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Abstract

Effective regeneration of osteochondral and periodontal bone tissues remains challenging.
Tissue engineering (TE) strives to develop strategies for this regeneration, often using natural polymers
such as alginate. Nevertheless, the materials often lack the desired properties to correctly mimic bone

tissues

It was reported for the first time the stabilisation of cubic zirconia (c-ZrOz) nanoparticles using
calcium (Ca) as a stabiliser. This was achieved through a one-step hydrothermal microwave process
without any pre-or post-treatment, resulting in a more sustainable and cost-effective synthesis taking
advantage of Ca abundance, biocompatibility and bioactivity. This phase stabilisation was demonstrated
through Raman spectroscopy and scanning transmission electron microscopy (STEM) analysis.
Moreover, the c-ZrO2 nanoparticles presented an average size of 6.24 + 0.96 nm and an enhanced
specific surface area. Nanotechnology approaches have proven useful in improving scaffold overall
suitability in mechanically challenging environments. Thus, the ¢c-ZrO2 nanoparticles were incorporated
into alginate scaffolds by soaking. The obtained nanocomposite scaffolds presented no significant
difference in terms of morphology and degradation when compared to pristine ones. The incorporation
of the nanoparticles resulted in a significant decrease in the scaffolds’ water uptake. Surprisingly, the
nanoparticle-functionalised scaffolds exhibited only a slight increase in Young's modulus. Moreover,
preliminary in vitro cytotoxicity results indicated that incorporating the c-ZrO2 nanoparticles did not elicit
any cytotoxic effect. Notably, after a 7-day cell culture period with human bone marrow mesenchymal
stem cells (BM-MSCs), the group functionalised with c-ZrO2 nanoparticles exhibited more elongated cell
aggregates with a higher aspect ratio (2.26 + 0.57) compared to the unmodified one (1.17+ 0.14). These
findings suggest that the incorporation of c-ZrO2z nanoparticles may provide a more favourable

environment for osteogenic differentiation, paramount for bone regeneration.

This study presents a more eco-friendly process using Ca to stabilise c-ZrO2 nanoparticles and
demonstrates how their incorporation into alginate scaffolds produces promising osteoinductive

properties.

Keywords: Tissue engineering, calcium, cubic ZrO2z stabilisation, osteochondral tissue, periodontal

tissue, osteoinductive scaffolds.
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Resumo

Aregeneracgéao efetiva da componente éssea do tecido osteocondral e periodontal continua um
desafio. A engenharia de tecidos (TE) tem-se dedicado a desenvolver estratégias para esta
regeneracgao, utilizando frequentemente polimeros naturais como o alginato. Contudo, estes materiais

carecem das propriedades adequadas para suportar a regeneragao 6ssea.

Foi reportada pela primeira vez a estabilizagdo de nanoparticulas cubicas de zircénia (c-ZrOz)
utilizando o célcio (Ca) como um elemento estabilizador. Isto foi alcangado através de um processo
hidrotermal assistido por micro-ondas sem qualquer pré ou p6és tratamento, resultando numa sintese
mais sustentavel e econdmica, tirando partido da abundancia do Ca, da sua biocompatibilidade e
bioatividade. A estabilizacdo da fase cubica foi demonstrada através de espetroscopia de Raman e
microscopia eletronica de transmisséo de varrimento (STEM). As nanoparticulas de c-ZrO: sintetizadas
apresentaram um tamanho médio de 6.24 + 0.96 nm e uma maior area superficial especifica. A
nanotecnologia apresenta-se uma mais valia para a melhoria das propriedades de scaffolds em
ambientes de elevada exigéncia mecanica. Posto isto, as nanoparticulas de ¢-ZrO2 foram incorporadas
em scaffolds de alginato por um método de encharcamento. Os nanocompdsitos obtidos nao
apresentaram diferengas significativas em termos de morfologia e degradagdo quando comparados
com os scaffolds originais. A incorporagao das nanoparticulas resultou num decréscimo significativo na
capacidade de inchamento dos scaffolds. Surpreendentemente, os scaffolds funcionalizados com
nanoparticulas exibiram apenas um ligeiro aumento do médulo de Young. Estudos preliminares de
citotoxicidade in vitro indicaram que a incorporagao das nanoparticulas ndo produziu qualquer tipo de
citotoxicidade. Notavelmente, apés um periodo de cultura celular de 7 dias com células estaminais
mesenquimais da medula éssea humana (BM-MSCs), o grupo funcionalizado com nanoparticulas de
c-ZrO2 exibiu agregados celulares mais alongados com um maior racio de aspeto (2.26 + 0.57),
comparado o grupo em que nao foi feita esta modificagao (1.17+ 0.14). Estes resultados sugerem que
a incorporagao destas nanoparticulas pode proporcionar um ambiente mais favoravel a diferenciagao

osteogénica, essencial para a regeneragao de tecido ésseo.

Este estudo apresenta um processo mais ecoldgico utilizando o Ca para estabilizar
nanoparticulas de c-ZrO2. e demonstra como a sua adicdo em scaffolds de alginato oferece

caracteristicas osteoindutoras promissoras.

Palavras chave: Engenharia de tecidos, estabilizacdo de ZrO: cubica, tecido osteocondral, tecido

periodontal, scaffolds osteoindutores.
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Chapter 1: Introduction and Hypothesis and Aims






1.1 Introduction

111 TE

Currently, tissue loss and organ failure resulting from disease or injury represent significant
healthcare challenges, due to the scarcity of transplantable tissues or organs, primarily because of the
shortage of compatible donors.'2 Given the limited self-regenerative capacity of human tissues, the urge
to heal damaged tissues has resulted in a clinical demand for TE solutions. Nevertheless, the available
medical tools are not capable of completely and efficiently restoring tissues and therefore overcoming

the necessity of donors and prosthetics.34

TE represents a rapidly evolving interdisciplinary field that integrates numerous areas including
materials science, genetics, biology, mechanical engineering, and clinical medicine, converging the
knowledge and methodologies from both engineering and life sciences. Despite the TE term being only
officially coined in 1988, the concept and the need to restore tissues have deep historical roots.®
Therefore, TE's main aim is to develop novel tissues that closely mimic the function and properties of
natural tissues. These engineered tissues serve as biological substitutes, intended for implantation into

the body to replace, restore, or augment organ function.®

Commonly, TE approaches involve the utilisation of living cells with natural, synthetic or
bioartificial support, typically referred to as a scaffold and signal cues to produce a biological substitute
or 3D bio-constructs that closely mimics the structure, function and mechanical environment of the native

tissue’, as illustrated in Figure 1.1.

Several cell sources are employed in TE for different target tissues. Primary cells are mature
cells derived from a particular tissue directly extracted from a specific tissue through surgical
procedures. Despite showing favourable immunological compatibility, their proliferation is diminished
due to their post-mitotic and differentiated status. Furthermore, isolating cells from a specific tissue is
not always feasible.® Stem cells have provided a new paradigm in TE, due to their self-renewal potential
and capacity to differentiate into multiple cellular types. 10 They can be classified into adult stem cells
and embryonic stem cells (ESCs). Despite having a superior regenerative potential (pluripotency), and
plasticity than adult stem cells, ESCs utilisation is more limited due to ethical and moral concerns.!
Adult stem cells are multipotent and also present a high degree of plasticity."'> Regarding those,
mesenchymal stem cells (MSCs) stand out as the most promising and widely used because of their
ease of isolation and manipulation. MSCs are prevalent in various tissues, such as bone marrow, dental
and adipose tissues, offering multiple extraction options and, thereby reducing the need for invasive
harvesting procedures.'® Lastly, induced pluripotent stem cells (iPSCs) have emerged also as a
promising cell source. Unlike ESCs, which raise ethical concerns due to their derivation from early-stage
embryos, iPSCs are generated by reprogramming mature somatic cells back to a pluripotent state.
Nevertheless, the current methods for iPSCs generation may institute undesired genetic abnormalities

or tumorigenicity, challenging their current application in TE.'3.14
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Figure 1.1: TE Triad. The interplay of cell sources, scaffold types and signalling cues in final construct development

and implantation. Image created using BioRender (https://www.biorender.com/)

Scaffolds provide a three-dimensional (3D) template for tissue reconstruction designed to
closely mimic the native tissue environment providing morphological, chemical and biomechanical cues
to guide cell fate until the production of extracellular matrix (ECM) takes over.'S Scaffolds must provide
an adequate environment for cell attachment, migration and proliferation, consequently,
microarchitecture features such as morphology, porosity and pore size are paramount for ensuring
effective nutrient supply and supporting the scaffolds’ water uptake.'®'” Moreover, scaffolds also must
exhibit biocompatibility to support cell growth and elicit a minimal immunological response after
implantation. Additionally, given their role as a transient matrix for tissue development, their
biodegradability should complement neo-tissue formation. Importantly, scaffolds’ mechanical properties
should be similar to the intrinsic properties of the anatomical site of implantation to ensure correct

support and guide cell behaviour.'81°

Biomaterials used to design 3D scaffolds are categorised primarily based on their chemical
composition into metals, ceramics and glass-ceramics, natural and synthetic polymers and composites.
Recently, there has been a shift in focus towards biodegradable biomaterials that do not necessitate
removal from the organism after implantation .20 Polymeric biomaterials are predominantly selected for
the design and fabrication of scaffolds due to their versatility, accessibility and affordability.?' Natural
polymers, such as chitosan, alginate and collagen are extremely biocompatible, non-toxic,
biodegradable and can undergo chemical modifications. However, they often show poor mechanical
strength.2'22 On the other side synthetic polymers demonstrate better mechanical properties but often

elicit immune responses.?® To produce polymeric scaffolds various methods have been utilised?4,
4
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including, solvent casting?®, gas foaming?%, thermal induce phase separation?’, electrospinning?® and
additive manufacturing techniques such as 3D bioprinting?®, which has marked a new era in

bioengineering .

Signalling cues are fundamental in TE, as their integration facilitates and accelerates the
regenerative process. These signal cues can be soluble and insoluble. Soluble signal cues comprise
bioactive small molecules, including proteins, hormones, cytokines, growth factors and nuclei acid
delivered via vectors.3%:3' Besides, insoluble cues such as biophysical and biomechanical cues notably
alter substrate stiffness and topography at the micro and nanoscale, significantly impacting the ECM-
cell interactions. These interactions lead to changes in cell shape and adhesion, gene expression

proliferation, migration and differentiation.30.32.33

Nowadays, TE continues to encounter substantial obstacles, especially concerning the shortage
of suitable and effective biomaterials that accurately stimulate cell growth and behaviour by mimicking
the native properties of the target tissue, including architecture and mechanical features, essential for
biological and overall substitute performance.343 Nanotechnology, with nanoparticles at its forefront,
has emerged as a promising tool for TE. Polymer-based nanocomposites exhibit significant benefits due
to the integration of nanoparticles. This reinforcement can provide biophysical cues, which leads to
enhanced mechanical and biological performances, fostering an improved niche for the interplay

between cells and the ECM, thereby influencing cellular behaviour.3436-39

1.1.2 Nanoparticles in TE

Nanoparticles, as a subset of nanomaterials, are characterised by their nano-scale size, typically
ranging from 1 to 100 nm in all three dimensions.*%-*2 Furthermore, nanoparticles differ from their bulk
counterparts primarily, exhibiting unique properties including a high surface area, and distinctive

mechanical, thermal, magnetic, electronic, optical and catalytic properties.*?

