation assays, there was a need to assess the biocompatibility of the
developed cryogels. Therefore, cell viability was evaluated using a live/dead double cell staining
using calcein AM and propidium iodide (P1). Calcein AM, is membrane-permeant and is hydrolysed
by cells creating a negatively charged green, fluorescent calcein, that is retained in the cytoplasm,
allowing to differentiate live cells. On the other hand, Pl is not permeant to the membrane and
therefore only stains cells in which that barrier has been breached, allowing to distinguish dead

cells.

At the end of 4 days of culture, the cells were rinsed with PBS and incubated with Calcein
AM (Invitrogen, USA) 1:500 v/v in PBS for 30 min at 37°C. Thereafter, samples were rinsed again
with PBS and incubated in PI (Invitrogen, USA) 1:1000 v/v solution in PBS for 30 min at 37°C.
Then, the cells were washed again with PBS to minimize background fluorescence. Processed
samples were observed using a confocal microscope TCS SP8 (Leica Microsystems, Germany).

Each experiment was performed in triplicate.

2.2.6.6 Evaluation of metabolic activity by Alamar Blue assay

Alamar Blue fluorescence assay is a rapid and sensitive method for quantitatively measure
cell s metabolic activity and cytotoxicity. This assay relies on the colorimetric properties of a blue,
non-toxic, non-fluorescent reduction-oxidation indicator known as resazurin (7-hydroxy-10-
oxidophenoxazin-10-ium-3-one) that is reduced into a highly fluorescent red coloured compound
named resorufin, in response to chemical reduction reactions resulting from cells metabolic
activity, specifically in the respiratory chain [133]. The resorufin concentration can be determined
by fluorescence spectroscopy and the differences in its detection are proportional to the number
of metabolic active cells. It also provides additional information on their overall viability. The

experiment was performed according to the manufacturer *s recommendations.
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Briefly, at each pre-selected time point, a 10% (v/v) Alamar Blue (Bio-Rad, UK) solution
was prepared using culture medium and protected from light. Then, the culture medium was
removed, and each sample was thoroughly washed with PBS. Afterwards, each sample was
incubated in 500 pL of the 10% Alamar Blue solution for 3 h at 37°C in a standard 5% CO,
humidified atmosphere, shielded from light exposure. After incubation, 100 uL of each sample
supernatant were collected in triplicate and transferred to a 96-well plate. Background was also
performed by incubating the Alamar Blue solution in the same conditions but in empty wells.
Thereafter, the fluorescence was measured using a Synergy HT microplate reader (Bio-Tek
Instruments, USA) at excitation and emission wavelengths of 570 and 600 nm, respectively.

Background fluorescence was retracted from the fluorescence values of each sample.

2.2.6.7 Determination of cell proliferation by DNA quantification

Cell proliferation was determined by quantifying the total amount of double-stranded
deoxyribonucleic acid (dsDNA) present at different culture times (1, 3, 7, 14, and 21 days) using
a QuantiT™ PicoGreen® dsDNA dsDNA Assay Kit (Molecular Probes, Invitrogen, USA), according
to the manufacturer’s instructions. Quant-T™ PicoGreen® dsDNA reagent is an ultra-sensitive
fluorescent nucleic acid stain for the quantification of dsDNA in a solution. After assessing the
metabolic activity for each time-point, the cryogels were washed with PBS and then incubated with
1 mL of ultra-pure water for an h at 37°C in a standard 5% CO, humidified atmosphere. After this,

the samples were frozen at -80°C until further use.

Upon testing, the samples were thawed at RT and then sonicated using an ultrasonic ice-
cold water bath (DT 100 H Sonorex Digitec, Bandelin, Germany) for 15 min or an ultrasonic
processor (VCX-130PB-220, Sonics, USA) for 3 cycles of 5 seconds, to fully lyse the cells and
guarantee that all cell content was released. Meanwhile, a set of DNA standards were prepared in
concentrations of 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, and O ug/mL, using the DNA standard
(100 pug/mL) provided by the kit. Moreover, a 1x TE buffer solution was also prepared by dilution
of the provided 20x TE reagent with ultra-pure water, with a volume necessary to the total amount
of samples. The Quant-iT™ PicoGreen® dsDNA reagent was diluted 200-fold with the 1x TE,
protecting it from light. Afterwards, 28.7 pL of standard or sample as well as 100 pL of 1x TE and
71.3 pL of the prepared PicoGreen solution were placed into each well of 96-well white opaque
plates. The plate was incubated for 10 min in the dark at RT and the fluorescence was measured

using a microplate reader (Synergy HT, BioTek Instruments, USA) at an excitation and emission
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wavelengths of 485 and 528 nm, respectively. Four cryogels of each condition were analysed, and
the fluorescence readings were performed in triplicate for each sample. The DNA concentration for
each sample was calculated using a standard calibration curve relating the standards’

concentration and the measured fluorescence intensity.

2.2.6.8 Alkaline phosphatase (ALP) quantification

Alkaline phosphatase (ALP) is a glycoprotein that plays an important role in bone tissue
formation by hydrolysing naturally occurring inorganic phosphate-based mineralization inhibitors
and releasing their phosphate for Hap synthesis. Therefore, ALP is the most used biochemical
functional marker of osteoblastic bone formation [134]. ALP activity can be assessed using the p-
nitrophenol (pnP) assay, where p-nitrophenyl phosphate (pNPP), a colourless phosphatase
substrate, is hydrolysed by ALP into a yellow-coloured product, p-nitrophenol (pnP), which has its
maximal absorbance at 405 nm. The reaction is then stopped by the addition of NaOH, and the

absorbance read in the microplate.

In this work, the ALP activity was determined at different time points (7, 14, and 21 days),
using the abovementioned assay. In short, cell lysis was induced as previously described (2.2.6.5).
Further, all samples were centrifuged at 13500 rpm for 15 min using a microcentrifuge
(ScanSpeed Mini, Labogene, Denmark) and the supernatant was used. Meanwhile, a set of ALP
standards were prepared in concentrations of 200, 40, 13.3, 8, 1.6, 0.32, and 0 pmol/min, using
a calf intestinal ALP enzyme (1 umol/min; Promega, USA) and ALP buffer solution (1.5 M and pH
10.3; Sigma-Aldrich, Merck, USA), to obtain a standard curve. Afterwards, in each well of a 96-well
plate, 80 uL of standard or sample were mixed with 20 pL ALP buffer solution and 100 uL of the
phosphate substrate (pnPP, Sigma-Aldrich, Merck, USA). The plate was allowed to incubate for 1
h protected from light at 37°C. After the incubation period, 100 pL of a stop solution, 0.3 M NaOH
(Panreac Quimica, Spain) was added to each well. Absorbance was measured using a microplate
reader (Synergy HT, BioTek Instruments, USA) at 405 nm and the ALP concentrations were
calculated using the obtained standard calibration curve, that relates the standards’ concentration
and the measured absorbance intensity. Four cryogels of each condition were analysed, and the

absorbance readings were performed in duplicate for each sample.

2.2.6.9 Evaluation of gene expression through Polymerase Chain Reaction
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) is a technique extensively

applied in molecular biology that combines the process of reverse transcription of ribonucleic acid
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(RNA) into DNA and the amplification of DNA segments by PCR to study gene expression [135]. It
consists of three steps: (1) the reverse transcriptase-based conversion of RNA into complementary
DNA (cDNA); (2) the amplification of cDNA through PCR; and (3) the detection of the amplification
product [135]. In order to monitor specific genes expression, a well-designed gene specific primer

is necessary to accurately and successfully analyse its expression [135].

The process of RT-PCR starts with the isolation of intact and high-quality RNA. At the end
of each time point, samples were thoroughly washed with PBS and collected into Eppendorf tubes.
In each tube, 500 pL of TRIReagent (Sigma-Aldrich, Merck, USA) were added and all tubes were
stored at-80°C until further use. Total RNA was isolated from cells using the TRIReagent, according
to the manufacturer s protocol. The total RNA concentration was quantified at 260 nm using the
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, USA). Afterwards, cDNA was
synthesized using the same amount of isolated RNA (500 ng) and the qScript cDNA Synthesis Kit
(Quanta Biosciences, USA) to reverse transcribe it, according to the supplier instructions. Aliquots

of each cDNA sample were diluted and frozen (-20°C) until the PCR reactions were carried out.

Realtime PCR was performed for two reference genes, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and (-Actin and target genes (Table I1.2). Realtime PCR was performed
in a mastercycler (Realplex, Eppendorf, Germany) using PerfeCTa SYBR Green FastMix (Quanta
Biosciences, USA). Each reaction contained 7 pl of master mix (Perfecta SYBR Green FastMix,
Quanta Biosciences, USA), the sense and the antisense specific primers (0.5 pM) and cDNA
sample (3 pl) in a final volume of 10 ul. The amplification program consisted of a pre-incubation
step for denaturation of the template cDNA (2 min, 95°C), followed by 40 cycles of denaturation
(5's, 95°C), an annealing step (15 s, 60°C) and an extension step (20 s, 72°C). After each cycle,
fluorescence was measured at 72°C. A negative control without cDNA template was run in each
assay. All samples were normalized by the geometric mean of the expression levels of reference
genes B-Actin and GAPDH, and fold changes were related to the control groups using the AACt
method, where Ct is the crossing point of the reaction amplification curves determined by the

Realplex 2.2 software (Eppendorf, Germany).
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Table Il 2: Primer sequences for real time PCR. F: forward primer; R: reverse primer

dehydrogenase (GAPDH)

cytoskeleton

Gene Function Sequence (5’-3’)
B-Actin Cytoskeletal protein involved in cell structure F: CTGGAACGGTGAAGGTGACA
and motility R: AAGGGACTTCCTGTAACAA
Glycehraldehh);de-& Key te;]nzyme |r.1 g?/c:lyzlj that ali)(l) m;)?hulates F- GGGAGCCAAAGGGTCATCA
phosphate € organization and assembly of tne R: GCATGGACTGTGGTCATGAGT