In the context of TE, nanoparticles have emerged as pivotal components in the development of
advanced biomaterials.*44® These nanoscale entities enable the precise adjustment of scaffolds due to
their biocompatibility, enhancing their mechanical properties, facilitating the controlled release of
bioactive molecules, improving targeting and imaging capabilities, and leveraging antimicrobial
properties. Based on their application for TE, purposes nanoparticles can be broadly categorised into
two main groups based on their composition: inorganic and organic. Inorganic nanoparticles encompass
metals and ceramics, among which ceramics can be further divided into bioactive, biodegradable, or

bioinert types, depending on their biological interactions, as exhibited in Table 1.1.46



Table 1.1: An overview of the different ceramic nanoparticle categories mainly utilised in TE. Mainly adapted
from #6-48

Types Utilities Examples TE

-Enhance protein Si02-CaO, Bone?*9-51,
adsorption Si02-Ca0-P20s, | tooth5253

-lon release hydroxyapatite peridontium?33
-Antibacterial
Bioactive -Promote osteogenic
differentiation

-High similarity with
mineral components of

tissues

-Increase cell attachment | Tricalcium Bone5455,

- Promote osteogenic phosphate, peridontium?39,
differentiation CaCOs3 tooth%”
Ceramic -Resorption capability

Bioresorbable ]
-Drug delivery

Nanoparticles

-Some similarity with
mineral components of

tissues

-Antimicrobial ZrOg, Bone?8:58,
-High mechanical TiO2 cartilage®®
strength and wear- periodontium®8,
Bioinert resistance tooth58:58
-Chemical stability

- Non-immunogenic

- Promote osteogenic
differentiation

1.1.2.1 ZrO; nanoparticles

The incorporation of ceramic nanoparticles, notably zirconium dioxide, ZrO2, commonly known
as zirconia, into scaffolds facilitates the modulation and enhancement of biomechanical attributes,
highlighting its significance in developing advanced TE constructs. 897" ZrO- is categorised as a bioinert
ceramic. 2 Bioinert ceramics stand out among ceramic biomaterials due to their exceptional mechanical
strength and chemical stability. These attributes make them highly suitable for implantation within the
human body, leading to minimal toxic and immunological reactions.*®"3 Among bioinert ceramics, ZrO:
has been known as “ceramic steel” 74, due to its mechanical properties resembling those of stainless
steel.” ZrO2 exhibits remarkable strength, hardness, fatigue resistance and wear resistance.”® While
Al203 77 and TiO2 78 have been extensively studied and utilised in dentistry and orthopaedical biomedical
devices, ZrO2 stands out for its exceptional fracture toughness. Therefore, the ability of ZrO2 to improve
mechanical properties when added to other materials makes it a versatile component in composite
biomaterials.”>7® This characteristic allows for advanced polymeric nature-derived scaffolds with
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substantially improved mechanical performance. Such scaffolds can better withstand substantial
physiological loads while maintaining their structural integrity throughout the tissue regeneration
process, not compromising their biodegradability. Consequently, they provide optimised biophysical and
biomechanical cues for mechanically challenging load-bearing TE applications.39:46.80-82 One such
application is the development of engineered bone tissues, where ZrO: nanoparticles show great
promise due to their capacity to promote the osteogenic differentiation of progenitor cells into
osteoblasts, which are responsible for producing bone matrix. Therefore, incorporating ZrO:
nanoparticles may provide important cues for developing scaffolds that better mimic bone tissues,

characterised by challenging environments 83-86,

ZrOz2 is a metal oxide that usually crystallises in three phases ZrO2: c-ZrOz, tetragonal (t-ZrO2),
and monoclinic (m-ZrO2) (Figure 1.2). The cubic phase has a fluorite (CaF,) structure, and the
tetragonal and monoclinic phases are distorted versions of the former. 87 ZrO2 is stable in the cubic form
at high temperatures (often over 2377°C), in the tetragonal form between 1205 and 2377 °C, and in the

monoclinic phase from room temperature (RT) to 1205°C.88

(b) Tetragonal (c) Monoclinic

z04

Figure 1.2: Unit cells of ZrO: in its three predominant crystalline phases. (A) Cubic. (B)Tetragonal. (C)
Monoclinic. Oxygen atoms are represented in red, while zirconium (Zr) atoms are shown in green. Adapted from

Farid et al.®°

Furthermore, two additional polymorphs were identified, ie., orthorhombic-l and -Il, at lower
temperatures with increasing pressure.®%°! It is known that the coordination number of Zr4* cations is 7
for the monoclinic phase, whereas for cubic and tetragonal phases this number is 8. The strong covalent
nature of the Zr-O bond favours a sevenfold coordination number, thus making monoclinic ZrO:
thermodynamically stable at lower temperatures, particularly at RT. The stabilisation of both tetragonal
and cubic phases at higher temperatures is associated with the lattice oxygen ion vacancy concentration

in bulk ZrO2 that increases at higher temperatures.®©

Several studies have identified t-ZrO2 as the most suitable and utilised for dentistry and
orthopaedics applications. These fields involve tissues, including bone tissues, that are typically
characterised by mechanically demanding and load-bearing environments.8392-9% Among, ZrO:

crystalline phases, t-ZrOz exhibits outstanding toughness to fracture and elevated strength, as well as
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a high elastic modulus and wear resistance.?2% These properties, especially the fracture toughness and
damage resistance are related to a controlled tetragonal to monoclinic transformation, which may occur
under stress. This phase transformation culminates with a volume increase of 4 to 5%, preventing crack

propagation.97-98

Since t-ZrOz and c¢-ZrOz are known to be high-temperature phases that are thermodynamically
unstable at RT, significant research efforts have been focusing on stabilising these phases under
ambient conditions. This stabilisation is typically achieved either by doping with a proper cationic

stabiliser or through the reduction of nanoparticle size below a critical threshold.%°

Currently, for biomedical applications yttrium, a rare earth element, is widely applied as a
stabiliser dopant for Zr02.991% Moreover, several production techniques have been employed for the
synthesis and stabilisation of t-ZrO2 and c-ZrO2 nanoparticles, including sol-gel method'0'-1%6 co-
precipitation'07.19%8  hydrothermal method'9%-1"", solution combustion method''2-''5, among others.
Additionally, most of the studies reported required high-temperature and post-treatments to synthesise
the aforementioned phases. 95115116 Therefore, growing environmental and geopolitical concerns about
rare earth elements mining alongside the need for greener and more economical synthesis methods
have been stimulating the research for alternative strategies. These efforts aim to seek more
environmentally friendly stabilisers and cost-effective synthesis techniques.7-120 Recently, microwave-
assisted synthesis appeared as a viable and efficient method for ZrO: regarding energy and cost

criteria.120-122

1.1.3 ZrO; nanoparticles for TE applications

1.1.3.1 Osteochondral Tissue in clinical need

The osteochondral tissue is a composite system constituted of articular cartilage, calcified
cartilage, and subchondral bone in articulating joints. This system is proficient in the transference of
loads during joint motion, compromising the intersection of cartilage and bone. It is constituted of

distinguished areas with different structures as illustrated in Figure 1.3.123.124

The articular cartilage is a low-friction, lubricated, and smooth layer of tissue that has the
capacity to support compressive loads and shear forces during the synovial joint’s extent of movement.
Structurally, articular cartilage displays a multi-layer structure formed by superficial, middle, deep and
calcified regions.?5126 Contrary to most tissues, it lacks nerves, blood and lymphatic vessels, resulting
in a poor regenerative capacity. Moreover, it is compounded by a dense ECM predominantly made of
collagen, proteoglycans and water. Chondrocytes, derived from differentiated MSCs, are an essential
cell type present in the articular cartilage. This cell type is responsible for the production of collagen and

the ECM, performing a crucial role in its development, maintenance, and repair.127.128

Lastly, beneath the cartilage lies the subchondral bone, a vascularised structure, that provides

both metabolically and mechanical support to the articular cartilage, preserving the joint shape and
8



absorbing shock. Osteoblasts, a product of MSCs osteogenic differentiation, are responsible for bone
formation through the production of ECM, predominantly made of water, collagen and inorganic
compounds.'29-131 Strycturally, the subchondral bone is divided into the subchondral bone plate and the
subchondral trabecular bone. The first is composed of a thin layer of cortical bone, whereas the second
is highly vascularised, supplying nutrients to the cartilage besides the ones present in the synovial

fluid. 132133

Articular Cartilage

—— ————— | . superficial zone
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Figure 1.3: Schematic representation of the osteochondral tissue and its various layers. Adapted from

Frassica et al'?3

Currently, osteochondral lesions and defects are major health concerns.'3* These injuries are
predominantly caused by trauma-related injuries and their development is normally age-related.'35136
The progression and worsening of these lesions and resulting defects present as a risk factor for the
onset of osteoarthritis, a degenerative disease affecting millions of people worldwide.'3” Currently, the
main treatment options are primarily palliative to alleviate symptoms or reparative and potentially
invasive. These include microfracture techniques for smaller defects, and autograft or allograft
transplantations for large defects that penetrate through the subchondral bone.135138.139 At present,
restoring or even repairing osteochondral tissue with the desired durability and longevity is impossible.

Therefore, in response to these limitations, TE has emerged as a promising alternative.'35

Lately, ZrO2 nanoparticles have been proven to have great potential as a reinforcing biomaterial
for osteochondral TE, especially in enhancing scaffolds' mechanical properties which is paramount in a
mechanically demanding environment, particularly when utilising polymeric matrices. 40141 This is crucial
for subchondral bone regeneration, where load-bearing capacity is essential.'' Moreover, there is
evidence that ZrO2 nanoparticles can improve MSCs osteogenic potential fostering an osteoinductive
environment 142-144 While primarily known for their bone-relates benefits ZrO2 nanoparticles have also
demonstrated potential in cartilage regeneration. When incorporated into scaffolds these nanoparticles

resulted in a favourable biomimetic environment proper for chondrocyte deposition'®. Additionally,
9



another study highlighted that the reinforcement of alginate-based scaffolds with ZrO2 nanoparticles
allowed to adjust scaffold properties, simultaneously improving its mechanical properties and cell
adhesion. Therefore, fostering an advantageous microenvironment for osteochondral TE. 8° Thus, the
incorporation of these nanoparticles into scaffolds has shown promise as an innovative approach for

developing more effective treatments for complex osteochondral defects. 4!

1.1.3.2 Periodontal tissue in clinical need

The periodontal tissue, also known as periodontium, is a structurally diverse complex comprising
both soft and hard tissues. It consists of four distinct components: the alveolar bone, the periodontal
ligament, the cementum, and the gingiva, as represented in Figure 1.4. Among these, the gingiva, the

periodontal ligament and the alveolar bone are highly vascularised. 46

\=— Gingiva
T »Cementum

——————>» Periodontal Ligament

~————» Alveolar Bone

Figure 1.4: Schematic representation of the periodontal tissue under a premolar and its various

components. Image created using BioRender (https://www.biorender.com/).

The alveolar bone, a component of the jaws, surrounds the roots of teeth, providing mechanical
and structural support during mastication. It consists of an outer cortical plate and an inner trabecular
component. Moreover, this bone plays a crucial role in mineral homeostasis. The ECM of alveolar bone
is composed of collagen fibres embedded in a mineralised matrix, therefore having both an organic and
inorganic composition. The alveolar bone, due to constant remodelling, contains various cell types
involved in the turnover process. Osteoblasts, which are the product of osteogenic differentiation, are

among these cells. These bone-forming cells are responsible for ECM production.146-149

The periodontal ligament (PDL) is a soft connective tissue localised between the alveolar bone
and the cementum. This ligament is capable of widening in response to functional overloading protecting
the teeth against external forces.'5° Besides, the PDL also has mechanoreceptors essential for proper
tooth positioning during mastication.'®' The ECM of this fibrous tissue contains both collagen and non-

collagen proteins like glycoproteins. '8! Fibroblasts, the primary cell type in PDL, are responsible for
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collagen turnover. Other cell populations include osteoblasts and MSCs, with MSCs playing a role in

periodontal repair and regeneration. 152153

Cementum is a mineralised avascular connective tissue that envelops the tooth roots. It provides
support within the alveolar socket and allows attachment of PDL fibres. Additionally, cementum prevents
root resorption during periodontal remodelling. Two types of cementum exist: cellular and acellular,
covering different root regions. Cellular cementum contains cementoblasts.%4-156 Moreover, as a
mineralised tissue, cementum has significant inorganic and organic components, with the latter primarily

composed of collagen. 46

Lastly, the gingiva constitutes a specialised component of the periodontal tissue, serving as the
outside protective barrier against mechanical trauma and microorganisms.'®” The gingival tissue exhibits
structural diversity. Its epithelium, primarily keratinised on the masticatory surface, consists of closely
apposed cells with minimal extracellular space. In contrast, the underlying connective tissue has a lower
cellular component, characterised by an integrated network of fibrous (mainly collagen) and non-fibrous

proteins. Moreover, fibroblasts play a key role in maintaining this connective tissue structure. 158159

Periodontal disease is characterised by the progressive deterioration of both soft and hard
periodontal tissues, initiated by bacterial colonisation that elicits a dysregulated host inflammatory
response destroying the surrounding tissues. Gingivitis represents its initial manifestation affecting up
to 90% of the population.'%5160 |f untreated, gingivitis may progress to periodontitis, a severe disease
affecting 19% of the adults.'".162 Severe periodontitis is the primary cause of tooth loss. It causes the
destruction of the alveolar bone, which results in the loss of structural support for teeth. 63164 Currently,
the available treatment options include professional cleaning to remove bacterial biofilm, defect filling
with bone grafts (predominantly autologous), guided tissue and bone regeneration using barrier
membranes to promote self-periodontal regeneration while impeding undesired cell infiltration, and the
application of enamel matrix derivatives.60.161.165 Nevertheless, despite the recent advances in
periodontology the actual approaches fail to effectively regenerate the periodontal apparatus with the
desired predictability and consistency. Therefore, novel progress in periodontal TE is essential to

overcome these shortcomings 166,167

At present, nanotechnology holds great promise for periodontal TE.'®® Severe periodontitis
leads to alveolar bone destruction and tooth loss. A key challenge in periodontal TE and alveolar bone
augmentation is developing scaffolds that can withstand masticatory forces.'63169 Therefore, as
previously mentioned, reinforcing scaffolds, particularly polymeric ones, with ZrO2 leads to better
mechanical properties and potentially creates an osteoinductive environment that enhances osteogenic
differentiation, making them a viable option for alveolar bone regeneration strategies.4!.142.144 Besides
enhancing scaffolds' mechanical properties, ZrO2 nanoparticles possess essential antimicrobial
characteristics that combat oral pathogens during periodontal regeneration.'70-174 Recently, a study
reported that the incorporation of ZrO2 nanoparticles into a polymeric biodegradable nanofibrous
resulted in favourable cytocompatibility, cell proliferation and antimicrobial efficiency against oral

pathogens for periodontal guided TE.175
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1.2 Hypothesis and Aims

The inherent limitations in human tissue regeneration have given rise to significant clinical
demand for advanced TE approaches.*'76 Current therapeutic strategies in orthopaedics and dentistry
still lack the desired consistency and predictability in addressing osteochondral'35138 and

periodontal6%.161 defects, failing to effectively regenerate the affected areas.

Taking this into consideration, natural polymers, such as alginate, have been extensively
employed due to their biocompatibility, biodegradability, and ability to mimic the ECM.'"7 Indeed, alginate
scaffolds can be architecturally modified to more closely resemble native tissue structure, moreover
through carbodiimide chemistry these scaffolds can also be engineered to exhibit shape-memory
properties.'” Nevertheless, natural polymers often present poor mechanical properties.2317° This
limitation is particularly relevant in the context of, periodontal’® and osteochondral tissues'®!, where
structural integrity and the capacity to withstand mechanically challenging load-bearing environments is

crucial.

Nanoparticles have appeared as a promising tool for improving scaffold properties. 3446 Among
these, bioinert ceramics such as ZrO2 have demonstrated biocompatibility”®, ability to promote
osteogenic differentiation83-85, chemical stability*® and outstanding mechanical properties’37® Thus,
biomaterials reinforced with these nanoparticles showed enhanced mechanical properties, providing an
optimised biomechanical environment. This phenomenon has previously been documented for alginate-
based scaffolds.”79.182 This overall enhancement in the mechanical properties is of particular interest,
as matrices with increased stiffness are known to influence MSCs’ differentiation commitment towards
an osteogenic lineage. This influence is paramount in bone regeneration, including subchondral and

alveolar bone.183.184

Among ZrO:2 nanoparticles, m-ZrO2z is generally considered to possess low strength and
toughness '8, while t-ZrO: is described as the most suitable for biomedical applications in mechanically
demanding conditions. In the case of c-ZrO2, studies reporting the application of c-ZrO2z for these
purposes are lacking in the literature.%”.18.187 Rare earth elements are commonly used to stabilise high-
temperature ZrO2 phases. 919 However, these elements are expensive and raise environmental
concerns.'818 Moreover, current synthesis methods require high-temperature processing.!05115.116
Therefore, these issues create opportunities for research into greener and more cost-effective

alternatives.

The global aim of this proposal is to develop a new generation of ZrO; nanoparticles to
enhance the osteoinductive properties of scaffolds for bone regeneration regarding
osteochondral and periodontal tissues. To this end, the nanoparticles will be used to

functionalise porous, biomimetic shape-memory alginate scaffolds.

We hypothesised that using Ca as a stabiliser and synthesising ZrO2 nanoparticles via
microwave-assisted hydrothermal method would potentially stabilise ZrO2 phases at lower

temperatures. This approach could guarantee process sustainability while addressing the biomedical
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performance of ZrO2 phases other than the tetragonal. This approach could offer a more environmentally
friendly and cost-effective alternative, taking advantage of Ca abundance, bioactivity and
biocompatibility. We propose that incorporating these nanoparticles into alginate scaffolds will enhance
mechanical robustness and induce beneficial changes in topography, potentially improving their
osteoinductive properties for the intended TE applications. To attend this goal this thesis is structured

into two main chapters:

1. Synthesis and characterisation of Ca-stabilised ZrO; nanoparticles
e Synthesis of ZrO2 nanoparticles with different amounts of Ca
e Characterisation of the obtained nanoparticles to assess the impact of the Ca content
on phase transformation
2. Incorporation of Ca-stabilised cubic ZrO, nanoparticles into shape memory-alginate
scaffolds
e Assessment of ¢c-ZrO2 nanoparticle reinforcement impact on scaffolds' osteoinductive
potential via systematic comparison of properties, including morphological, mechanical

and biological characteristics, with those of the unmodified scaffolds
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Chapter 2: Synthesis and Characterisation of Ca-Stabilised ZrO-

Nanoparticles
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2.1 Chapter Overview

In the present chapter, ZrO2 nanoparticles were synthesised using a hydrothermal method
assisted with microwave irradiation using Ca as a stabilising element. The effect of varying Ca molar
concentrations (3, 7, and 10 mol.%) on ZrO: phase transformation was investigated through X-ray
diffraction (XRD), Raman spectroscopy and STEM analysis. Additionally, energy dispersive X-ray
spectroscopy (EDS) analysis was employed to evaluate the distribution of Ca throughout the
nanoparticles and to detect any impurities. Lastly, the specific surface area of the nanopowders was
determined using the Brunauer-Emmett-Teller (BET) method.

2.2 Introduction

The ZrO: crystalline phase plays a key role in some applications, in which the t-ZrOz has been
preferred for biomedical applications in mechanically challenging conditions.8397.186 |[ndeed, at RT, both
cubic and tetragonal phases are unstable in bulk forms. Thus, extensive efforts have been devoted to
stabilising both phases at such temperatures, either by doping with various cationic stabilisers or

reducing particle size to a critical nanometre range®.

In the case of doping, yttrium is largely used as a stabiliser dopant, however other bivalent or
trivalent cations have also been reported (La%*, Ga3®*, Ca?*, Fe?*, Mg?*, among others) %189, |n fact,
seeking more sustainable stabiliser elements is imperative, especially since nowadays there are
concerns in rare earth elements mining, such as the shortage of economically viable deposits and
environmental risks, providing space for greener and more cost-effective options.''8 Moreover, it is well-
known that China holds a dominant position in the global supply chain of rare earth elements. Thus, the
economic implications of geopolitical tensions are profound, as they lead to an exponential increase in

prices and a decrease in export quantities, significantly impacting the global economic system.!®

It has been suggested that lower valence dopants (<+4) on ZrO: surfaces potentiate the
formation of surface oxygen vacancies upon doping.’® When these bivalent and trivalent cations
replace the Zr** ions, oxygen vacancies are generated due to charge compensation.®® Among the
bivalent and trivalent cations, when doping occurs with larger cations than Zr#* (eg., Y3* or Ca?*), the
eightfold coordination is favoured, which allows the association of oxygen ion vacancies with the Zr#*
cations, leading to a large concentration of oxygen ion vacancies from the Zr#* cations. In contrast, when
smaller cations are selected (e.g., Fe2* or Ga®*), the sixfold coordination is facilitated, and the oxygen
ion vacancies will be contested between the stabiliser and the Zr#* cations, resulting in smaller

concentrations of oxygen ion vacancies associated with the Zr** cations.%°

In the case of the c-ZrO2, when stabilised at high temperature (2377 °C), the Zr** cations occupy
the sites of the face-centred cubic cell, while O2- anions are positioned within the tetrahedral voids.
However, at low temperatures, the effective size of the Zr4* cations become insufficient to maintain the

large tetrahedral voids for the cubic structure, and thus Zr** must be partially substituted with a larger
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cation of lower valence to stabilise the structure. Like the tetragonal phase, the cubic phase has also
been reported to be highly defective, with atomic displacements caused by the incorporation of
stabilising elements into its lattice.’®! The presence of structural defects on ZrO2 nanoparticles has been
extensively investigated '91-195, however, there are no reports imaging atomic structural defects on
stabilised c-ZrO2 nanoparticles (<10 nm), which implies a gap in the literature because these defects

are crucial in various applications.

Several production techniques have been employed for the stabilisation of t-ZrO2 or c-
Zr(.101.108,111,114,19 Most of these studies of nanosized ZrO2 require a post-treatment for the formation
of the tetragonal phase, i.e., calcination at temperatures higher than 500 °C.105.116 |n the case of the
cubic phase, it has been reported that a heat treatment of 400 °C is needed for its stabilisation.''> More
recently, microwave synthesis has emerged as an appealing technique to produce nanostructured
Zr02.121.122 Synthesis assisted by microwave irradiation has advantages over conventional
hydrothermal/solvothermal methods, since it is cost/energy efficient, fast, and produces homogeneous

and reproducible materials with high yields. 120

This chapter reports the effect of different amounts of Ca (3, 7, and 10 mol.%) on the ZrO2 phase
transformation and further stabilisation of the c-ZrO: crystalline phase using microwave irradiation.
Moreover, to the author’s best knowledge, this is the first time that has been reported ZrO2 nanoparticles
synthesised with Ca as a stabiliser element through a one-step microwave process (fast and low-
temperature synthesis) without any pre- or post-treatment. Ca was selected as a stabiliser due to its
abundance, biocompatibility, and bioactivity, enhancing its potential for TE and other biomedical

applications. 97,198
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2.3 Materials and Methods

2.3.1 ZrO; synthesis under microwave irradiation

The ZrO:2 nanoparticles were synthesised using the hydrothermal method assisted by
microwave irradiation, adapting the approach reported by Matias et al.'®® Therefore, 0.2 M of zirconium
(IV) oxynitrate hydrate (ZrO(NO3)2:xH20; 99%, CAS:14985-18-3, Sigma-Aldrich) was mixed with a 0.4
M sodium hydroxide (NaOH; = 98%; CAS:1310-73-2, Labchem) in an aqueous solution. All the reagents
were used without further purification. The molar ratio of zirconium precursor and sodium hydroxide was
maintained at 1:2. To prepare ZrO2 nanopowders with Ca, 3, 7 and 10 mol.% of calcium nitrate
tetrahydrate (Ca (NOs3)2-4H20; 99%; CAS:13477-34-4, Sigma-Aldrich) were added to the precursor
solution before mixture. After homogenisation of the mixture, a whitish solution was obtained. The mixed
solution was then distributed into Teflon vessels of 75 ml (each vessel containing 40 ml of solution) to
carry out the microwave synthesis. The synthesis was carried out with a CEM MARS one microwave
digestion system (CEM, Matthews, USA) and the applied parameters were 1000 W, 230 + 10 °C and 1
h. The resulting nanopowder was then washed and centrifugated for 3 min at 4750 rpm for a total of
eight times. Lastly, the nanopowder was dried in a desiccator at 60 °C for five hours (Figure 2.1). The
produced nanostructures are hereafter called: ZrO2z (0 mol.% of Ca), and 3 mol.%Ca-ZrO2, 7 mol.%Ca-
ZrO2z and 10 mol.%Ca-ZrO:2 for the materials with 3, 7 and 10 mol.% of Ca.
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Figure 2.1: Overview of the synthesis procedure for ZrO: nanopowders without Ca and with different Ca
amounts (3, 7 and 10 mol%). Key experimental steps are illustrated, including subsequent nanopowder

characterisation. Image created using BioRender (https://www.biorender.com/)

2.3.2 Characterisation techniques
2.3.2.1 XRD

XRD experiments were carried out to identify the ZrO2 crystalline phase. The crystalline phases
of the obtained nanopowders were determined by comparison with the cards of the International Centre
for Diffraction Data (ICDD). The reference monoclinic phase corresponds to ICDD file No. 00-037-1484,
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the reference tetragonal phase to ICDD file No. 00-050-1089 and the reference cubic phase to ICDD
file No. 00-049-1642. The XRD measurements were pursued using PANalytical’'s X’Pert PRO MRD X-
ray diffractometer (PANalytical B.V., Aimelo, The Netherlands) equipped with an X'Celerator one-
dimensional detector and utilising a monochromatic CuKa radiation source (A=1.540598 A). XRD data

were collected from 10° to 90° (26) with a scanning step size of 0.033° and a time per step of 35 s.