Transcription factor involved in osteoblastic

Osteocalcin (OC)

and may regulate the osteoclasts activity and

Runt-related transcription differentiation (promotes stem cells F: TTCCAGACCAGCAGCACTC
factor 2 (RUNX2) differentiation to preosteoblasts and R: CAGCGTCAACACCATCATTC
preosteoblasts into osteoblasts)
Alpha-1 type | collagen Related with the deposition of type | collagen, F: CCCCAGCCACAAAGAGTCTAC
(COLIAI) the main component of bone ECM R: TTGGTGGGATGTCTTCGTCT
Alkaline Phosphatase H(ydm'y;es 'rr']h'tb't;’rs of mineral ﬁepos't'ton F: GAAGGAAAAGCCAAGCAGGC
(ALP) pyrophosphates), increasing pnosphate R: GGGGGCCAGACCAAAGATAG
concentration and mineralization
Late-st ker f teoblastic differentiati
ate-stage marker for osteoblastic differentiation F: CTCACACTCCTCGCCCTATTG

R: GCTTGGACACAAAGGCTGCAC
process
Osteopontin (OPN) Modulat'es thg in’.[rafibrillar nanoscale F: GGGGACAACTGGAGTGAAAA
mineralization of collagen R: CCCACAGACCCTTCCAAGTA
Bone Morphogenetic ~_Portant regulation factor in osteogenesis, . o\ roscantaeanGeAGa
Protein-2 (BMP-2) inducing undlﬁerent:[iastzjestem cells into bone R TCTTTTGTGGAGAGGATGCC
Osterix (OSX) Transqiption' faptor essential for os’FeobIast F: CCCTTTACAAGCACTAATGG
differentiation and bone formation R: ACACTGGGCAGACAGTCAG
Osteoprotegerin (OPG) Key cytokine receptqr for RANKL to .inhibit F: CCTCCTGGATTTGGAGTGGT
osteoclastogenesis (bone resorption) R: CTCACACAGGGTAACATCTATTCCA
Receptor Activator of NF-  Crucial cytokine to promote osteoclastogenesis ~ F: CAGAGCGCAGATGGATCCTAA
kB Ligand (RANKL) (involved in bone resorption) R: TCCTTTTGCACAGCTCCTTGA
Dickkopf-related Protein Protein that antagonizes with osteogenesis by F: TTGACAACTACCAGCCGTACC
1 (DKK-1) inhibiting the Wnt signaling pathway R: TTTGCAGTAATTCCCGGGGC
2.2.6.10 Immunocytochemistry

Immunocytochemistry (ICC) is a widely used technique for the detection and visualization
of proteins or other antigens in cells using antibodies that specifically recognize the target of
interest. The antibody is directly or indirectly linked to a reporter, such as a fluorophore or enzyme.
The reporter gives rise to a signal, such as fluorescence or colour from an enzymatic reaction,

which can be detected by confocal microscopy or other equipment.

For this purpose, the previously cultured cells on the scaffolds are subjected to
immunostaining, which involves fixation, permeabilization, antibodies incubation, and posterior
imaging [136]. Fixation retains the proteins at their location in the cell and preserves their chemical
and structural state at the time of fixation. It can be done by crosslinking or by precipitating the
proteins using organic solvents. Upon permeabilization, membranes are punctured using solvents
or detergents, allowing the relatively large antibodies to cross the cellular membranes. The

permeabilization requires fixation, and hence limits the technique to studying dead cells. During
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antibody incubation, primary antibodies are allowed to bind to target antigens within or on the cells,
and if required, the secondary antibodies bind to the primary. Thereafter, the antigen-antibody
coloured, or fluorescent bounds are visualized by microscopy, producing images of the desired

cellular structures.

In this work, we studied the effect of our scaffolds containing Hap on the phenotype of the
differentiating stem cells. Thus, the osteogenic phenotype of the seeded hASCs onto the different
cryogels developed was assessed by immunodetection of bone-specific proteins. Osteopontin
(OPN) is one the most abundant non-collagenous proteins in bone. It binds to several ECM
molecules, including type | collagen, fibronectin, and osteocalcin (OC), and even cells, and may
add physical strength to the ECM. Moreover, it is involved in the modulation of the intrafibrillar

nanoscale mineralization of collagen [137].

Furthermore, the morphology of cells can also be evaluated by staining specific cellular
structures as the nucleus or the actin filaments of cytoskeleton with fluorescent cell markers, such
as 4,6-diamidino-2-phenyindole dilactate (DAPI) or Phalloidin (Phalloidin-Tetramethylrhodamine B
isothiocyanate), respectively. DAPI is a blue coloured nucleus marker that binds with the nucleus
dsDNA creating fluorescent complexes, and the Phalloidin is a red coloured cytoskeleton marker,

that stains actin filaments.

For this, at the end of the last time point (21 days), the samples were fixed in 100%
Methanol (Honeywell, USA) for 10-20 min at 4°C, washed thoroughly with PBS, and kept at 4°C
in PBS until further use. Cells were permeabilised with 0.1% (v/v) Triton X-100 for 20 min, at RT
under gentle agitation. Then samples were rinsed with PBS and blocked with 2% (w/v) bovine
serum albumin (BSA) in PBS for 1h, at RT. Thereafter, cryogels were incubated with a primary
antibody against osteopontin (OPN) (rabbit anti-OPN antibody, 1:1000, Abcam ab8448) in 0.1%
(w/v) BSA in PBS, overnight at 4 °C under gentle agitation. After removing the antibody solution,
all sample were washed 3 times with PBS for 15 min. Thereafter, the samples were incubated with
the corresponding secondary antibody labelled with AlexaFluor 488 (donkey anti-rabbit IgG (H+L),
A21206, Invitrogen, 1:200), for 2 h at RT protected from light under mild agitation. Finally, once
the samples were washed with PBS, nuclei, and cytoskeleton were stained with DAPI (1:1000 in
PBS) and phalloidin-TRITC (1:200 in PBS), respectively, at RT for 1 h. After a final washing, the

samples were kept in PBS at 4 °C until the imaging. The cryogels were visualized using a confocal
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laser scanning microscope TCS SP8 (Leica Microsystems, Germany). Each experiment was

performed in duplicate.

2.2.6.11 Immunohistochemistry

Immunohistochemistry (IHC) is a powerful technique for visualizing cellular components,
as proteins or other macromolecules in tissue samples. The strength of IHC is the intuitive visual
output that reveals the existence and localization of the target-protein in the context of different cell
types, biological states, and/or subcellular localization within complex tissues. In this work, three
different histological stains were used to evaluate the osteogenic differentiation and the
biomineralization. For that, hematoxylin and eosin (H&E), Masson “s Trichrome, and Alizarin Red
were used. H&E is the most widely used stain in histology and allows localization of nuclei and
extracellular proteins [138]. It contains hematoxylin, not a dye itself, which produces the blue
hematin via an oxidation reaction with nuclear histones causing nuclei to show blue [138]. Eosin
is employed as a counterstain to stain tissues with a red (acetic cytoplasm) blue, pink (collagen or
muscle) or purplish (basic cytoplasm) colour [138]. Furthermore, Masson'’s trichrome is a three-
color stain designed to distinguish cells and connective tissue [138]. For most applications,
connective tissue (collagen) is stained blue, nuclei stain deep red, and cytoplasm is a lighter red
or pink [138]. Alizarin red is used for the staining of cartilage and bone. It reacts with calcium,

thereby helping in the diagnosis of calcium deposits.

In this sense, after 21 days of culture, PL-m-CNCs cryogels were washed with PBS and
then fixed in 10% formalin (Thermo Fisher Scientific, USA) for 30 min at RT. The samples were
embedded in Histogel specimen processing gel (Thermo Fisher Scientific, USA), dehydrated
through graded ethanol solutions, and embedded in paraffin for further sectioning using a
microtome (HM355S, Microm, Thermo Scientific). Sections of 10 um thickness were prepared and
stained with H&E, Masson s Trichrome, and alizarin red. Sections were observed under a

transmitted light Microscope (Zeiss, Germany).

2.2.6.12 Proangiogenic properties of the PL-M-CNCs cryogels

Bone complex vasculature arrangement not only maintains the vitality of tissue, but also
plays a major role in bone physiology, by providing a sufficient amount of nutrients, including
oxygen, the removal of metabolic waste products, and assure the immune response against
microbial invasion [139]-[143]. Vascularization takes an important role in achieving an optimal

microenvironment that supports angiogenesis, cell-cell crosstalk, cell migration, and differentiation
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[142], [143]. Therefore, securing a good blood supply, from the formation of a capillary network, is
a critical and long-standing challenge for the survival and success of bone TE constructs [142],
[143]. To achieve a vascular network, the scaffold should possess an adequate porosity for the
penetration and ingrowth of capillaries [142], [143]. Besides porosity, angiogenesis may be
accomplished by the incorporation of GFs or hemoderivatives in the scaffolds or by co-culturing

progenitor/target cells with endothelial cells [142].

In this work, the cryogels ability to promote vascular regeneration was assessed by seeding
EA.hy926 cells an hASCs onto the PL-m-CNCs cryogels, in 4:1 ratio. For this, PL-m-CNCs cryogels
were produce following the same procedure described in section 2.2.4, under sterile conditions,
within a week in advance. Afterwards, cultured cells, EA.hy926 and hASCs, were detached by
trypsin, counted, and centrifuged at 300 xg for 5 min, at RT. The obtained cell pellets were
resuspended in basal culture media in 4:1 (EA.hy926:hASCs) ratio (a-MEM) and 1 x 10> cells
were seeded on the surface of each sample, using 200 L of cell suspension, and placed in 48-
well plates. After 90 min of incubation at standard culture conditions to allow cell adhesion onto
the cryogels, a-MEM with 10% FBS and 1% antibiotic/antimycotic was added to cover the samples.
Then, the cryogel formulations were incubated at 37°C in a 5% CO, high-humidity environment for
7 days, with medium replacement every 2 to 3 days. All formulations were produced in

quadruplicate.

To evaluate the vascularization, cryogels were immunostained using specific vascular
markers, such as such as cluster of differentiation 31 (CD31), also known as platelet endothelial
cell adhesion molecule (PECAM-1). For that, samples were fixed and permeabilized, as previously
described. Then, samples were incubated with the primary antibody CD31-APC conjugated
(FAB3567A, R&D Systems, USA). Afterwards, nuclei and cytoskeleton were stained using DAPI and
Phalloidin, as previously described. The samples were visualized using confocal laser scanning

microscope.