2.3.2.2. Raman spectroscopy

Raman spectroscopy was conducted in a backscattering configuration using the 442 nm laser
line in an HR800-UV system (Jobin- Yvon, Massachusetts, USA) equipped with a diffraction grating with
600 grooves/mm and using an objective lens of 50x.

2.3.2.3 STEM

STEM analyses were conducted using a Hitachi HF5000 (Hitachi, Tokyo, Japan) microscope
equipped with an EDS detector from Oxford instruments at 200 kV. A sonicated dispersion of the ZrO:
nanopowder was deposited onto 200-mesh copper grids coated with formvar and left to dry before
imaging. Particle size and the respective standard deviation were determined from the STEM analysis

considering 50 nanoparticles for each nanopowder using ImageJ Fiji (Version 2.9.0).

2.3.2.4 BET

The specific surface area was estimated by nitrogen adsorption according to the BET method,
which was applied in the p/po range determined following the methodology reported by the International
Standard Organization (ISO) in standard number 9277.200 The data were obtained at 77 K in an Autosorb
IQ adsorption apparatus (Quantachrome, Florida, USA). Before the experiments, the ZrO2 nanopowders
(~0.2 g) were outgassed for 6 h at 120 °C.
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2.4 Results and Discussion

2.4.1 XRD

XRD measurements were carried out and are presented in Figure 2.2. It can be observed that
the synthesised ZrO2 nanopowder without Ca exhibits a mixture of t-ZrO2 and m-ZrOz, as previously
observed in an analogous study.'®® Nevertheless, when Ca is added to the synthesis, it is shown that
the 3 mol.%Ca-ZrO2 nanopowder still demonstrates minor diffraction maxima of the monoclinic phase,
which vanishes by increasing the amount of Ca. Both tetragonal and cubic phases have similar XRD
diffractograms, so, Raman spectroscopy was employed to complement the analysis of the ZrO:

crystalline phases.
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Figure 2.2: XRD diffractograms of the synthesised nanopowders. ZrO2 nanoparticles without and with different

amounts of Ca (3,7 and 10 mol.%), with ICDD reference patterns for the monoclinic, tetragonal and cubic phases.

2.4.2 Raman spectroscopy

The Raman spectra of the different phases of ZrO: are considerably different?!, and so this is
a powerful technique to distinguish the effects promoted by the increase of Ca in the nanoparticles. Such
spectra are depicted in Figure 2.3. Raman bands of ZrO: appear in the 130-700 cm~" range, and it can
be observed that the increase of Ca in the ZrO2 nanopowders (from 3 to 10 mol.%) clearly reduces the

number of Raman active modes, attributed to a rise in ZrO2 crystal symmetry.29' Moreover, Raman
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spectroscopy is locally sensitive to the disorder in the first few atomic shells at the surface and lattice

defects, which can not be detected in XRD analysis.20?

From the Raman spectroscopy results, it can be inferred that the increase in Ca amount induced
a phase transformation from monoclinic to tetragonal and then to cubic. A similar behaviour was
previously reported after the incorporation of Y3* or Eré* ions in the ZrO2 lattice.293204 For the m-ZrO2
(C2n point group), 18 Raman active vibrational modes (9Ag + 9Bg) at the " point of the first Brillouin zone
were predicted.99203 The frequencies of these modes were shown to appear at 179 cm™' (Ag), 190 cm™
(Ag), 224 cm™ (Bg), 305 cm™" (Ag), 334 cm™' (Bg), 348 cm™" (Ag), 381 cm™ (Bg), 476 cm™" (Ag), 505 cm™"
(Bg), 536 cm™ (Bg), 556 cm™" (Ag), 616 cm™ (Bg), 637 cm™' (Ag).2% As reported earlier, the t-ZrOo,
belonging to the Dan point group, exhibits 6 Raman active modes with A1g + 2B1g + 3Eg symmetries at
the I point of the first Brillouin zone 2%, with frequencies at 146 cm™' (Eg), 270 cm™' (A1g), 318 cm™" (B1g),
458 cm™ (Eg), 602 cm™" (B1g) and 648 cm™ (Eg).2%” Vibrational bands assigned to both m-ZrOz and t-
ZrO2 are observed in the nanoparticles without Ca and with 3 mol.% of Ca, which is in agreement with
the XRD results in Figure 2.2. This is in line with an analogous study, in which pure ZrO2 nanoparticles
were also synthesised at 230 °C through a hydrothermal synthesis assisted by microwave irradiation.208
For the addition of higher quantities of Ca, a smooth transformation to the cubic phase is observed,
accompanied by the disappearance of the monoclinic modes. The Raman band broadening and
intensity decrease was previously reported by Sinhamahapatra et al.2%2 for black ZrO2 produced by
magnesiothermic reduction, which was related to the formation of oxygen vacancies at the surface,
leading to crystal rearrangements. The 190 cm~'and 476 cm™~! monoclinic bands possess high intensity

and then undergo a reduction of intensities, as can be seen in Figure 2.3.20°

Concerning the c-ZrOz, it typically exhibits an intensive asymmetric broadband mode centred at
around 600 cm™' (Fzg vibrational mode)?'°, owing to a disordered oxygen sub-lattice.2%¢ Besides, this
band position might vary slightly when dopants are used.2'® As the Ca amount increases to 7 and 10
mol.%, the cubic phase appears (mixtures of tetragonal and cubic phases). Nevertheless, a smoother
A1g band in the 10 mol.% Ca material suggests a higher prevalence of the cubic phase (dominant phase).
According to the literature, the Raman spectra of Y203 doped c-ZrO2z present a wide-ranging band
between 530-670 cm-", as well as a high-background profile?'!, and so the results suggest the presence
and further stabilisation of the cubic phase for higher Ca concentrations, especially for the 10 mol.% Ca

nanopowder.
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Figure 2.3: Raman spectra of the synthesised nanopowders. ZrOz nanopowders without and with different
amounts of Ca (3,7 and 10 mol.%). The black, green and grey vertical dash lines represent the expected Raman

shift for the monoclinic, tetragonal and cubic ZrOz2, respectively.

2.4.3 STEM analysis

STEM analyses were carried out for all ZrO2 nanopowders and it was evident that Ca had a
drastic impact on the structure of the ZrO: nanoparticles. From Figure 2.4, the presence of
heterogeneous nanoparticles formed during microwave synthesis without Ca is evident (irregular-
shaped, square, elongated and quasi-spherical nanoparticles). The average particle size was 8.26 *
1.95 nm, and abnormally large nanoparticles were also observed (Figure 2.4(a)), in agreement with an
analogous study.?% XRD and Raman spectroscopy analyses confirmed the presence of both tetragonal
and monoclinic phases, which was further corroborated by the STEM results using high-angle annular
dark-field (HAADF) imaging. The Zr atomic columns are clearly visible in the HAADF image (Figure
2.4(b)). From the Zr atomic columns, it can be measured a lattice spacing of 2.9 A that perfectly matches
the (011) and (101) atomic planes of the tetragonal phase. Observed along the [111] zone axis, it is
clear from the fast Fourier transform (FFT) pattern that the angle between (011) and (101) is ~70°, in

accordance with the theoretical value reported for pure crystalline t-ZrO2 (ICDD 00-050-1089).

When Ca was added (3 mol.%Ca-ZrO2 nanopowder), more uniform nanoparticles were
crystallised, resulting in square nanoparticles, some with round corners (Figures 2.5(a) and 2.5(b)).
The average particle size was 8.02 £ 1.86 nm, and the particle size distribution is presented in Figure
2.5(a). A lattice spacing of 2.9 A was measured, as in the case of the pure ZrO2 nanoparticle, which
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perfectly matches the (011) and (101) atomic planes of the tetragonal phase. It was observed along the
[111] zone axis an angle between both planes of ~71°, as measured by the FFT pattern in Figure 2.5(c)
which perfectly matches the tetragonal phase. For this condition, the monoclinic phase was also
detected (Figures 2.2 and 2.3), however, tetragonal nanoparticles were predominantly observed during
STEM analysis.

Furthermore, by increasing the Ca amount to 7 mol.%, it could be observed a great impact on
the nanoparticles size, with smaller nanoparticles, presenting an average size of 6.83 £+ 1.35 nm
(Figures 2.6(a) and 2.6(b)). Square nanoparticles were observed, together with some well-faceted
quasi-hexagonal ones, as observed in Figure 2.6(d). Lattice spacings of 2.3 A and 2.9 A were also
measured, matching the (111) and (011) atomic planes of the tetragonal phase, respectively. Observed
along the [211] zone axis, it is clear from FFT patterns that the angles between (111) and (011) is ~74°,
confirming the theoretical values reported for the tetragonal phase (Figure 2.6(c)). Figure 2.6(d) does
not clearly reveal the presence of structural defects, i.e., steps or absence of atoms. Nevertheless, such
defects are usually present in high-index surfaces for other metal oxides, like TiO22'2 or WOs3 213, and
could be expected in the observed {102} exposed facets. Although such defects in ZrO2 high-index
surfaces have not been imaged at the atomic level, the formation of structural defects in ZrO, has been

widely observed.214-218

As demonstrated by the Raman results (Figure 2.3), the cubic phase was present at 7 and 10
mol.% of Ca. At 7 mol.% of Ca, the nanoparticles exhibited a minor presence of the tetragonal phase,
which vanished at 10 mol.% of Ca. Moreover, for this 10 mol.% of Ca nanopowder, the synthesised
nanoparticles were smaller, with an average size of 6.24 + 0.96 nm, and with the most uniform
distribution among the investigated nanopowders (detected nanoparticles from 4 to 9 nm), as can be
observed in Figure 2.7(a). Square nanoparticles with angled/curved corners were observed (Figures
2.7(a) and 2.7(b)). A single nanoparticle was analysed in Figure 2.7(b), and from its FFT pattern, which
was observed along the [011] zone axis, it could be perfectly indexed to the cubic phase, with an angle
between (002) and {111} planes of ~55°. Another nanoparticle (designed as B) was further investigated
in Figures 2.7(c) and 2.7(d), and it is clear the presence of zigzag edges and surface defects, i.e.,
steps. The steps were observed at the {111} planes. Moreover, the nanoparticle exhibits both ordered
and disordered regions. In the latter ones, the Zr atoms are misaligned along the [111] direction, causing
the {111} lattice spacings to vary between 2.3 A and 3.1 A, compared to a predicted theoretical value of
2.9 A for the {111} planes of the pure crystalline cubic phase (ICDD 00-049-1642). It was marked with
white dashed lines to highlight the change in the distances between the neighbouring Zr atoms along
the [111] directions. These lattice spacing variations also impacted the angles measured by the FFT
patterns (observed along the [011] zone axis), which can be measured at a value of ~102.4° between
the (111) and (111), when it should be expected a theoretical value of ~109.5° for the cubic phase. This
type of disarrangement of the Zr atoms was previously observed for films comprised ¢-ZrO2 doped with
Y203 (7 wt.%) grown on a polycrystalline alumina substrate via electron-beam physical vapor deposition
at 1000 °C."®" Nevertheless, to the best of the author’s knowledge, this is the first time that atomic

structural defects, i.e., steps and lattice displacements on the {111} planes have been observed on ~6

24



nm nanoparticles of c-ZrOz induced by the addition of Ca during microwave synthesis, without any post-

treatment process.

EDS analysis was conducted to observe the distribution of Ca throughout the nanoparticles.
Figures 2.8(a) to 2.8(d) show measurements of several nanoparticles, revealing that Ca is well
distributed, along with Zr and O. No further impurities were detected by the EDS measurements. In the
case of Ca, although it is identified within the nanoparticles, it appears that this element also tends to
surround them, localised at the nanoparticles' surface. This assumption is further supported by Figures
2.8(e) to 2.8(h), where a white square marks the area of a single nanoparticle. It can be speculated that
Ca tends to segregate to the surface of the c-ZrO, nanoparticles. The segregation of stabiliser elements
was previously reported by Feng et al.2' In terms of Ca, the ionic radius is (1.14 A220) larger than Zr,
which may favour the segregation to the surface, releasing strain energy and making segregation
energetically favourable.2'9220 Actually, in the present study, EDS analyses suggested the presence of
Caon the nanoparticle surface, which corroborates the theoretical studies for ZrO: with Ca as a stabiliser

agent.220,221

Therefore, the present study suggests the presence of several surface defects induced by the
amount of Ca and microwave irradiation. In fact, just with 10 mol.% of Ca, the surface defects were
observed, indicating that there is a minimal amount of Ca to convert to cubic phase, but also to form the
atomic-structural defects. Microwave irradiation could have also played a role in the formation of defects
since this synthesis route is known to induce defects in metal oxides.??2-225 Nevertheless, as the
microwave parameters were identical to all conditions investigated, the defects observed in the 10

mol.%Ca-ZrO2 nanoparticles are expected to mostly result from the amount of Ca present.
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Figure 2.4: STEM analysis of the ZrO2 nanopowder. (a) HAADF-STEM image of the ZrO2 nanoparticles without
calcium together with the nanoparticle size distribution. (b) HAADF-STEM image of an elongated ZrO2 nanoparticle,

together with its FFT image

(a) 3 mol.%Ca-ZrO,

arr=allH AADF-STEM

Figure 2.5: STEM analysis of the 3 mol.%Ca-ZrO.. (a) Secondary electron (SE-STEM) and (b) HAADF-STEM
image of the 3 mol.%Ca-ZrO2 nanopowder together with the nanoparticle size distribution. (c) Magnified HAADF-

STEM image of the indicated area in (b), together with its FFT image observed along the [111] zone axis.
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(a) 7mol.%Ca-Zr0,

Figure 2.6: STEM analysis of the 7mol.%Ca-ZrO2 nanopowder. (a) SE-STEM and (b) HAADF-STEM image of
the 7 mol.%Ca-ZrO2 nanopowder together with its nanoparticle size distribution. (c) and (d) FFT pattern and
magnified HAADF-STEM image of the indicated area in (b).
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Figure 2.7: STEM analysis of the 7mol.%Ca-ZrO2 nanopowder. (a) SE-STEM and (b) HAADF-STEM image of
the 10 mol.%Ca-ZrO2 nanopowder together with its nanoparticle size distribution and FFT pattern of the
nanoparticle indicated as A. (¢) and (d) HAADF-STEM image of an individual nanoparticle together with its FFT
pattern (nanoparticle indicated as B).

HAADF-STEM L

Figure 2.8: EDS analysis of the 10 mol.%Ca-ZrO2 nanopowder. (a) SE-STEM and (e) HAADF-STEM images of
the 10 mol.%Ca-ZrOz2 nanoparticles. Corresponding EDS maps of Zr (b) and (f), O (c¢) and (g), and Ca (d) and (h).

The white square determines the area of an individual nanoparticle
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2.4.4 BET analysis

The BET analysis was performed to determine the specific surface area of both ZrO2 and 10
mol.%Ca-ZrO2 nanopowders. The results demonstrate that the addition of Ca significantly enhances the
specific surface area of the nanopowders (Table 2.1). This result is in alignment with the nanoparticle
sizes’ decrease observed in Figure 2.4(a) and Figure 2.7(a), showing a nanoparticle size of 8.26 + 1.95
nm for the ZrO2 without Ca (abnormal larger nanoparticles were also observed), and 6.24 + 0.96 nm for
the 10 mol.%Ca-ZrO2 condition. This inverse correlation between nanoparticle size and specific surface

area is expected and largely reported in the literature. 226-231

When it comes to the ZrO: phases present, the results from the XRD, Raman spectroscopy and
STEM measurements revealed the presence of both monoclinic and tetragonal phases in the ZrO:
nanopowder, while the cubic phase was revealed as the amount of Ca increased. Therefore, the
measured surface area of 98.034 m?2/g for the synthesised ZrO2without Ca is in agreement with previous
studies, which reported a specific surface area of 83.4 m2?/g for m-ZrO2 232 and 100 m?/g for t-ZrO2
nanoparticles233, both synthesised considering hydrothermal methods. In another study, c-ZrO:
nanoparticles were synthesised using a hydrothermal method and stabilised with scandia, with a
crystallite size of 6 nm. The measured specific surface area was 157 m?/g 234, which is similar to the
value of 151.62 m?g, obtained in this study, for the 10 mol.%Ca-ZrO2 nanopowder. Some studies
highlighted the enhanced specific surface area of defective nanoparticles 23235 and as structural
defects were observed for the 10 mol.%Ca-ZrO2 nanopowder, some contribution of these defects can
be expected for the enhanced surface area. Thus, the stabilisation of c-ZrO: resulted in smaller
nanoparticle sizes and the formation of defects, thereby increasing the specific surface area of the 10

mol.%Ca-ZrO2 nanopowder.

Table 2.1: Estimated BET surface area. Estimated value for the ZrO2 and 10 mol.%Ca-ZrO2 nanopowders.

Nanopowder Surface Area (m?/g)
ZrO2 98.03
10 mol.%Ca-ZrO2 151.62
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2.5 Conclusion

This study introduced a sustainable approach to synthesising ZrO2 nanoparticles using a Ca-
stabilised microwave irradiation process. A fast (1h), low temperature (230 °C) and water-based
microwave method was considered, without any post-synthesis treatment. By incorporating different
amounts of Ca (3, 7, and 10 mol.%) into the microwave synthesis, distinct ZrO: crystalline phases were
obtained, up to the dominant cubic phase crystallisation with 10 mol.% of Ca, as demonstrated by the

Raman spectroscopy results.

STEM analyses revealed that the stabilisation of the cubic phase for the 10 mol.%Ca-ZrO:
nanopowder resulted in smaller nanoparticles (6.24 + 0.96 nm) with uniform size and shape, compared
to other ZrO2 nanoparticles produced in this study. Additionally, the 10 mol.% Ca-ZrO2 sample exhibited
surface step defects and atomic disarrangements in its nanostructures. Moreover, the EDS analysis
revealed that Ca is properly distributed and that no impurities were found, also suggesting a potential

segregation to the surface of the c-ZrO2 nanoparticles.

BET measurements further highlighted the influence of cubic phase stabilisation on the specific
surface area, demonstrating a higher surface area for the 10 mol.%Ca-ZrO2 nanopowder. This result is
in alignment with the smaller nanoparticle size and the presence of defects leading to an enhancement

in the specific surface area for the aforementioned nanopowder.

In conclusion, this study reports for the first time the stabilisation of defective c-ZrO:
nanoparticles using Ca as a stabiliser through a one-step microwave process without any calcination
treatment. This approach offers a more sustainable and economical method for ZrO2 phase stabilisation,
utilising Ca’s availability, biocompatibility and bioactivity to enhance its efficiency for target applications,
such as for TE purposes. Additionally, this approach demonstrates potential for the development of more

environmentally sustainable nanoparticle synthesis methodologies.
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Chapter 3: Incorporation of Ca-Stabilised Cubic ZrO> Nanoparticles

into Shape Memory Alginate Scaffolds
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3.1 Chapter Overview

In this chapter, the newly synthesised c-ZrOz nanoparticles (10 mol.%Ca-ZrO2) were
incorporated into shape memory alginate scaffolds, produced by solvent casting, using a soaking
method. Two main groups were systematically investigated and compared to address the impact of
nanoparticle incorporation: pristine alginate scaffolds and alginate scaffolds functionalised with c-ZrO:
nanoparticles. Also, EDS analysis was employed to evaluate the distribution of ¢c-ZrO2 throughout the
scaffolds and to detect any impurities. Additionally, gravimetric methods were used to determine the
porosity, water uptake and weight loss. The impact of nanoparticle addition on the scaffolds’ mechanical
performance was evaluated through compression testing and subsequent Young's modulus
determination. For biological characterisation preliminary in vitro cytotoxic experiments were carried out
using (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. The proliferation of
human BM-MSCs was monitored using the AlamarBlue assay over seven days. Lastly, following the cell
culture, the morphology of the cell aggregates was studied using scanning electron microscopy (SEM)
imaging, confocal and fluorescence microscopy The aspect ratio of the cell aggregates was also

calculated

3.2 Introduction

Failure of tissues and organs resulting from iliness, trauma or developmental defects has raised
major issues, significantly affecting both healthcare and the economy.?¥¢ As a result, TE aims to
overcome the limited regeneration capacity of the human body instead of focusing on the replacement
or reparation of the damaged tissues.?3” Therefore, biomaterials have been utilised to produce scaffolds

with suitable structures to conduct cell proliferation and differentiation into effective tissues.238.239

Natural polymers have been widely used due to their biocompatibility, biodegradability and
ability to mimic the ECM."77 Alginate is a polysaccharide primarily present in the cell walls of certain
types of brown seaweeds.?? Additionally, alginate and its derivatives are bioinert and exhibit anionic
and hydrophilic characteristics, being composed of (1,4) linked -D-mannuronic and a-L-guluronic acids
in a pyranose conformation and organised in blocks. This results in a large variety of structures,
molecular weights and physicochemical properties.?*'.242 Moreover, alginate scaffolds can be featured
with shape memory properties, thus having the capability to revert to their original form upon rehydration,
enabling them to fill in defects or conform to irregularities.'78.243.244 Their utilisation has already been
previously reported for osteochondral'78245.246 and periodontal?*”-24¢ TE applications. In addition to
exhibiting shape memory properties via covalent crosslinking through carbodiimide chemistry, alginate
scaffolds can also undergo architectural modifications to mimic native tissue structures. Therefore, these
highly porous scaffolds can be designed to exhibit anisotropic properties'’8. Anisotropic scaffolds have
been developed for the periodontium2492% and osteochondral tissue'782%!, with the explicit aim of

replicating certain structural elements inherent to these tissues. Despite their numerous advantages,
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natural polymers often exhibit poor mechanical properties, which negatively affects their application for

TE purposes.23179

As the research for novel advanced biomaterials intensifies, nanomaterials such as ZrO:
nanoparticles are being further explored to enhance scaffold performance in load-bearing
environments.3446.81238252253  7rQ, materials exhibit excellent biocompatibility, bio-inertness, high
stability, antimicrobial activity?>4, osteointegration ability?°® and potential to promote osteogenic
differentiation, fostering an osteoinductive environment paramount for bone development.83-85 The
intricacy of mechanical forces applied to the periodontal tissues' and osteochondral tissues 256257
during, respectively mastication and joint movement highlights the necessity for engineered bone
tissues to endure substantial biomechanical stress. The incorporation of ZrO2 nanoparticles into natural
polymeric-based scaffolds has already been described in the literature.”'258.25% More specifically, the
functionalisation of alginate-based scaffolds with these nanoparticles has proven recently to induce a
more regulated degradation, good cell viability and controlled interconnected porous structure with
improved mechanical properties.80260.261 Moreover, as previously mentioned, Ca can be used as a
stabiliser element for ZrO2 nanoparticles.?62:263 Ca is biocompatible and naturally present in the human
body?64. Also, there is evidence that Ca may influence MSCs differentiation enhancing the expression
of genes related to osteogenic differentiation265266 Furthermore, Ca positively affects biomineralisation,

essential for bone development and strength .85.267-269

This chapter aims to preliminarily explore how the integration of the newly synthesised 10%
mol.%Ca-ZrO2 nanoparticles into shape memory alginate scaffolds enhance their osteoinductive
potential for osteochondral and periodontal TE purposes, particularly for subchondral and alveolar bone
regeneration. In addition, studies reporting the application of nano-cubic ZrOz in TE are lacking in the
literature.83.97.186 Moreover, not only the utilisation of Ca as a stabiliser allows a more cost-effective and
eco-friendly synthesis but it also takes advantage of Ca’s natural abundance, bioactivity and

biocompatibility.' This opens new avenues for osteochondral and periodontal regeneration strategies.