2.3 Statistical Analysis

Statistical analysis was performed to determine if significant differences were observed
among the studied parameters. Different tests were used depending on the number of test groups
and the sample size. The statistical analysis was conducted with the software GraphPad Prism
version 9.0 (GraphPad Software Inc., San Diego, CA, USA) using one-way analyses of variance

(ANQVA) followed by Tukey post hoc test, or a two-way ANOVA with Bonferroni post-test, to study
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the influence of two categorical independent variables. The values were considered different for a

level of significance of p<0.05 (minimum of 95% confidence interval). Statistically significant values

are annotated in their respective graphs and the data is represented by mean + standard error.
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2.1. Abstract

Bone is an organic-inorganic composite whose extracellular matrix (ECM) is heavily
mineralized on the nanoscale, and where cells and their processes are embedded. Nowadays,
there are no strategies that fully and successfully emulate the true complexity of bone tissue and
the nanoscale biomineralized architecture. Herein, we propose a biomimetic strategy where a
bioactive cryogel scaffold based on platelet lysate (PL) crosslinked through aldehyde-functionalized
cellulose nanocrystals (a-CNCs) incorporates mineralized CNCs (m-CNCs) in order to replicate the
nanoscale biomineralization microenvironment and promote the osteogenic differentiation of stem
cells. Moreover, we intended to mimic the native non-collagenous proteins (NCPs) role on
regulating the deposition of both intra- and extrafibrillar apatite in collagen with the m-CNCs. The
developed cryogels enhanced stem cell proliferation, metabolic activity, and alkaline phosphatase
activity as well as up-regulated the expression of bon-related markers, without osteogenic
supplementation, demonstrating their osteoinductive properties. Ultimately, the proposed
nanoscale mineralized cryogel scaffolds provide an alternative biomaterial for bone tissue
engineering applications with a great level of biomimicry that may be applied in broad bone

regenerative approaches.

Keywords: Nanoscale biomineralization, non-collagenous proteins, cryogels, cellulose

nanocrystals, hydroxyapatite, platelet lysate

96



Chapter lll. Bioinspired organic-inorganic nanocomposite scaffolds for bone
tissue engineering

2.2. Introduction

Bone is a composite material whose extracellular matrix (ECM) consists mostly of type |
collagen fibrils co-assembled with non-collagenous proteins and apatite crystals that form a highly
complex and organized scaffold [1]-[3]. On a ultrastructural level, these hydroxyapatite (Hap)
crystals have a platelet-shaped form and are hierarchically allocated both within and between the
collagen fibres, providing bone outstanding load-bearing function [1], [3], [4]. During bone
biomineralization, the deposition of apatite crystals within (intrafibrillar) and between (extrafibrillar)
collagen fibrils is regulated by matrix non-collagenous proteins (NCPs), among other factors [6].
NCPs, such as osteocalcin (OC) and osteopontin (OPN), are anionic matrix proteins able to regulate
the sequestration of mineral ions to form metastable nanodroplets of amorphous calcium
phosphate, which penetrate the interstices of collagen fibrils, later transforming into
thermodynamically stable carbonated, calcium-deficient Hap crystals [5], [6]. NCPs might not only
stabilize the amorphous phase by inhibiting apatite nucleation, but also play an active role in aiding
the formation of negatively charged complexes of mineral precursors that allow them to enter into
collagen through electrostatic attraction and thus allowing the intrafibrillar collagen mineralization

[6].

Bone defects caused by trauma, tumor excision, or pathologic bone resorption affect and
limit patients aesthetically and functionally, reducing their quality of life [7] In the case of critical-
size defects, the gold standard for bone reconstruction is the use of autologous or allogenic bone
grafts, normally from tibia or fibula [8], iliac crest [9], or ribs [10]. Nevertheless, their use presents
major drawbacks including discomfort, pain, invasive harvest, risk of donor site morbidity, and
limited functional and aesthetic recovery [9]. On the other hand, allografts can induce disease
transmission and immune rejection [9], [11], [12]. Over the past years, several tissue engineering
and regenerative medicine (TERM) approaches have been proposed for bone regeneration [13].
Normally, they are the result of a combination of inorganic (ceramics, metals, or metallic alloys)
and/or organic (synthetic or natural origin polymers) biomaterials-based scaffolds, progenitor cells,
and biophysical/biochemical stimuli [14], [15]. These strategies have deeply contributed for the
increasing level of success towards bone regeneration. For instance, the combination of ceramics,
as calcium phosphates, with different polymers, such as polycaprolactone, chitosan, or fibrin,
among others, has demonstrated to enhance the ability for osteoblasts to migrate through the
pores of the scaffolds, promote osteogenic differentiation and, consequently, new bone growth

[16]-[21]. However, these strategies fail to mimic the true complexity of bone tissue, including the
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nanoscale-calcified ECM and biofunctional properties that favors the biomineralization process and

vascularization.

Naturally-occurring cellulose nanocrystals (CNCs) have been extensively applied in TERM
strategies as nanofillers and crosslinking agents due to their high mechanical strength,
biocompatibility, low density, high aspect ratio and surface area, and convenient surface chemistry
[22]. Moreover, their typical production process results in a negative surface charge that improves
their colloidal stability [23]. Owing to its reactive surface chemistry, we have previously modified
CNCs with aldehyde groups (a-CNCs) to increase the crosslinking of low strength matrices, such
as hyaluronic acid or platelet lysate (PL) [24]-[26]. Actually, PL is a liquid blood derivative prepared
from clinical-standard platelet concentrates rich in growth factors and self-assembling structural
proteins, among others, capable of enhancing angiogenesis, stem cells recruitment and tissue
regeneration, which has been used to produce various types of PL-based hydrogels and scaffolds

for different TERM strategies [24]-[26].

In this work, bioinspired by the role of negatively charged NCPs in the formation of apatite
crystals in bone, we aimed to mimic their function using negatively charged CNCs to then emulate
the initial stage of the intrafibrillar biomineralization process. We hypothesized that scaffolds
composed of PL reinforced with varying contents of a-CNCs and mineralized CNCs (m-CNCs) would
mimic the nanoscale biomineralization microenvironment while acting as a stable three-
dimensional (3D) network and locally delivering the biologically relevant PL-derived proteins to
promote the osteogenic differentiation of progenitor/stem cells. The scaffolds and its precursors
were thoroughly characterized regarding their chemical, morphological, microstructural, and
mechanical properties, as well as their swelling and degradation profiles. The biological
performance, particularly the osteogenic potential, of the developed cryogel scaffolds was evaluated
using human adipose tissue-derived stem cells (hASCs) and human dental pulp cells (hDPCs) in
vitro. For this, the impact of the mineralized cryogel scaffolds on cells proliferation, metabolic

activity, differentiation, and gene expression was assessed.

2.3. Materials and Methods

2.3.1. Production of cryogels precursors
Synthesis of CNCs and aldehyde functionalization. CNCs were isolated from
microcrystalline cellulose (MCC, Sigma-Aldrich, USA), following a well-established sulfuric acid

hydrolysis described by Bondeson et a/ and adapted by Domingues et a/ [27], [28]. Then,
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aldehyde-modified CNCs (a-CNCs) were produced through sodium periodate (NalO,) oxidation
route, according to the procedures described elsewhere with minor modifications [28]-[30].

Further details can be found in Supporting Information.

CNCs mineralization. m-CNCs production was inspired by strategies reported elsewhere
[31] with some modifications. In brief, a simplified simulated body fluid (s-SBF) solution composed
of 140.0 mM sodium chloride (NaCl, Honeywell, USA), 2.5 mM calcium chloride hexahydrate
(CaCl,.6H,0, Sigma-Aldrich, USA), 1.0 mM disodium hydrogen phosphate (Na,HPO,, 98%, abcr
GmbH, Germany), and 20 mM hydrochloric acid (HCI, VWR, France) was prepared 24 h in advance
and stored at RT preventing air and light exposure to avoid undesired precipitation. Thereafter,
CNCs aqueous solution of 0.8% (w/v), prepared from the original CNCs stock solution (2.5 wt.%),
was added to s-SBF in a closed flask in different amounts to obtain the calcium ions (in s-SBF) and
sulfonic groups (in CNCs) molar ratio (Caz/S05) of 10:1, 20:1, and 40:1. The suspension was then
vigorously stirred using a magnetic stirrer until no bulk particles were apparent and then moved to
an ultrasonic water bath (DT 100 H Sonorex Digitec, Bandelin, Germany) for 30 min to disperse
evenly. Afterwards, the mixture pH was adjusted to two different values, 6.9 and 7.9, with the
addition of tris(hydroxymethyl)laminomethane (Trisbase, Alfa Aesar, Germany), to avoid that
Caz/S0; molar ratio was disturbed. After this, the solutions were placed in an orbital/linear
thermostatic shaking water bath (OLS 200, Grant, UK) at 37°C and 150 rpm for 1 h. The
ultrasound and shaking steps were repeated three times. Subsequently, the precipitated products
were collected by centrifugation (Eppendorf 5810R, Germany) at 3220 xg and 15°C for 10 min
and washed several times with anhydrous ethanol and ultrapure water (Milli-Q, 18.2 M{.cm) to
remove the residual salts. Finally, CNCs/Hap nanocomposites were stored at 4 °C until further

use.

Platelet lysate. PL used in this project was produced from platelet concentrates (PC)
obtained from buffy coats, provided by “Servico de Imunohemoterapia do Centro Hospitalar de
Sao Joao” (CHSJ, Porto, Portugal), under an established cooperation protocol, approved by the
Hospital Ethical Committee (approval number 363/18). The platelet count was performed at the
CHSJ and the sample volume was adjusted to one million platelets per mL. PC lots were biologically
qualified according to the Portuguese legislation (Decreto-Lei 100/2011) and stored at -80°C five
days after collection. Thereafter, PC lots from ten different donors were subjected to three repeated

freeze/thaw cycles (frozen with liquid nitrogen at —196°C and thawed in a 37°C water bath), lysing
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the platelets and releasing their protein content. Then, the cellular debris were removed by
centrifugation at 3220 xg for 5 min, and the supernatant was filtered through 0.45 um sterile filters

(TPP, Switzerland).

2.3.2. Physicochemical characterization of CNCs
Zeta potential. Surface charge was calculated for 0.1% (w/v) CNC suspensions in DI water.
Briefly, 1 mL of each suspension was transferred into a Folded Capillary cell (DTS1060, Malvern)

and zeta potential was measured by Zetasizer (Nano ZS, Malvern) (N=3).

Fourier transform infrared spectroscopy (FTIR) analysis. FTIR spectra were collected in
attenuated total reflectance (ATR) mode (IRPrestige 21, Shimadzu, Japan) recording 32 scans in

the range of 400—4000 cm- at a resolution of 4 cm. All the measurements were performed using

OriginPro 2018 software after baseline correction (N=3).