34



3.3 Materials and Methods

3.3.1 Scaffolds preparation

The alginate scaffolds were produced by solvent casting, based on previous work by Almeida
et al 178, After that, the scaffolds were directionally frozen and later freeze-dried. Two main groups were
prepared: pristine scaffolds and scaffolds coated with 10 mol.%Ca-ZrO2 nanoparticles (Figure 3.1). To
ensure clarity, the label "Alginate" will be used for the unmodified shape-memory scaffolds in the graph
legends. Conversely, the scaffolds treated with 10 mol.%Ca-ZrO2 nanoparticles will be identified as

"Alginate + c-ZrO>"

3.3.1.1 Shape-memory alginate scaffolds synthesis

Firstly, 0.1 M of 2-(N-Morpholino) ethanesulfonic acid buffer (MES, = 99%, CAS:4432-31-4,
Sigma-Aldrich) and 0.2 M of sodium chloride (NaCl, 299.5%, CAS:7647-14-5, PanReac AppliChem)
were added in distilled water. Then, sodium alginate (COO-, CAS:9005-38-3, Sigma-Aldrich) was
dissolved to a final concentration of 4.5%(w/v) for 3 hours. After, solutions of 1-ethyl-3-dimethy
aminopropyl carbodiimide (EDAC, CAS: 25952-53-8, Sigma-Aldrich) and N-Hydroxy-succinimide (NHS,
2 97.5%, CAS:6066-82-6; Sigma-Aldrich) were homogenised with the polymer solution during a few
minutes to a final molar ratio of 2:1:2 EDAC: NHS: COO-. Further, adipic acid dihydrazide (AAD, = 98%,
CAS: 1071-93-8, Sigma-Aldrich) was added in the form of an aqueous solution to a ratio of 45%
compared to alginate (nnH2/coon). Then the solution was rapidly homogenised and placed into a petri
dish, and the crosslinking reaction occurred overnight at RT. The obtained hydrogel was washed with a
0.1 M calcium chloride aqueous solution (CaClz, = 97%, CAS: 10043-52, Fluka) to promote an extra
ionic crosslinking in an orbital shaker for 2 hours. Posteriorly, the hydrogel was washed several times
with distilled water in an orbital shaker for 48 hours. Finally, after the washing steps, the hydrogel was

cut into small pieces with the desired size.

3.3.1.2 Directional freezing and freeze-drying
Basically, the previously cut alginate scaffolds were vertically placed on a stainless-steel plate

cooled with liquid nitrogen, until frozen. After, the samples were frozen at -80°C. Finally, the frozen

samples were freeze-dried in a FreeZone 4.5 Liter (Labconco, Kansas, USA).
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3.3.1.3 Inclusion of 10 mol.%Ca-ZrO. nanoparticles into the scaffolds

A soaking technique was employed to functionalise the scaffolds with the nanoparticles, utilising
PEG to prevent nanoparticle aggregation. Briefly, a solution of 0.2 mg/ml of PEG 35000
(H(OCH2CH2)nOH, CAS: 25322-68-3, Sigma-Aldrich) was dissolved in distilled water over 24 hours.
After, 1.8 ml of this PEG solution was mixed with 3 ml of a solution containing 0.25% (w/Vscaffola) of 10
mol.%Ca-ZrO2 nanoparticles. Before mixing, the nanoparticles were dispersed in an ultrasonic bath for
30 minutes to ensure even distribution. The mixture of PEG and c-ZrO2 was then stirred continuously
for 6 hours at 50°C. Then, the final solution combining both the polymer and the nanoparticles, was used
to coat the freeze-dried alginate scaffolds. The coating was tailored according to the volume and

dimensions of the scaffolds, with a precise single droplet administered to each scaffold.
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Figure 3.1: Overview of scaffold preparation via solvent casting. Key experimental steps are illustrated,
including c-ZrO2 incorporation through the soaking method and subsequent characterisation of both scaffold types.

Image created using BioRender (https://www.biorender.com/)

3.3.2. Scaffolds Characterisation
3.3.2.1 Morphological characterisation

The scaffolds were imaged using Hitachi Regulus 8220 field-emission SEM (Hitachi, Tokyo,
Japan) microscope equipped with an EDS detector from Oxford instruments, using an accelerating
voltage of 5 kV. The incorporation of the nanoparticles into the scaffolds was assessed using EDS
detector. Before imaging the scaffolds were coated with a gold/palladium layer. Moreover, 15 pores of

each scaffold type were measured using ImagedJ Fiji (Version 2.9.0) to determine pore size.

The scaffolds' porosities were calculated from the mass and the volume of each scaffold using
Equation 3.1,270271 where papparent is calculated from the weighted dry mass and the volume of each
scaffold, and pmaterial represents the literature density of alginic acid sodium salt, which is 1.59 g/cm?3.272
This assay was conducted in triplicate.



P (%) = 100 x (1 - —p“””“rent) 31)

Pmaterial

3.3.2 2 Water uptake

The water uptake of the scaffolds was determined for each scaffold using Equation 3.2. Initially,
the freeze-dried scaffolds (Wo) were pre-weighted and then submerged in phosphate-buffered saline
(PBS) for seven days. Afterwards, the samples were collected and the excess of PBS was removed.
Subsequently, the scaffolds were reweighted again (Ws) at different time points: 10 and 30 minutes, 2
hours, 3 hours, around 10 hours, and daily thereafter for 1, 2, 3, 6, and 7 days. This assay was conducted

in quintuplicate.

Ws — W,

Water uptake (%) = x 100 (3.2)

0

3.3.2.3 Weight loss assessment

The degradation was monitored by immersing the scaffolds in PBS. For each scaffold, the
remaining scaffold (%), was calculated using Equation 3.3, where Worepresents the initial weight of the
freeze-dried scaffold. The mass degradation was evaluated across different time points: 7,14 and 21
days. On these specific days, the scaffolds were collected, allowed to air dry, and subsequently
reweighed to obtain (Wr) for each. Afterwards, they were once again submerged in PBS for continued

assessment. This assay was performed in quintuplicate.

W, — W,
= 100) (3.3)

Remaining mass of the scaf fold (%) = 100 — <
0

3.3.2.4 Mechanical analysis

Compression tests were carried out at RT using a Model UV-200-01 mechanical tester
(CellScale, Ontério, Canada) equipped with a load cell of 10 N. The two produced scaffold types were
tested: pristine scaffolds (19 mm diameter, 2-3 mm height) and scaffolds with c-ZrO2 nanoparticles (15
mm diameter, 1-1.5 mm height). The compression tests were conducted at a displacement rate of 1
mm/min. The samples subjected to the compression test did not collapse. Young’s modulus was
calculated from 0-20 % initial linear region slopes of the stress-strain curves, according to Equation 3.4
This essay was performed in triplicate on wet samples that had been left in PBS for 24 hours before

testing.

E (kPa) = g (34)
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3.3.3 Biological characterisation

3.3.3.1 Cell culture and media

The biological experiments were conducted using two different cell lines: NIH 3T3 fibroblast
cells (93061524, Sigma - Aldrich) derived from a NIH Swiss mouse embryo and human BM-MSCs from
a cell bank disposable at the Stem Cell Engineering Research Group, Institute for Bioengineering and

Biosciences (iBB) at Instituto Superior Técnico (IST).

Fibroblast cells were cultured in Dulbecco’s modified Eagle Medium (DMEM, Cat #D5796,
Sigma-Adrich) supplemented with 10% (v/v) fetal bovine serum (FBS, Cat#12133C, Sigma-Aldrich), 2.5
pg/ml fungizone (Cat #A2942, Sigma-Aldrich) and a mixture of 100U/mL penicillin and 100ug/mL
streptomycin (PenStrep, Cat #P4333, Sigma-Aldrich).

The human BM-MSCs were formerly isolated following protocols that had been previously
established at iBB-IST. Bone marrow aspirates (46-year-old male) were acquired through collaboration
agreements between iBB-IST and Centro Clinico da GNR, Lisboa. The Ethics Committee of the relevant
clinical institution approved the acquisition of all human samples from healthy donors, which were
obtained after written informed consent was obtained following the Directive 2004/23/EC of the
European Parliament and of the Council of March 31, 2004, on setting standards of quality and safety
for the donation, procurement, testing, processing, preservation, storage, and distribution of human
tissues and cells (Portuguese Law 22/2007, June 29). 273 Until their utilisation cells were stored frozen.
For the cell assays the human BM-MSCs were previously thawed and cultured in low-glucose DMEM
(Cat # 31600091, Thermo Fisher) supplemented with 10% (v/v) FBS qualified for MSCs (Cat#
12662029, Thermo Fisher) and 1% antibiotic-antimycotic (Anti-Anti solution, Cat# 15240062, Thermo
Fisher).

3.3.3.2 Cytotoxicity assessment

To evaluate the cytotoxic potential of the developed scaffolds MTT assays were performed.
Before the essay, the scaffolds underwent sterilisation through three sequential baths in 70% (v/v)
ethanol, each of five minutes, followed by a 15-minute exposure to ultraviolet light within a laminar flow

chamber.

Firstly, extracts of the two different scaffold groups were prepared, utilising the fibroblast cells
culture media outlined in section 3.3.3.1 as the extraction vehicle. The extraction ratio (scaffold surface
area/ extraction vehicle volume) was 3 cm?/mL as reported in ISO 10993-12274 for samples exceeding

1 mm thickness. After, the samples were kept at 37 °C, 5 % CO:2 incubator for 24 hours.

Simultaneously, NIH 3T3 fibroblast cells (P2-P15) were seeded in 96-well plates at a
concentration of 1 x 10 per well in culture media (200uL) and incubated at 37 °C, 5 % COz for 24 h.

After, the cell culture medium was discarded and replaced with four different concentrations of the test
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sample extracts diluted in culture media (200 pL): 100% (v/v), 50 %(v/v), 25% (v/v) and 12.5% (v/v). At
the same time, 10% (v/v) dimethyl sulfoxide (DMSO, Cat #D5879, Sigma-Aldrich) (200 pL) was used as
a positive control. The extract dilutions and the positive control were incubated at 37 °C, 5 % CO2 for
another 24 hours. Post incubation, the culture medium was once more removed and the wells were
washed with PBS (100 uL). Then, the MTT solution (Cat #M5655, Sigma-Aldrich) of 0.5 mg/mL prepared
in culture media without FBS, was added to each well, and the plates were placed in an incubator (37
°C, 5 % CO:z) for 3h. Following this, a solution (200 puL) composed of 4 mM HCI, 0.1% IGEPAL CA630
(CAS: 9036-19-5, Sigma-Aldrich) in isopropanol was added to solubilise the crystals by up and down.
Finally, the plates were agitated on an orbital shaker for 3h, after which the absorbance was measured
at 565 nm in an Infinite 200 Pro plate reader (TECAN, Mannedorf, Switzerland). The cell viability was
calculated using Equation 3.5. This assay was conducted in triplicate, following the standard set forth
in ISO 109993-5.275

Abssgs Dilution extract sample (3.5)
AbssgsCells with medium

Cell Viability (%) = 100 x

3.3.3.3 Proliferation experiment

Before the experiments, the scaffolds were immersed in PBS overnight. Subsequently, they
were coated with gelatine from porcine skin (gel strength type A, CAS 9000-70-8, Sigma-Aldrich), and
prepared as a 5% (w/v in sterile distilled water) solution to ensure cell adhesion. The scaffolds underwent
sterilisation through three washes using a PBS solution enriched with 1% antibiotic-antimycotic (Anti-
Anti solution, Cat# 15240062, Thermo Fisher). Following sterilisation, the scaffolds were immersed in
culture media for one hour within an incubator set at 37 °C and 5% CO.. After this period, the culture
media was discarded, and the scaffolds were kept for another hour under the same incubator conditions.
Then, the human BM-MSCs were seeded (P6) onto the scaffolds at a density of 1 x 10% cells per scaffold
without culture media. To facilitate initial cell adhesion, these cell-seeded scaffolds were returned to the
incubator under the same conditions. Subsequently, culture media was introduced to the wells
containing the constructs, and this media was replaced every 3 to 4 days. To ensure clarity and
readability even after the cell-seeding the designation scaffold will be further used for both experimental

groups.