Xray diffraction (XKD) analysis. The different CNCs samples were freeze-dried and then
pressed on the sample holder to form a uniform film of material for analysis. The diffraction
patterns measurements were performed using a Bragg—Brentano diffractometer (D8 Advance,
Bruker, Germany) equipped with Cu Ka radiation. Data sets were collected in the 26 range of
10-80° with a step size of 0.05° and 1 s for each step and processed using OriginPro 2018
software. Subsequently, the average crystallite size was calculated using the Scherrer equation

(N=3).

Energy dispersive spectroscope (EDS) analysis. In order to estimate the Ca/P molar ratio
of the Hap formed on the surface of CNCs, an EDS detector (INCAx-Act, PentaFET Precision, Oxford
Instruments, UK) incorporated in scanning electron microscope (JSM-6010 LV, JEOL, Japan) was
used. For this purpose, 0.01 and 0.001% (v/v) CNCs and CNCs/Hap dilutions were prepared from
the stock solutions and sonicated (5 min, 60%; VCX750, Sonics & Materials Inc, USA) to disperse
the nanoparticles. Then, a drop of each solution was placed on top of aluminium stubs fitted with
conductive adhesive carbon tape (Media Lab System S.r.1., ltaly) and tissue coverslips (polyethylene
terephthalate, glycol-modified (PET-G); Sarstedt, Germany) cut at half, and allowed to dry until the
procedure was performed. After drying, the samples were transferred into the EDS chamber and
imaged at RT with an incident electron beam accelerated to 10 kV. After this, the Ca/P molar ratios

were calculated for each sample (N=3).
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Thermogravimetric analysis. CNCs samples were freeze-dried, weighted, transferred into
platinum pans, and analysed according to the desired purpose using a simultaneous thermal
analyser (STA7200, Hitachi, Japan) (N=3). For the determination of the water content and
degradation temperature, samples were heated from 40°C to 105°C and then from 105°C to
600°C both at a 10°C/min heating rate for 15 min, under a N, atmosphere. Whereas, for the
determination of the percentage of Hap, they were heated from 40°C to 600°C at 10°C/min

heating rate for 15 min, after a 2-min isothermal period at 40°C under a N, O, atmosphere.

2.3.3. Nanocomposite cryogels production

Nanocomposite cryogel scaffolds were prepared by mixing PL with different blends of a-
CNCs and m-CNCs, using a double-barrel syringe (1:1 volume ratio) fitted with a static mixer placed
at the outlet (Medmix, Germany) to homogenously extrude the cryogel scaffold precursor solution
into square molds (12 well silicone chamber, Ibidi, Germany). For cryogel scaffolds without m-
CNCs, barrel A was filled with PL and barrel B with a-CNCs dispersion at 2.4 wt.% concentration.
For mineralized cryogels, barrel A was also filled with PL and barrel B with a-CNCs (1.8-2.4 wt.%)
and m-CNCs dispersions (0.6-2.4 wt.%) to obtain a final nanoparticles concentration of 2.4 wt.%.
Before extrusion, the viscous a-CNCs suspensions with or without m-CNCs were dispersed with an
ultrasonic processor (30 s, 3 cycles, 60% amplitude; VCX750, Sonics & Materials Inc, USA) and
sterilized under UV for 30 min. After extrusion into the molds, the cryogel precursors were frozen
at-80°C on top of styrofoam and subsequently freeze-dried until full cryogelation. The final cryogel
scaffolds formulations were named according to the type (defined after XRD analysis) of m-CNCs
used and their concentrations: O wt.% (Control), 0.6 wt.% m-CNCs 6.9/20 (Amorphous-Low or A-
Low), 2.4 wt.% m-CNCs 6.9/20 (Amorphous-High or A-High), 0.6 wt.% m-CNCs 7.9/20 (Crystalline-
Low or C-Low), and 2.4 wt.% m-CNCs 7.9/20 (Crystalline-High or C-High).

2.3.4. Cellular Experiments

Human adipose-derived stem cells (hASCs). hASCs are multipotent stem cells which
exhibit the ability to undergo osteogenic, chondrogenic, and adipogenic differentiation while
expressing stem cell markers [32]-[35]. hASCs were obtained from lipoaspirate samples of the
abdominal region of healthy donors undergoing plastic surgery under the scope of an established
protocol with Hospital da Prelada (Porto, Portugal) and with the approval of the Hospital Ethics
Committee (approval number 005/2019). The hASC isolation was performed using a previously

optimized protocol [32]. hASCs were maintained in a-MEM (Sigma-Aldrich) supplemented with 10%
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fetal bovine serum (FBS, ThermoFisher Scientific, USA) and 1% antibiotic/antimycotic (A/A,
ThermoFisher Scientific) and incubated at 37°C in a 5% CO, high-humidity environment, with

medium replacements every 2 to 3 days. Cells until passage 5 were used for this study.

Human dental pulp cells (hDPCs). hDPCs were isolated from human third molars, removed
by orthodontic reasons, under a protocol established with the Malo Clinic (Porto, Portugal),
approved by the ethical commission at 23/12/2014, as described by Aimeida ef a/. [36]. Cells
were expanded in 150 cm? culture flasks (TPP, Switzerland) and cultured with o-MEM (Sigma-
Aldrich) supplemented with 10% FBS (ThermoFisher Scientific) and 1% A/A (ThermoFisher
Scientific) using the standard culture conditions described previously. Cells until passage 5 were

used for this study.

Live/Dead assay. After 4 days of culture, samples seeded with hASCs were gently rinsed
with PBS, incubated with Calcein AM (Invitrogen, USA) 1:500 v/v in PBS for 30 min at 37°C and
then with PI (Invitrogen) 1:1000 v/v solution in PBS also for 30 min at 37°C. Lastly, the cryogels
were washed again with PBS to minimize background fluorescence and visualized using a confocal

microscope (TCS SP8, Leica, Germany) (N=3).

Metabolic activity. The metabolic activity was quantitatively evaluated by the Alamar Blue
assay, according to the manufacturer’s instructions. Briefly, at each pre-selected time point, a 10%
(v/v) Alamar Blue solution (Bio-Rad, UK) in culture media was replaced the previous culture media
for 3 h in standard culture conditions. After incubation, 100 uL of each sample (N=4) supernatant
were collected in triplicate and transferred to a 96-well plate. Background was also included by
incubating the Alamar Blue solution in the same conditions but in empty wells. Thereafter, the
absorbance was measured using a microplate reader (Synergy HT, Bio-Tek Instruments, USA) at

excitation and emission wavelengths of 570 and 600 nm, respectively.

DNA quantification. Cell proliferation was determined by quantifying the total amount of
double-stranded DNA (dsDNA) using Quant-iT™ PicoGreen® dsDNA dsDNA Assay Kit
(ThermoFisher Scientific), according to the manufacturer’s instructions. Briefly, samples were
washed with PBS and then incubated with 1 mL of ultra-pure water for 1 h at 37°C. After this,
samples were frozen at -80°C and then thawed and sonicated using an ultrasonic processor (VCX-
130PB-220, Sonics, USA) for 3 cycles of 5 s, to fully lyse the cells and guarantee that all cell
content was released. The fluorescence readings were performed in triplicate for each sample

(N=4) in 96-well white plates. The fluorescence was measured using a microplate reader (Synergy
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HT) at excitation and emission wavelengths of 485/20 and 528/20 nm, respectively. The DNA
concentration for each sample was calculated using a standard calibration curve included in the

assay.

Alkaline phosphatase activity. Lysed samples (from DNA quantification) were centrifuged
at 13500 rpm for 15 min using a microcentrifuge (ScanSpeed Mini, Labogene, Denmark). ALP
activity was determined from the supernatant by measuring the hydrolysis of p-
nitrophenylphosphate (pNPP) in the yellow end-product p-nitrophenol by ALP. For this, 100 pL of
pNPP (Sigma-Aldrich) and 20 pL of alkaline buffer solution (Sigma-Aldrich) were added to each
sample. The reaction was stopped with 100 uL of 0.3 M NaOH (Panreac Quimica, Spain) and
absorbance was measured at 405 nm using a microplate reader (Synergy HT). Four samples of
each condition were analysed (N=4), and the absorbance readings were performed in duplicate for
each sample. The ALP concentration for each sample was calculated from a standard calibration
curve included in the assay prepared using a calf intestinal ALP enzyme (1 umol/min; Promega,

USA).

Gene expression. At each time point, the total ribonucleic acid (RNA) from each sample
(N=4) was isolated using TriReagent (Sigma-Aldrich), according to the manufacturer’s instructions.
After determining the purity and concentration of the extracted RNA by Nanodrop
spectrophotometer at 260 nm (Thermo Fisher Scientific), complementary DNA was reverse
transcribed using gqScript cDNA Synthesis Kit (Quanta biosciences, USA). Aliquots of each cDNA
sample were frozen until the polymerase chain reactions (PCRs) were carried out. Real-time PCR
was performed in a mastercycler (Realplex, Eppendorf, Germany) using PerfeCTa SYBR Green
FastMix (Quanta Biosciences). The amplification program consisted of a pre-incubation step for
denaturation of the template cDNA (2 min, 95°C), followed by 40 cycles of denaturation (5 s,
95°C), an annealing step (15 s, 60°C), and an extension step (20 s, 72°C). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and [(-actin were used as reference genes. All samples were
normalized by the geometric mean of the expression levels of reference genes, and fold changes
were related to the control groups using the AACt method, where Ct is the crossing point of the

reaction amplification curves determined by the Realplex 2.2 software (Eppendorf).

Immunostaining. Samples were fixed in freeze-cold 100% methanol (Honeywell, USA) for
20 min at 4°C and then washed thoroughly with PBS. Cells were permeabilised with 0.1% (v/v)

Triton X-100 (Sigma-Aldrich) for 20 min at RT under gentle agitation. Then, samples were rinsed
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with PBS and blocked with 2% (w/v) bovine serum albumin (BSA) in PBS for 1 h at RT. Thereafter,
samples were incubated with a primary antibody against osteopontin (OPN; rabbit anti-OPN
antibody, 1:1000, ab8448, Abcam, UK) in 0.1% (w/v) BSA in PBS, overnight at 4°C under gentle
agitation. After removing the antibody solution, samples were washed 3 times with PBS for 15 min.
Thereafter, the samples were incubated with the corresponding secondary antibody labelled with
AlexaFluor 488 (donkey anti-rabbit IgG (H+L), 1:200, A21206, ThermoFisher Scientific), for 2 h at
RT protected from light under mild agitation. Finally, once the samples were washed with PBS,
nuclei, and cytoskeleton were stained with DAPI (1:1000 in PBS, Sigma-Aldrich) and phalloidin-
TRITC (1:200 in PBS, Sigma-Aldrich), respectively, at RT for 1 h. After a final washing, samples
were visualized using a confocal laser scanning microscope (TCS SP8). Each experiment was

performed in duplicate.

Histology. Samples were washed with PBS and fixed in 10% formalin (Thermo Fisher
Scientific) for 30 min at RT. Then, samples were embedded in Histogel specimen processing gel
(Thermo Fisher Scientific), dehydrated through graded ethanol solutions, and embedded in paraffin
for further sectioning using a microtome (HM355S, Microm, Thermo Scientific). Sections of 10 um
thickness were prepared and stained with Masson s Trichrome. Sections were observed under a

transmitted light microscope (Zeiss, Germany).

2.3.5. Statistical Analysis

The statistical analysis was conducted with GraphPad Prism version 9.0 (GraphPad
Software Inc., San Diego, USA) using one-way analyses of variance (ANOVA) followed by Tukey post
hoc test, or a two-way ANOVA with Bonferroni post-test, to study the influence of two categorical
independent variables. The values were considered different for a level of significance of p<0.05.
Statistically significant values are annotated in their respective graphs and the data is represented

by mean + standard deviation.

2.4. Results and Discussion

2.4.1. Bioinspired mineralization of CNCs

Nanocellulose materials have been considered a natural source for revolutionary
applications in materials science [37]. Leveraging on the surface chemistry and high strength of
CNCs, we used them as crosslinkers after functionalization with aldehyde groups or as
biofunctional nanofillers after promoting mineralization on their surface, in order to improve the

mechanical strength and biofunctionality of the scaffolds for bone TERM applications.
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We produced CNCs by the typical sulfuric acid hydrolysis of microcrystalline cellulose
derived from wood pulp [27], [28]. The produced CNCs exhibited the characteristic rod-shaped
morphology with length of 100-200 nm and height of 2-6 nm in agreement with previous works
[24], [28]. During its production, CNCs are simultaneously grafted with anionic sulfate half-ester
groups on their surface, which results in 225 + 10 mmol/kg of surface sulfonate groups (=S0O5).
These results are in agreement with those reported for CNCs isolated from different cellulose
sources by sulfuric acid hydrolysis that typically contain 80-350 mmol/kg of anionic sulfate half-

esters introduced at some of the surface hydroxyl groups [28], [38].

In native bone tissue, the precipitation of calcium and phosphate ions to form
hydroxyapatite (Hap) is regulated by anionic NCPs, which are supposed to act as nucleation
inhibitors by stabilizing its amorphous calcium phosphates precursors [6]. Bioinspired by this
nanoscale mineralization process, we incubated CNCs with a simplified SBF (s-SBF) solution
without Mgz, HCOy, and SO.> to effectively precipitate Hap precursors on their surface and prevent
other undesired precipitation products. During this process, calcium divalent cations (Ca>) and
phosphate ions from the supersaturated s-SBF are combined with the sulfonic and hydroxyl groups
on the surface of CNCs via hydrogen and ionic bonding, to form a stable mineralization droplet that
further grows into the crystal grain of Hap [39]-[41]. Consequently, variations of pH and [Ca>/SO;
] ratios alter the relative concentrations of the protonated forms of phosphate ion (H,PO,, pH <7
or HPO42 and PO, pH > 7) and thus the chemical composition, the amount, and solubility of the
apatite that is being formed [42]-[44]. Therefore, we screened different mineral formation
conditions, varying the pH of s-SBF solution (6.9 or 7.9) and the ratio between calcium ions [Ca?]

and CNCs surface functional groups [=SO;] (molar ratio = 20 or 40).

Scanning electron microscopy (SEM) images of non-mineralized controls (figure lll.1a)
showed a visible distinction from mineralized samples obtained with a Caz/SOj5 ratio = 20 (figure
Ill.1b-c), pointing to the presence of mineral nanosized structures on CNCs’ surface. Moreover,
SEM images also showed that detached nanoparticles were formed when the Caz/S0O, ratio = 40
(figure S.2, Supporting Information). As the [Ca?/SO0s] ratio raises from 20 to 40, more calcium
and phosphate ions are available in the s-SBF solution rather than CNCs sulfonic groups which
leads to the formation of more Hap but that is not linked to the nanoparticles. In this sense, it is
crucial to establish the right balance between Caz/SO, so Hap could be effectively deposited on

the surface of CNCs rather than be formed spontaneously away from their surface. These results
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indicated that significant Hap coating is likely to occur at higher adding amounts of CNCs (i.e., low
calcium ion and sulfonic group molar ratios) [31], [45]. We therefore infer that at [Caz/S0O,] ratio
= 20 the interactions between the mineral ions in s-SBF and the chemical groups on the surface
CNCs reach their optimal stage, as previously suggested using amorphous calcium carbonate
nanoparticles [46]. Thus, CNCs mineralized at Caz/S0O; ratio = 20 produced from 6.9 and 7.9 pH

of s-SBF were selected for further analysis and later incorporation into the cryogel scaffolds.

Furthermore, we also found that the pH of s-SBF solution influenced the formation of these
nanostructures (figure lll.1b-c and figure S.2, Supporting Information). In basic conditions (pH 7.9),
the formation of nanosized structures is higher than in slightly acidic conditions (pH 6.9) (figure
IIl.1b-c). This can be explained by the presence of a more reactive and less protonated form of
phosphate ion (HPO4> and PO, pH > 7) that reacts with the calcium that is linked to the sulfonic
groups of CNCs in a greater proportion and rate, forming increased amounts of Hap [42]-[44].
These results agree with the quantification of mineral content using thermogravimetric analysis
(TGA), as depicted figure Ill.1 d. The results showed that mineral content as well as their tendency

to aggregate is higher when pH increased (figure 1.1 b-c) [31], [45].

Energy dispersive spectroscopy (EDS) profiling was used to determine the Ca/P ratio of
the nanostructures formed on the surface of mineralized CNCs (m-CNCs) (figure 11l.1 e). m-CNCs
produced with a ratio (Caz/S0;) = 20 and at pH 6.9 and 7.9, showed Ca/P ratio of 1.85 and 1.7,
respectively. These results are consistent with the literature that reports values close to ratio 1.67
for Hap and native human bone [39], [40], [47], suggesting that the nanostructures formed on the
surface of m-CNCs are nanosized Hap. The slightly higher Ca/P ratios found on our samples can
probably be related with the formation of some other calcium minerals as calcium carbonate or
calcium hydroxide during the mineralization process [45]. We further characterized the chemical
composition of our samples using Fourier transform infrared spectroscopy (FTIR) (figure Ill.1 f).
The FTIR spectral data of the samples after the mineralization protocol showed the typical peaks
of CNCs (Figure S.3, Supporting Information) [48], [49]. Thus, CNCs reference spectrum was
subtracted to each sample spectra to better visualize Hap functional groups signals. As shown in
the FTIR spectra (figure Ill.1 ), the signals at 559 and 599, and 1020 cm-* are associated to the
vibration, bending, and stretching modes of PO.> in Hap [50], [51]. In addition, a signal at 632 cm-

1, which is assigned to the bending mode of hydroxyl groups in pure Hap [52] could be also
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observed. All of these signals can also be seen in FTIR spectra of native bone [5]. These results

suggest the presence of Hap around the CNCs.

Next, we evaluated the crystallinity of the nanocomposites by X-ray diffraction analysis
(XRD) (Figure Ill.1 g). The characteristic peaks of cellulose at 20 = 16° and 22.5° were assigned
to the typical planes (110) and (200) of cellulose, respectively [39], [40]. After the mineralization
protocol, the samples produced at pH 6.9 exhibited the known peaks of Hap at 26 = 26.0° (002),
32.1° (211), 34.3° (202) and 39.7° (310), 46.7° (222), while the samples produced at pH 7.9
also showed a peak at 49.7° (213) [40], [45]. These results corroborate FTIR data and confirm
that after the mineralization protocol, m-CNCs samples contain Hap. More importantly, we could
also observe that depending on the pH of the mineralization solution m-CNCs exhibited more
amorphous or more crystalline structures. The mineralization protocol at pH 7.9 resulted in m-
CNCs exhibiting more characteristic and higher intensity peaks typical of hexagonal crystal form of
Hap than the protocol at pH 6.9. Moreover, the peaks corresponding to Hap of m-CNCs samples
produced at pH 7.9 were higher than those corresponding to the background cellulose, indicating
that more Hap was successfully formed on the CNCs showing a more crystalline structure

compared to a more amorphous structure obtained with the pH 6.9 protocol.

We also determined the surface charge of the different nanoparticles (figure 1ll.1h). The
results show that both amorphous and crystalline m-CNCs have a comparable net negative surface
(-24.0+0.6 and -23.3+0.4 mV, respectively) but significantly less negative than pristine CNCs (-
63.3+0.3 mV). These results are specially interesting considering the role of NCPs not only as
regulators of the sequestration of mineral ions, but also as key players in the formation of negatively
charged complexes of mineral precursors that enter into collagen through electrostatic attraction
and promote intrafibrillar collagen mineralization [6]. Overall, these results indicate that the
bioinspired mineralization protocol of CNCs results in Hap formation with amorphous and

crystalline structures, depending on the pH of the precursor solution.
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Figure Ill.1: Nanostructure, composition, and characterization of the biomineralized CNCs (m-CNCs).

SEM images of (a) non-mineralized CNCs, (b) amorphous m-CNCs (pH 6.9), and (¢) crystalline m-CNCs (pH 7.9).

Scale bar: 100 nm; (d) TGA analysis of the m-CNCs; (e) EDS data of non-mineralized and mineralized CNCs confirmed

the presence of Ca and P; (f) FTIR spectra of nano-Hap and m-CNCs nanocomposites after subtraction of the CNCs

spectra; (g) XRD analysis of the amorphous and crystalline m-CNCs. Cellulose and nano-Hap were used as references;
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2.4.2. Organic-inorganic cryogel scaffolds production and physical characterization

Collagen is the main organic component of bone, which has frequently inspired
bioengineers to produce different types of hydrogels and scaffolds for bone TERM applications [1].
Nevertheless, the use of collagen has a number of shortcomings mainly related to its xenogenic
origin and batch-to-batch variability [1]. Bioinspired by the role of platelets in tissues healing
microenvironment, we previously reported bioactive cryogel scaffolds consisting of PL reinforced
and crosslinked with a-CNCs that exhibit an elastic interconnected porous network [25]. During
gelation at sub-zero temperatures, the agueous component freezes and forms ice crystals that act
as pore-forming agents, which exclude the solute (i.e., PL proteins, a-CNCs, and m-CNCs) from the
ice lattice, compacting the pore walls between the growing ice crystals [53]. Thus, we hypothesized
that the incorporation of m-CNCs in these scaffolds would mimic the intrafibrillar nanoscale

biomineralization environment and promote osteogenic differentiation of stem cells.