The proliferation of human BM-MSCs on the scaffolds was assessed using the AlamarBlue
assay under the manufacturer’s instructions. Briefly, the scaffolds were treated with a 10% (v/v in culture
media) AlamarBlue solution (Cat #DAL1100, Thermo Fisher) (700 pL). Additionally, the solution was
added to an empty well as a negative control. Following this, the plate was incubated in the dark under
the same conditions. The fluorescence intensity was measured using an Infinite 200 Pro plate reader
(TECAN, Mannedorf, Switzerland) at an excitation/emission wavelength of 560/590 nm. For the two
scaffold types, three independent scaffolds were seeded and tested, and acellular scaffolds were used

as blanks. Besides, the fluorescence intensity was measured in triplicate for each tested sample and
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the metabolic activity was calculated using Equation 3.6 on days 1,4 and 7. The Fold increase was

calculated on days 4 and 7 following Equation 3.7

Metabolic activity (a.u) = Abssg/s90Sample — blank (3.6)

Metabolic activity pay «

(3.7)

Fold increase =
Metabolic activity pgy 1

3.3.3.4 Cell morphology analysis

To observe the morphology and phenotype of the human BM-MSCs after 7 days of cell culture
and determine if the inclusion of the ¢c-ZrO2 nanoparticles affected cell adhesion and distribution, the
samples were stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, CAS: 28718-90-3,
Sigma-Aldrich) and Phalloidin-TRIC (Cat# P1951, Sigma-Aldrich) after 7 days of cell culture. Firstly, the
samples were fixated in PBS with 4% (w/v) paraformaldehyde (PFA, CAS: 305525-89-4, Sigma-Aldrich)
for 20 minutes and washed twice in PBS. Subsequently, the samples were permeabilised with 0.1% (v/v
in PBS) Triton X-100 (CAS: 9002-93-1, Sigma-Aldrich) for 10 minutes, and washed with PBS.
Afterwards, the samples were incubated in the dark (37 °C and 5% CO3) with Phalloidin-TRIC (2 pg/mL
in PBS) for 45 minutes and washed twice with PBS. Then, the samples were again incubated in the
dark, but with DAPI (1.5 ug/mL in PBS) for 5 minutes, and washed twice with PBS. The fluorescence
staining was imaged using an LSM 700 confocal Laser scanning microscope (Zeiss, Jena, Germany) to
acquire z-stacks images with a magnification of 20x, and a BX51 fluorescence microscope (Olympus,
Tokyo, Japan) with a magnification of 20x. The obtained data was processed using ImageJ Fiji (Version
2.9.0). Additionally, aspect ratio, a shape descriptor, was calculated, as the ratio between the sample's
major axis and the minor axis of an elliptical fit, as depicted in Equation 3.8. The aspect ratio was
determined using two images from the confocal microscope and two images from the fluorescence
microscope of each cell-seeded scaffold type.

Major axis (3.8)

Aspect Ratio = — -
p Minor axis

The cell morphology on the samples was also observed using a using Hitachi Regulus 8220
field-emission SEM (Hitachi, Tokyo, Japan) after 7 days of cell culture, using an accelerating voltage of
5 kV. The samples were previously fixed in 4% paraformaldehyde (w/v in PBS) (PFA, CAS: 305525-89-
4, Sigma-Aldrich) and dehydrated via a series of five-minute ethanol baths of increasing concentrations
(50%, 70%, 80%, 95%, 100% (v/v)). After completing the final bath, the ethanol was discarded, and the
samples were immersed in fresh absolute ethanol overnight. After this, the samples were left to air-dry

in a conventional oven. Prior to SEM imaging the samples were coated with a gold/palladium layer.
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3.3.4 Statistical Analysis

The statistical analysis was performed using GraphPad Prism Software (Version 9.0.0). The
results are presented as mean * standard deviation (S.D.), and N refers to independent experiments.
All the collected data was initially evaluated for normal distribution using the Shapiro-Wilk test, with a
significance level set at a=0.05. Statistical significance was evaluated using either a T-test or a Two-way
ANOVA with subsequent application of Sidak test for multiple comparisons, based on the requirements
of the data analysis. Statistical significance was considered at different levels of probability *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001. Results that did not show statistical significance when

compared directly were denoted as not significant (ns).
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3.4 Results and Discussion

3.4.1 Scaffolds characterisation

3.4.1.1 Morphological characterisation

The morphological analysis of the shape memory alginate scaffolds was performed to elucidate
the comprehensive structure of the composites at a microscopic level. Furthermore, EDS analysis was
employed to evaluate the incorporation of c-ZrO2 nanoparticles via soaking. The SEM images depicted

below (Figure 3.2) allow to observe that both scaffold types possess highly porous structures.

Alginate

Alginate + ¢-ZrO,

s

Lt

EDS

Figure 3.2: SEM morphological analysis of the scaffolds. (a) and (b) Alginate scaffold without nanoparticles. (c)
and (d) Alginate scaffold functionalised with c-ZrO2 nanoparticles. (e) and (f) EDS analysis of the alginate scaffold
coated c-ZrO2 nanoparticles. Scale bars represent 1 mm and 100 ym as indicated
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Additionally, it was observable that the pristine alginate scaffold (Figure 3.2(a) and 3.2(b))
presented a smoother surface profile with fewer round-shaped pores compared to the alginate scaffold
coated with ¢-ZrO2 nanoparticles (Figure 3.2(c) and 3.2(d)). This distinction in surface roughness and
pore format might be explained by inter-batch variability, a phenomenon frequently encountered in

natural polymers such as alginate.27®

Furthermore, the findings from EDS analysis (Figure 3.2(e) and 3.2(f)) confirm the successful
deposition of the newly synthesised c-ZrO2z nanoparticles onto the surface of the alginate scaffold via
the applied soaking method. No additional impurities were detected. The presence of carbon and
oxygen, shown in Figure S1 (in the supplementary data) is related to the composition of the alginate

polymer.277

Scaffold design is paramount for TE since scaffolds serve as structural support for the creation
of engineering tissues that will mimic in vivo features.?’® Among these characteristics, mean pore size
and porosity are intrinsically vital for establishing an appropriate microenvironment. Additionally, porosity
significantly impacts the mechanical properties of scaffolds, typically a higher porosity is linked with
reduced mechanical performance.27127° Optimal pore size and an interconnected network are essential
to guarantee proper nutrient, growth factor delivery, oxygen diffusion and structural cues for proper cell

proliferation.280

Regarding the scaffolds’ porous structure, the mean pore size (Figure 3.3(a)) and the porosity
(Figure 3.3(b)) of both scaffold types, with and without c-ZrO2, were assessed. Based on Figure 3.3(a)
it can be inferred that the incorporation of c-ZrO2 nanoparticles did not result in a significant difference
in the pore size for both scaffold groups, with a pore size of 289.64 + 35.73 um for the pristine alginate
scaffold and a value of 286.44 + 41.73 um for the alginate scaffold functionalised with the nanoparticles,
in accordance to the SEM imaging. Moreover, this tendency persisted, as there was no significant
variation in porosity between the alginate scaffolds and the alginate scaffolds coated with the c-ZrO2
nanoparticles. A slightly reduced value was obtained for the scaffolds with nanoparticles (87.43 + 2.86

%) when compared to the pristine scaffolds (93.45 + 1.58 %).

Regarding the field of osteochondral TE, a pore size between 100-300 um?8' and a porosity
between 70-90% are described as adequate for bone regeneration.?82 Similarly, regarding periodontal
TE, alveolar bone regeneration studies mentioned a porosity range of 70-86%28 and a pore size of 150-
300 um284.The functionalisation of alginate scaffolds with c-ZrO2 nanoparticles did not lead to a
significant alteration in their porosity or pore size. However, the porosity of the modified scaffolds aligns
marginally more closely with the literature values cited for the engineered development of the bone

component in osteochondral and periodontal tissues.
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Figure 3.3: Determination of the pore size and porosity for the alginate scaffolds with and without c-ZrO:
nanoparticles. (a) Determination of pore size for both scaffold types. T-test, ns (not significant), N=15. (b) Porosity
assessment for both scaffold types. T-test, ns (not significant), N=3. All data presented as plot individual values,

mean + SD.

3.4.1.2 Water uptake

Evaluating the water uptake is crucial as it directly affects the scaffolds’ capacity to absorb

nutrients and metabolites, essential for supporting cell growth and tissue development. 7

The results from Figure 3.4 strongly suggest that the addition of even a small quantity of c-ZrO2
nanoparticles to pristine alginate scaffolds had a significant impact on their water uptake. After seven
days, the unmodified alginate scaffolds exhibited a water uptake of 2796.16 + 135.74 %, while the
alginate scaffolds with the ¢c-ZrO2 nanoparticles showed a notably lower water uptake of 1993.47 + 68.25
%.

Due to its hydrophilic properties, alginate can be crosslinked to form a hydrogel, enabling it to
absorb a considerable amount of water or other hydrophilic substances.285 Despite the popularity of
high-swelling composites, excessive water uptake can lead to rapid degradation of the scaffold structure
and a significant reduction in mechanical strength. Therefore, customising the water uptake of scaffolds
is vital to strike a balance between providing an inviting environment for cell growth and maintaining the
structural integrity of the scaffold over time.'” Similarly to the results shown in Figure 3.4, a study led by
Ghanbari et al?*? also reported a decrease in the water uptake of an alginate-based hydrogel after the
addiction of ZrO2 nanoparticles, suggesting that the water uptake of the hydrogels can be adjusted by
nanoparticles incorporation. Since the water uptake is largely influenced by the accessibility and

presence of hydrophilic groups this phenomenon was possibly attributed to the interaction between the

44



ZrO2 nanoparticles and the hydrogel matrix itself. The inclusion of c-ZrO2 nanoparticles could have
created some barrier effect, diminishing the accessible scaffold interface for direct media
absorption.17:286 Also, the slightly reduced porosity observed in scaffolds containing nanoparticles (as
shown in Figure 3.3(b)) may have contributed to their decreased water uptake.?®” Besides, ZrO:
nanoparticles, the incorporation of TiO2 nanoparticles in alginate-based composites has also been
described to induce a diminished water uptake.288.289

Given that higher water uptake remarkably compromise the mechanical properties of
hydrogels?%®, incorporating c-ZrO2 nanoparticles has shown promise in reinforcing scaffolds for
applications in load-bearing environments. This is particularly relevant for applications in osteochondral

and periodontal tissues, especially in their bone component.
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Figure 3.4: Water uptake of the alginate scaffolds with and without c-ZrO2 nanoparticles over a seven-day

period. Two-way ANOVA test, ****p<0.0001. All data presented as plot individual values, mean + SD (N=5).

3.4.1.3 Weight loss assessment

The degradation of scaffolds over time was evaluated by monitoring the weight loss. Figure 3.5
illustrates that there was no significant difference in the degradation behaviour between the unmodified
alginate scaffolds and those functionalised with c-ZrO2 nanoparticles. Following the 21-day experiment
the pristine scaffolds retained 80.06 + 1.68 % of their original weight whereas those reinforced with c-

ZrO2 nanoparticles maintained 80.36 + 1.16% of their initial weight.

Ideally, polymer-based scaffolds must be capable of keeping their physical properties,
mechanical performance and while also fostering an environment for cell growth and differentiation until

full tissue or defect regeneration is achieved. Thus, the scaffolds’ degradation rate should accompany
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neo-tissue formation and development. This balance is crucial until the complete regeneration of tissue
is accomplished.?'