Firstly, we tested the amount of m-CNCs that could be incorporated in the PL-based cryogel
scaffolds without compromising their stability. For this, different proportions of a-CNCs (0-2.4 wt.%)
and m-CNCs (0-2.4 wt.%) were mixed with PL (maintaining the total concentration of nanoparticles
of 2.4 wt.%), and samples were immersed in PBS. The cryogel scaffolds with m-CNCs content
higher than 75% of total nanoparticles showed fast solubilization, losing the pre-formed 3D
structure. On the other hand, the other mineralized formulations (50%-High and 25%-Low of m-
CNCs) maintained their structure and showed a high mould fidelity, comparable to the non-
mineralized cryogel scaffolds. From these findings we could infer that the presence of a-CNCs is
crucial for the structural integrity of the cryogel scaffolds due to the chemical covalent crosslinking
between a-CNCs and the amine groups of PL proteins through reversible Schiff base bonds [26],

[30].

We further characterized the structural integrity of our mineralized cryogel scaffolds by
measuring the weight loss of the samples immersed in PBS for 21 days (Figure Ill.2 a). All
formulations lost weight over time, though cryogel scaffolds with high amount of both amorphous
and crystalline m-CNCs showed sligthly higher weight loss (47.9+4.4% and 39.9+6.1%,
respectively) in comparison with the formulations containing low amount of m-CNCs (32.1+7.3%
for the amorphous condition and 35.4+4.2% for the crystalline) and the control group (25.3+2.0%).

As previously anticipated, the formulations with high m-CNCs content decreased the crosslinking
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degree between the a-CNCs and amine groups of PL-derived proteins, which was not sufficient to

jeopardize the initial and long-term structural integrity of the mineralized cryogel scaffolds.

Moreover, liquid adsorption, as water, blood, and other body fluids, is key for the proper
function of the bone tissue, as the remaining tissues of the body, and more important in case of
injury or regeneration [54]-[56]. Therefore, the water uptake ability of the cryogels was evaluated.
Cryogels scaffolds without m-CNCs (control group), exhibited higher water uptake capability
compared to the crystalline formulations and comparable to the amorphous formulations (Figure
1.2 b). Regarding the amorphous and crystalline mineralized cryogel scaffold formulations, there

are no significant differences between them.
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Figure 111.2: Physical properties of the cryogel scaffolds. (a) Weight loss of the cryogel scaffolds over 21 days
in PBS; (b) Water uptake was determined after 30 s immersion in PBS. Statistical significance: *P < 0.1, ***P <0.001.

2.4.3. Biomimetic mineralization stimulates osteogenic differentiation

First, we evaluated whether the mineralized nanocomposite cryogel scaffolds could lead to
reduced cell viability. For this, the viability of human adipose-derived stem cells (hASCs) seeded
onto the cryogels was evaluated by live/dead staining (figure I11.3 a-€). Three days after seeding,
results showed a high cell viability (>90%) for all formulations without significant differences
between them (figure I11.3 f). Moreover, hASCs displayed a spindle-shape morphology and were
distributed over the entire cryogel scaffold network, mostly due to the structural integrity of the
scaffolds but also probably related with the presence of cell-adhesive proteins (e.g. fibrinogen,
fibronectin, vitronectin) in PL [57]-[59] that support hASCs attachment. These results demonstrate
that the designed nanocomposite scaffolds are not cytotoxic and that they are suitable for cellular

growth support.
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Figure Il1.3: In vitro evaluation of the cytocompatibility of the cryogel scaffolds. Representative images
after live/dead staining (green: live cells; red: dead cells) of hASCs seeded on cryogel scaffolds after 3 days in culture:
(a) control, (b) A-Low, (¢) A-High, (d) C-Low, and (e) C-High. Scale bar: 100 um; (f) Respective cell viability
quantification. All groups showed more than 90% cell viability after 3 days of culture; (g) Metabolic activity and (h)
DNA content of hASCs seeded on the scaffolds. Statistical significance: *P < 0.1, **P <0.01, ***P < 0.001, and ****P

We then evaluated if the mineralized cryogel scaffolds could influence the generation of
intracellular stress and the proliferation of hASCs. For that, the metabolic activity (figure 111.3 g) and
cell proliferation measured by DNA quantification (figure 111.3 h) were evaluated over cell culture
time. All formulations containing m-CNCs nanoparticles presented higher metabolic activity and
cell proliferation than the control scaffolds at each time point. Moreover, no significant differences
in these parameters were observed between formulations containing the same amount of

amorphous and crystalline m-CNCs. Nevertheless, A-High and C-High formulations presented
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increased metabolic activity and cell proliferation compared to A-Low and C-Low, respectively, until
day 14 of culture. After 21 days, although the values for both indicators are comparable for all
mineralized groups, DNA content increased in A-Low and C-Low formulations, while it decreased
in A-High and C-High formulations compared to the previous time point, which can be potentially
related to lineage commitment of cells or growth diminishment due to cell-cell contact In addition,
A-High condition presented a higher value of metabolic activity and DNA content than the crystalline
one, which can be possibly justified by the faster passive solubilization of amorphous calcium
phosphates minerals [60]-[62]. This leads to an increased concentration of extracellular calcium
and phosphate ions, which has been shown to promote osteoblasts proliferation, differentiation,
and ECM mineralization by directly activating intracellular mechanisms that influence Ca-sensing

receptors in osteoblastic cells [61]-[63].

It is well conceived that cells sense and respond to the biochemical and biophysical
properties of the extracellular microenvironment in which they are embedded [64], [65]. To
exclusively evaluate the effect of the incorporation of m-CNCs in the cryogel scaffolds on the
potential osteogenic commitment of hASCs, cells were cultured in basal media (without the aid of
any osteogenic supplement). The activity of alkaline phosphatase (ALP), the hallmark of functional
bone, was used to determine the potential of the scaffolds to promote osteogenic differentiation of
hASCs [66]. Scaffold formulations including m-CNCs showed higher ALP activity than the control
group at all time points (Figure 1.4 a). Moreover, ALP activity increased faster and reached higher
levels on A-High and C-High formulations than on their respective Low conditions. Interestingly, we
also observed that A-High induces maximum ALP activity as soon as day 7, which progressively
decreases until the end of culture time, while the other mineralized formulations reach their
maximum ALP activity at day 14. Since ALP is an early osteogenic differentiation marker, this
demonstrates that the number of m-CNCs nanopatrticles, particularly the amount Hap present,
influences the rate of cells commitment towards the osteogenic lineage. This faster expression of
ALP is most likely corroborated by the literature theory for the intrafibrillar nanoscale
biomineralization [5], [6]. Considering that the precursors of the intrafibrillar Hap are amorphous
calcium phosphates (ACPs) sequestered by NCPs, such as osteopontin, which inhibit the
nucleation of Hap and consequently the extrafibrillar deposition of Hap, amorphous formulations
are the ones that resemble the most the microenvironment of the nanoscale biomineralization due
to the m-CNCs amorphous structure [5], [6]. In addition, the presence of an amorphous type of

nano-Hap on the surface on CNCs as well as the negative charge presented by m-CNCs, besides
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mimicking the ACPs and the role of NCPs in native bone, respectively, can act itself as a osteogenic

supplement [67], inducing the osteogenic differentiation of seeded stem cells.
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Figure 111.4: In vitro evaluation of the ALP activity and gene expression of the cryogel scaffolds. (a) ALP
activity of hASCs seeded on the scaffolds. Gene expression of (b) RUNX2, (¢) COL1A1, (d) ALP, and (e) BMP-2 of
hASCs seeded on the scaffolds. Statistical significance: *P < 0.1, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Furthermore, the transcription levels of genes associated with either osteoblastic/pre-
osteocytic differentiation or bone metabolism and remodelling were also evaluated. The expression
of RUNX2, a transcription factor involved in early osteogenic lineage commitment [68], was
significantly upregulated on both A-High and C-High formulations, compared to control group
(Figure 111.4 b). In addition, significant differences can be observed among the crystalline conditions
after 14 days of culture. Additionally, it is known that, during osteoblast differentiation, RUNX2 up-
regulates the expression of bone matrix proteins genes, including COL1A1 [68]. This fact can be
seen in our data since the up-regulation of RUNX2 is followed by an increased expression of
COL1AI, although no significant differences are notorious (Figure Ill.4 c). Therefore, the
incorporation of the m-CNCs improved the expression of RUNX2 by hASCs and subsequently
enhanced the expression of COL1A1 as well, demonstrating the osteoinductive potential of the
developed cryogels. Moreover, the expression levels of ALP, an early-stage marker for osteoblastic
differentiation, had higher expression from the beginning (day o) until day 7 whereas by day 14 a

marked decrease is observed. This diminish gene expression can be explained by the higher ALP
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activity by hASCs on this day, which is corroborated by the ALP activity data. Other precursor that
is involved in the osteogenic differentiation process is BMP-2, which plays an active role on inducing
the osteogenic differentiation of immature osteoblasts as well as enhancing the ALP activity of cells
[69]. Curiously, by day 7 both high content conditions cells down-regulate their BMP-2 expression
and up-regulate their ALP activity, as expected [69]. Analogous behaviour is apparent after two
weeks of culture, where cells from all decrease their BMP-2 gene expression and significantly

increase their ALP activity.

Additionally, the expression of OPN was evaluated after 21 days of culture by
immunostaining. OPN is abundantly secreted by MSCs and can be further upregulated during their
osteogenic differentiation [70]. As expected, enhanced expression of this osteogenic marker was
accomplished by mineralized cryogels compared to the control formulation (Figure Ill.5a-g).
Additionally, the High formulations presented higher OPN expression rather than their Low
homologues, which reveals the importance of the presence and amount of mineralized CNCs on
the expression of this marker and in the osteogenic potential of the developed cryogels. This may
be achieved by the presence of higher amounts of calcium and phosphate ions resulting from the
ALP activity or solubilization of the Hap present in the nanocomposites. Since OPN is a calcium-
binding protein, high levels of this marker are associated with the ECM mineralization process
during the late osteogenic differentiation of osteoprogenitor cells [71]. Moreover, OPN is thought
to have a multifunctional role in directing the intrafibrillar biomineralization of collagen and
activation of osteoclasts, even though OPN is generally considered a mineralization inhibitor [72],
[73]. These results confirm the osteoinductive, osteoconductive, and osteogenic properties of the
PL-mCNCs scaffolds, presenting the capability to promote osteogenic differentiation of

encapsulated hASCs without osteogenic supplements.
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Figure 1I1.5: Evaluation of the osteogenic commitment of hASCs seeded on the cryogel scaffolds.
Representative immunocytochemistry images of the (a) control, (b) A-Low, (¢) A-High, (d) C-Low and (e) C-High
scaffolds seeded with hASCs after 21 days of culture (nuclei in blue, cytoplasm in red, and OPN in green). Scale bar:
100 um; Immunohistochemical representative Masson ‘s Trichrome images of the (f, g) control, (h, i) A-Low, (j, k)
A-High, (I, m) C-Low, and (n, o) C-High cryogels seeded with hASCs after 21 days of culture. An osteoblastic-like layer
is apparent on the mineralized cryogels (red arrow) while some cells present an osteocyte-like phenotype (black

arrows). Scale bar: 50 um (f, h, j, I, and m) and 20 um (g, I, k, m, and o).
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In native bone, osteoblasts experience different morphological conformations as the
surrounding matrix is transformed from a soft osteoid to a more mineralized matrix [74]. In this
sense, after 21 days of culture, the samples were recovered for histological evaluation to the study
hASCs morphology as well as ECM deposition (figure 1.5 f-0). Regarding the control (figure 111.5 f,
g), it appears that more reticular connective tissue, associated to collagen deposition, is being
produced by hASCs, without osteogenic commitment. All mineralized formulations showed a thin
(A-Low [figure Il.5 h, i] and C-High [figure Ill.5 n, o]) or thicker (A-High [figure 1I1.5 |, k] and C-Low
[figure 1.5 I, m]) layer of cells surrounding the biomaterial (red arrows in figure 111.5). Moreover,
both A-High and C-Low conditions (figure lll.5 |, k and |, m, respectively) showed cells with an
osteocyte-like phenotype (star shape, black arrow in figure Ill.5) with several cellular projections
between them. Moreover, the A-High formulation presented an enhanced expression of osteogenic-
related markers, which suggests that it emulates better the nanoscale biomineralization process
where ACP is firstly deposited and is later matured into Hap crystals [5], [6], and the faster
solubilization of the amorphous Hap [60], releasing calcium ions, could also improve the

osteoinduction of the biomaterial.

In the attempt of proving that the osteogenic potential of the mineralized cryogels scaffolds
could be achieved with other type of cells rather than hASCs, we also used human dental pulp-
derived cells (hDPCs), which have potential to differentiate into mineralizing cells (odontoblasts and
osteoblasts) [75]. Similar to the results obtained with hASCs, formulations containing m-CNCs
presented higher metabolic activity and cell proliferation rates than the control scaffolds at early
time points although these differences between groups were smaller at later stages. It is worth
mentioning that A-High formulation presented a significantly higher value for both metabolic activity
and cell proliferation, which is also observed in the hASCs results (Figure 1Il.3). Regarding the ALP
activity, we expected that the mineralized cryogel scaffolds induced higher enzymatic activity than
non-mineralized controls. However, comparable, or lower ALP activity than the control group was
observed for the mineralized cryogel scaffold formulations after 14 and 21 days (figure 111.6 c).
Nonetheless, while on mineralized samples ALP activity peaked at day 14 and then decreased at
day 21, which is especially evident in both A- and C-High formulations, it peaked at day 21 in non-

mineralized control samples. Since ALP is considered an early mineralization marker, these results
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might be related to a faster osteogenic differentiation of hDPCs in mineralized than in control

samples.
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Figure ll1.6: In vitro osteogenic commitment of hDPCs on the cryogel scaffolds. (a) Metabolic activity, (b)
DNA content, and (¢) ALP activity of hDPCs seeded on the scaffolds. Statistical significance: *P < 0.1, **P < 0.01,
***P <0.001, and ****P < 0.0001.

2.5. Conclusions

Herein, we developed a bioinspired scaffold that emulates the nanoscale biomineralization
microenvironment in vitro. PL served as the cryogel scaffold-based material, incorporating
crosslinkers and nanofillers, as a-CNCs and m-CNCs to provide enhanced functionalities. We found
that the developed cryogels enhanced the metabolic activity, cell proliferation, and ALP activity of
hASCs and hDPCs. Moreover, they also up-regulated the expression of bone-related markers, as
RUNX2, BMP-2, ALP, OPN, and COLIAI of hASCs. These results indicated a preferential
differentiation of hASCs and hDPCs towards osteogenic lineages. Overall, results suggest that the

incorporation of m-CNCs improved the biological performance of the developed cryogels by
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ameliorating their osteoinductive properties. In summary, the proposed PL-m-CNCs cryogel
scaffolds could be potentially useful for tissue engineering and regenerative medicine strategies

due to their ability to mimic the nanoscale mineralization process and microenvironment.
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2.8. Supporting Information

2.8.1. Materials and methods

Production of CNCs. CNCs were isolated from microcrystalline cellulose (MCC, Sigma-
Aldrich, USA), following a well-established sulfuric acid hydrolysis described by Bondeson et a/. and
adapted by Domingues et a/. Briefly, 42 g of MCC were mixed with 189 mL of DI water with vigorous
mechanical agitation for 20 min and at 500 rpm while cooled in an ice bath, and concentrated
sulfuric acid (188.3 mL, 95-97% (v/v), Honeywell, USA) was added dropwise up to a final
concentration of 64 wt%. The suspension was heated to 44°C in a pre-warmed water bath, under
continuous stirring at 500 rpm for 2 h. Afterwards, the reaction was stopped by diluting the
suspension with a 5-fold excess of cold deionized (DI) water and left to decant at 4°C for 2 h.
Thereafter, the supernatant was discarded, and the remaining suspension was successively
centrifuged (Eppendorf 5810R, Germany) for 10 min at 3220 xg and 5°C, until the supernatant
became turbid, with continuous replacement of the supernatant with DI water and subsequent

resuspension of the solution in each cycle.

The resulting suspension was collected into dialysis membranes (MWCO: 14 kDa, Sigma-
Aldrich, USA) and extensively dialyzed against DI water for a week until neutral pH was reached,
with regular water replacement. Dialysis membranes were previously treated by washing and
submerging them for 2 h in warm DI water several times. After dialysis, the content was sonicated
with an ultrasonic processor (VCX750, Sonics & Materials Inc, USA) and using an ultrasound probe
(¥2" Threaded End Part No. 630-0220) for 3 cycles of 5 min at 60% of amplitude output, under
ice-cooling, to prevent overheating, which can lead to the desulfation of CNCs. The sonication
process helps to disperse the CNCs avoiding the formation of possible aggregates and provides
reasonable stability to the suspension. Then, the cloudy suspension was centrifuged one more time
(10 min, 5°C, 3220 xg) to remove big particles aggregates and the final supernatant containing
the CNCs was collected. The suspension of CNCs was further filtered using a vacuum pump

chemically resistant (PTFE) (N820.3FT18, KNF Neuberger), and a fritted funnel D2. The
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concentration of CNCs in the final solution (stock solution) was determined gravimetrically to be

2.5 wt.% and was stored at 4°C until further use.

Morphological characterization of CNCs. To characterize the size distribution of the
produced CNCs, atomic force microscopy (AFM) was used. For this, a solution of 0.0015% w/v of
the CNCs suspension in ultrapure water was prepared and sonicated using an ultrasonic processor
(VCX-130PB-220 from Sonics) with an ultrasound probe at 40% amplitude output. Sonication was
performed 3 times for 1 min with a 1 min break between cycles. One drop of the diluted solution
was placed on a freshly cleaved mica disk that after removing the excess liquid, was left to dry
overnight at room temperature, in a desiccator. The CNCs were characterized with AFM Dimension
Icon (Bruker, USA), which was used in PeakForce Tapping (ScanAsyst) in air mode with a
MultiMode AFM connected to a NanoScope V controller (Veeco, USA). The scans were collected
with an AFM cantilever (ScanAsyst-Air, Bruker) made of silicon nitride with a spring constant of 0.4
N/m and frequency of 70 kHz. USA). Several images were collected, and these were then edited
and analysed to determine CNCs length and height using the NanoScope Analysis 1.5 software
and the Gwyddion software (version: 2.43), respectively. At least 50 nanoparticles were randomly

selected from different images for size measurements.

Sulfation degree of CNCs. The amount of protonated sulfate half-ester groups introduced
onto the surface of the CNCs during the hydrolysis reaction was determined by conductometric
titration with sodium hydroxide (NaOH), following the procedure described elsewhere with minor
adjustments [76], [77]. Succinctly, a CNCs suspension containing 150 mg CNCs was diluted with
ultrapure water to give a total volume of 200 mL, followed by the addition of 2 mL NaCl solution
(0.1 M, Honeywell, USA) for a final concentration of 1 mM NaCl. Thereafter, the solution was
titrated with a solution of 10 mM NaOH (Panreac Quimica, Spain), added in 0.25 mL increments
over 30-40 min with constant stirring to equilibrate the mixture after each NaOH addition. Titration
conductivity values (uS/cm) were recorded using a conductivity meter (DDS-11AW, SCANSCI, UK)
and corrected for dilution effects, and plotted against the added volume of NaOH. The typical
titration curves show two distinct linear regions: (1) an initial decrease in conductivity with the
added NaOH as the protons associated with the sulfate ester groups are consumed and (2) an
increase in conductivity with the addition of NaOH which happens once all the charged groups
have been neutralized [76]. Furthermore, the inflection point, determined by the intersection of the

two linear regions, provides the volume of NaOH (V...) with a defined concentration (Cy..i) required
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for the neutralization. Since this is related to the surface charge density of the crystallites, it can
be reported as percent sulfur content (%S) by weight, through the following calculation described

in equation 1.1 [78]:

%S = YNaonCnaonMw(S) o 400y (Equation I11.1)

MyspCsusp

Where m.,,, and c.., are the mass and concentration (mass %) of the CNCs suspension and
M. (S) is the atomic mass of sulphur. The CNCs conductometric titration was performed in

triplicate.

Aldehyde functionalization of CNCs. CNCs were functionalized through sodium periodate
(NalQ,) oxidation route, according to the procedures described elsewhere with minor modifications
[28]-[30]. In this sense, 3.95 g of sodium (meta) periodate (NalO,, Sigma Aldrich, Portugal) were
added to 200 mL CNCs aqueous suspension (1.5 wt.%) in a 1:1 molar ratio (NalO,/CNCs). The
suspension was stirred for 6 h protected from light exposure and at RT. Non-reacted periodate was
guenched by the addition of 8 mL ethylene glycol (Sigma-Aldrich, Portugal). Thereafter, the solution
was loaded into dialysis membranes (MWCO: 14kDa, Sigma-Aldrich, USA), previously treated by
washing and submerging them for 2 h in warm DI water several times, and then dialyzed against
ultrapure water (Milli-Q, 18.2 MQ.cm) for a week with regular water replacement. The final
aldehyde-modified CNCs (a-CNCs) suspension was then collected and stored at 4°C until further
use. To concentrate a-CNCs a reverse osmosis procedure was used. Briefly, a suspension of a-
CNCs was concentrated against poly(ethylene glycol) (average MW 20,000 kDa, Sigma-Aldrich,
USA) using benzoylated cellulose dialysis membranes (2000 Da NMWCO, Sigma-Aldrich, USA).

The final a-CNC concentration was determined gravimetrically.

Moreover, the number of aldehyde groups on a-CNCs and the corresponding degree of
oxidation were also quantified by acid-base conductometric titration after selectively oxidizing the
aldehyde groups to carboxylic acid groups using silver(l) oxide, according to Yang ef a/. with minor
modifications [79]. In a typical run, 3.6 mL of a-CNCs aqueous suspension (0.8 wt.%, 0.0288 g)
and 0.025 g (0.62 mmol) of NaOH were dispersed in a final volume of 10 mL of ultra-pure water.
Afterwards, 0.193 g of silver(l) oxide (Sigma-Aldrich, USA) were added to the solution, which was
allowed to stir overnight, whilst selectively oxidizing the aldehyde groups to carboxylic acids. Next,
to remove the unreacted silver particles, which may alter the reliability of the conductivity results,
the suspension was centrifuged for 10 min at 3220 xg and 15 °C. Then, 5 mL of the supernatant

from the centrifuged mixture were diluted with 80 mL of ultrapure water and the pH was adjusted
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to 3.5 with 1M HCI (VWR, France) added dropwise. Later, the solution was titrated using a 0.01M
NaOH solution, added in 0.25 mL increments for 30-40 min with constant stirring to equilibrate
the mixture after each NaOH addition. Lastly, the conductivity values, registered using a
conductivity meter (DDS-11AW, SCANSCI, UK) were plotted against the volume of NaOH (in mL)
and used to determine the content of carbonyl groups. The total amount of carboxyl groups
corresponding to the carbonyl content, or the degree of oxidation (DO) was calculated from

equation 11.2:

162C(V2—V1)
W—36C(V2—V1)

DO = (Equation 111.2)

where C is the NaOH concentration (mol/L), V, and V, are the amount of NaOH shown in
conductimetric titration curves, and w (g) is the weight of a-CNCs [80]. The conductometric

titrations were performed in triplicate.

Scanning electron microscopy of CNCs. High-Resolution scanning electron microscopy
(HR-SEM) analysis was performed to confirm if the decoration of CNCs with Hap was successful
and to study Hap morphology, using a high-resolution field emission scanning electron microscope
(Auriga Compact, Zeiss, Germany), which compared to conventional SEM produces clearer and
less electrostatically distorted images. For this, CNCs and CNCs/Hap dilutions (0.01 and 0.001%
v/v) were prepared from the stock solutions and sonicated (5 min, 60%; VCX750, Sonics &
Materials Inc, USA) to disperse the nanoparticles. Then, a drop of each solution was placed on top
of aluminium stubs fitted with conductive adhesive carbon tape (Media Lab System S.r.1., Italy) and
circular coverglasses (13 mm @; 0.16-0.19 mm thickness; optical quality borosilicate; Agar
Scientific Ltd, UK) cut at half, and allowed to dry until the procedure was performed. After drying,
the samples were then transferred into the SEM chamber and imaged at RT with an incident

electron beam accelerated to 3 kV.

Water uptake and degradation profile of cryogel scaffolds. For determining the water uptake
behaviour of the developed cryogels, the samples were initially weighed (Wi) and subsequently
immersed, for 30 s, in 1 mL phosphate buffered saline (PBS, Sigma-Aldrich, USA). The samples
were immediately weighed (Wf) and the water uptake (mg/mg sample) was calculated using

Equation 11.3. All experiments were performed in triplicate.

Water Uptake = W"; Wi (Equation 111.3)
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Regarding the degradation properties, the weight loss of the cryogels over time was also
analysed. For that, the specimens were incubated in 1 mL of PBS at 37 °C for 2 h. After removing
the excess PBS, the initial mass of the cryogel was measured (Mi) and successively weighed at
different pre-selected time points (Mf) to determine the weight loss (%), according to equation 11.4.

The results are expressed as an average of three samples.

Weight loss (%)=

W;;"Nf x100% (Equation 111.4)

2.8.2. Results and discussion

Aldehyde functionalization of CNCs (a-CNCs). After the oxidation protocol of CNCs, the
carbonyl content and corresponding degree of oxidation was quantified by conductometric titration
after selectively oxidizing the aldehydes to carboxylic acid using silver(l) oxide [79]. It was estimated
that 0.18 + 0.04 mmol of carbonyl groups per gram of CNCs have been oxidatively introduced.
This result is comparable to the results obtained by Dash ef a/ [30], but lower than the ones
reported by Yang et a/. [79] for periodate oxidised a-CNCs. The degree of chemical modification
achieved guarantees sufficient reactivity while preserving the integrity of crystalline structure of
CNCs and thus its potential as reinforcement agent, since higher degrees of oxidation showed to
affect its original crystalline properties [81]. The effective aldehyde functionalization of CNC was
also confirmed by FTIR, demonstrated by the characteristic C=0 stretching vibration band at 1647

cm- from the aldehyde groups visible on modified a-CNCs and not on unmodified CNCs reference

(Figure S.1)
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Figure S.1: FTIR spectra of CNCs and aCNCs. The characteristic peak of aldehyde group (C=0) is
highlighted.
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Morphological characterization of mineralized CNCs. SEM images showed that for higher
Caz/S0y ratios (i.e., 40) more Hap is being formed, as expected, although more detached
nanoparticles could be seen (figure S.2). Moreover, we also confirm the tendency for Hap to

aggregate at basic pH values as 7.9 (figure S.2 b), as postulate before [45].

Figure S.2: Morphological characterization of Ca*/S0, =40 ratio m-CNCs. SEM images of (a) m-CNCs
pH 6.9 and (b) m-CNCs pH 7.9 produced with a ratio Ca>/SO; =40. Scale bar: 300 nm.

FTIR analysis of CNCs and m-CNCs. The FTIR spectrum of m-CNCs (figure S.3) exhibited
an adsorption at 1637 cm-, corresponding to the O-H bending of the water adsorbed by cellulose
[31], [45]. Furthermore, other typical peaks of CNCs can be observed in the developed m-CNCs at
1428 cm (CH, scissoring motion), 1369 cm*(C-H bending), 1316 cm* (CH, wagging vibration),
1159 ¢cm (C-C ring stretching) and 1054 cm+ (C-0-C stretching vibration) [31], [45]. Moreover,

the band seen at 895 cm was assigned to the cellulosic b-glycosidic linkages [31], [45].
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Figure S.3: FTIR spectra of CNCs and m-CNCs. The characteristic peaks of CNCs are highlighted.
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CHAPTER IV. General Conclusions

In the last years, bone tissue engineering strategies have drawn significant attention in the
biomedical field due to the possibility of developing approaches that could regenerate a crucial
element of the human body without restricting patients functionally. Numerous strategies have
been proposed through the combination of inorganic (ceramics, metals, or metallic alloys) and/or
organic (synthetic or natural origin polymers) biomaterials-based scaffolds, progenitor cells, and
biophysical/biochemical stimuli. They have deeply contributed for the increasing level of success
of bone regenerative strategies. Nevertheless, these approaches have failed to mimic the true and
full complexity of bone, namely the nanoscale biomineralization as well as the role of non-

collagenous proteins in its regulation.

Therefore, in this work, we developed a bioinspired scaffold that emulates the nanoscale
biomineralization microenvironment in vitro. For this, we combined a cryogel scaffold based on PL
with a-CNCs acting as crosslinkers and m-CNCs as biorreactive nanofillers. We could successfully
obtain CNCs with Hap showing more-amorphous and more-crystalline structures by tuning the
mineralization conditions. We found that cryogel scaffolds incorporating these m-CNCs enhanced
the metabolic activity, cell proliferation, and ALP activity of different cell populations. Moreover,
they also up-regulated the expression of bone-related markers, as RUNX2, BMP-2, ALP, OPN, and
COL1A1 of hASCs. In addition, immunohistochemical analysis revealed that hASCs seeded on the
cryogels containing the amorphous-like Hap presented the typical osteoblast phenotype. Overall,
the results from this thesis suggest that the incorporation of m-CNCs improved the biological
performance of the developed cryogels by ameliorating their osteoinductive properties, triggering
desirable primary processes related with osteogenic differentiation and bone regeneration. In
summary, the proposed mineralized cryogel scaffolds could be potentially useful for bone tissue
engineering and regenerative medicine strategies due to their ability to mimic the nanoscale

mineralization process and microenvironment and to promote osteogenic differentiation.

In future works, it would be interesting to study the angiogenic and neurogenic potential of
the developed system in order to recapitulate the vascularization and innervation of native bone
tissue. Moreover, the culture of the scaffolds within bioreactors to mimic the human body
biophysical, biochemical, and/or hydrodynamic conditions could be also applied. Generally, these
systems allow a mechanical stimulation and a more efficient supply of nutrients and waste removal,

which yield more homogeneous colonization with cells, enhancing the crosstalk between each other
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and the scaffold, and matrix deposition within large engineered scaffolds. Ultimately, a in vivo study
should be considered to evaluate the full potential of our strategy in regenerating bone, and to

continue the research towards the clinical translation of the proposed system.
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