Interestingly, the scaffolds functionalised with the c-ZrO2 nanoparticles did not show a
significantly reduced degradation rate. This outcome was somewhat unexpected, considering their lower
water uptake (Figure 3.4), suggesting they would undergo less hydrolysis.2%2 The inclusion of the
nanoparticles may have caused alterations in the polymeric matrix, thereby altering its inherent
properties.2® Consequently, it is plausible that despite a reduced water uptake, the amount of aqueous
media absorbed had been enough to initiate the hydrolytic reaction. Thereupon, the inclusion of the
nanoparticles within the scaffolds’ structure did not interfere with their degradation, despite the lower

water uptake, suggesting the possibility of having simultaneously more mechanically robust scaffolds

with an even degradation rate.
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Figure 3.5:Remaining mass of the alginate scaffolds with and without c-ZrO2 nanoparticles over 21 days.
Two-way ANOVA test, (ns) not significant. All data presented as plot individual values, mean + SD (N=5).

3.4.1.4 Mechanical analysis

Scaffolds’ ability to withstand compressive forces is crucial for the proper development of
scaffolds capable of supporting bone regeneration and growth. Moreover, a comprehensive
understanding of scaffolds' mechanical behaviour is paramount since the cellular activity and differential

fate are also regulated by mechanical cues.?%

The results presented in Figure 3.6(a) illustrate the stress-strain curve of the two scaffold types,
highlighting the scaffolds' elastomeric behaviour. Figure 3.6(b) indicates that incorporating c-ZrO:
nanoparticles into the alginate scaffolds led to a slightly increased Young's modulus (4.68 + 2.68 kPa)
compared to the unmodified alginate scaffolds (3.42 £ 1.43 kPa). Nevertheless, statistical significance
was not obtained, possibly due to the small sample size (N). Thus, the repetition of this assay with a

larger sample size could eventually provide more valuable insights.
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Compressive testing was executed on samples that had been pre-wetted to better simulate
conditions found in vivo or cell culture environments. The Young's modulus, also known as elastic
modulus, of the resulting hydrogels was calculated at low strain levels to avoid the densification effect
on their polymeric network caused by water expulsion during compression. Young’s modulus
quantitatively measures the stiffness within its elastic range. It is defined as the ratio between stress
exerted upon a material and the resultant strain during compression. As such, Young's modulus is an
essential metric for evaluating a material's ability to withstand deformation under load.2%% Higher young
modulus signifies an increased stiffness of the material and, therefore greater resistance towards

deformation.29,

The results depicted in Figure 3.6(b) are in accordance with the lower water uptake (Figure
3.4) and porosity (Figure 3.3(b)) obtained for the scaffolds functionalised with the nanoparticles. Despite
this, given the remarkable difference in the water uptake between both scaffold types, it would have
been expected that the scaffolds with nanoparticles presented significantly higher Young’s modulus. The
inclusion of ceramic nanoparticles into biomaterials is widely reported to enhance its stiffness.297.2%8
Moreover, the elastic modulus of alginate-based hydrogels exhibits considerable variation, influenced
by the crosslinking and synthesis methods employed. For instance, reported values range from 2.8 kPa
to 78.8 kPa.299:300

Regarding osteochondral TE, the subchondral bone exhibits a Young’s modulus ranging from 6
x 108 - 13 x 108 kPa30!, Similarly, in the periodontium for the alveolar bone, an elastic modulus of 11.5 x
108 kPa has been mentioned.?? Despite incorporating c-ZrO2 nanoparticles leading to a minor
enhancement of the scaffolds’ elastic modulus, making it closer to in vivo conditions, the achieved value
of 4.68 + 2.68 kPa largely fails to replicate the elastic moduli of the hard bone tissues found in both the
osteochondral unit and periodontium, Therefore, a substantial increase in the nanoparticle content could

potentially elevate the elastic modulus, allowing better proximity to these native structures.
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Figure 3.6: Mechanical characterisation of the alginate scaffolds with and without c-ZrO2z nanoparticles. (a)
Comparison of stress-strain profiles between both scaffold types. (b) Determination of the young’s modulus values
for both scaffold types within the initial linear region. T-test, (ns) not significant. Data presented as plot individual

values, mean = SD (N=3).

3.4.2 Biological characterisation

3.4.2.1 Cytotoxic assessment

To evaluate the cytotoxicity of the produced scaffolds, particularly to determine if the
incorporation of the newly synthesised c-ZrO2 nanoparticles had any adverse effect MTT assays were
conducted. The MTT assay is a calorimetric experiment commonly utilised to assess cell cytotoxicity
providing insights about cell proliferation and viability. This assay quantifies the mitochondrial activity of
viable cells by monitoring the enzymatic degradation of the yellow MTT dye into insoluble purple-blue
formazan crystals, facilitating quantitative analysis via spectrometry.303.304 The MTT assay has been
extensively utilised in studying in vitro toxicity of nanoparticles3053%, enabling the evaluation of their
effects when incorporated into scaffolds as potential medical devices, via extract testing.3%” Moreover,
addressing the cytotoxicity of scaffolds prior to cell culture is an important step in evaluating the safety
and effectiveness of biomaterials, providing valuable insights about their biocompatibility before
proceeding with more extensive in vitro or in vivo testing.3%8 NIH/3T3 fibroblast cells are frequently used
as a model for in vitro cytotoxicity assessments due to their ease of cultivation and consistent response

to stimuli, making them highly suitable for investigating biomaterials' cytotoxicity.309.310

The findings exhibited in Figure 3.7 denote that the functionalisation of the alginate scaffolds
with the newly synthesised c-ZrO2 nanoparticles did not compromise the cell viability of the pristine

alginate scaffolds and showed no significant statistical variation. Interestingly, the cell viability was found
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slightly elevated for the alginate scaffolds functionalised with the nanoparticles (99.05 + 4.68 %) when
compared to the unmodified alginate scaffold (95.09 + 13.76%). The cell viability results for the various

extract dilutions (100%, 50%, 25% and 12.5%) are depicted in Figure S2, in the supplementary data.

ns

120
_oop 1k
X
‘5 8o} —l—
g 60F
S
- 40f
()
O
20}
0 T T
< Vv
9
ST
N x
'5'\'6
g\(\
N

Figure 3.7: Cell viability using MTT assay on alginate scaffolds with and without c-ZrOz nanopatrticles, after
24 hours for the 100% extract sample. T-test, (ns) not significant. Data presented as plot individual values, mean
+ SD (N=3).

According to ISO 109993-5 a biomaterial has a cytotoxic potential if its cell viability is inferior to
70%.275 From the results presented in Figure 3.7 it is possible to infer that none of the scaffolds used in
this study presented a cytotoxic potential even after the c-ZrO2 nanoparticles inclusion, with cell
viabilities close to 100%. These results are in accordance with what is expected since alginate is
consensually described as a biocompatible polymer 793! and ZrO2 nanoparticles are mostly described
as non-toxic and biocompatible.312313 Similarly, Ghanbari et al® observed an enhancement in cell
viability within alginate-based hydrogels that incorporated 1.5% ZrO2 nanoparticles, achieving a viability
rate of 87.5%. This was contrasted with the viability of unmodified alginate hydrogel, which was found
to be 81.0%. These findings were also determined through MTT assays conducted over a 24-hour period

of exposure.

Hence, the synthesised Ca-stabilised ZrO2 nanoparticles in this study, referred to as c-ZrOz
nanoparticles, exhibited minimal cytotoxic potential. This low toxicity of the alginate scaffolds
functionalised with the c-ZrO2 marks them as suitable and promising for posterior studying and cell

culture experiments.
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3.4.2.2. Proliferation experiment

The proliferation of human BM-MSCs was qualitatively evaluated using the Alamar Blue assay.
This non-destructive fluorometric assay monitors the reduction of resazurin, a blue non-fluorescent
component into resorufin, a pink fluorescent compound, through mitochondrial enzyme activity.?73314
Moreover, this dye is soluble in water, non-toxic, maintains its stability within cell culture environments
and is permeable across cell membranes. Therefore, the continuous monitoring of cell cultures and
cellular proliferation via fluorescence detection is possible.3'> human BM-MSCs were selected due to
their ability to differentiate into various mesodermal lineages when properly stimulated, and their well-
documented use in TE applications.316:317 Nevertheless, this cell type is primarily associated with
osteochondral TE due to its high potential to differentiate in osteoblasts®'® (bone-forming cells) and
chondrocytes (cartilage cells)3'®. Despite this, human BM-MSCs may serve as an alternative cell source
to human periodontal ligament stem cells (PDLSCs), this is due to their high osteogenic potential, an

essential property for alveolar bone regeneration320

The graph presented in Figure 3.8(a) illustrates the results obtained from the Alamar Blue
assay, which assessed the proliferation of human BM-MSCs on days 1, 4, and 7. As mentioned before,
the fluorescence intensity reflects the reduction of resazurin by metabolically active cells. Thus,
increased fluorescence intensity signifies enhanced metabolic activity within the scaffold, and therefore
strongly suggesting a higher cell proliferation. Based on the fluorescence intensity, it can be inferred that
the scaffolds without nanoparticles exhibited a relatively uniform proliferation rate (1201.22 + 659.96
a.u) compared to the c-ZrOz alginate scaffolds (940.78 = 277.65 a.u) on day 1. Interestingly, the
observed pattern did not persist on days 4 and 7 instead, the intensity measurements revealed a
statistically significant increase in cell proliferation within the pristine scaffolds. Specifically, the fluoresce
intensity was obtained at 4705.89 + 806.60 a.u on day 4 and 5675.00 £+ 941.55 a.u on day 7. In
comparison, the scaffolds containing nanoparticles showed lower levels of cell proliferation, with values
of 2001.22 + 612.04 a.u on day 4 and 2766.33 + 831.75 a.u on day 7. Moreover, regarding the fold
increase on day 4 (Figure 3.8(b)) a statistically significant difference was observed. The sole alginate
scaffolds exhibited the highest rise with a value of 3.92 £ 0.75, whereas the scaffolds incorporating
nanoparticles showed only an increase of 2.13 + 0.65. This tendency persisted on day 7 (Figure 3.8(c))
with the scaffolds showing increases of 4.72 £ 0.78 and 2.94 + 0.88, for those without and with c-ZrOz

nanoparticles, respectively. Nonetheless, statistical significance was not obtained.
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Figure 3.8: Almar Blue assay for proliferation analysis of human BM-MSCs on alginate scaffolds with and
without c-ZrO.. (a) Assessment of cellular metabolic activity within scaffolds at various time points: day 1, day 4,
and day 7. Two-way ANOVA test with Sidak multiple comparison test. (b) Day 4-fold increase comparison between
the scaffold groups relative to day 1. T-test, *p<0.05, ns (not significant). (c) Day 7-fold increase comparison
between the scaffold groups relative to day 1. T-test, *p<0.05, ns (not significant). All data presented as plot
individual values, mean + SD (N=3).

The effect of the addition of the c-ZrO2 within the scaffolds is evident, however, it is improbable
that the synthesised c-ZrO2 nanoparticles exerted a direct cytotoxic effect on the human BM-MSCs. This
is supported by the consensus that ZrO2 nanoparticles are biocompatible 170254 as evidenced by the
minimal cytotoxic potential shown in Figure 3.7. However, it is fundamental to denote that after the
addition c-ZrO2 nanoparticles, the scaffolds presented a reduction in their dimensions, and consequently
a diminished cross-sectional area and volume as depicted in Table S1 in the supplementary data.

Moreover, this size reduction was more prominent for the scaffolds that were produced for this
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experiment (Figure S3 in the supplementary data). This phenomenon opens avenues for improvement.
To further comprehend and refine the soaking process of the newly synthesised c-ZrO2 nanoparticles
into the alginate scaffolds, assessing their zeta potential could provide valuable insights.32" This
assessment could clarify how these nanoparticles interact with the PEG aqueous solution during their
delivery and subsequently, with the scaffold itself. Understanding this interaction is pivotal to improve

the integration of nanoparticles and possibly to manage the reduction in scaffolds’ size effectively.

Scaffold architecture significantly affects cell growth and cell spatial distribution.322:323 Since cell
proliferation is constricted to the scaffold structure and nutrients, oxygen and waste products diffusion
is limited by surface area and other factors such as porosity, pore size and scaffold macroscopic
shape.32® Nevertheless, the findings from this study indicated that there were no substantial variations
observed in terms of porosity and pore size between both scaffold groups (Figure 3.3(b) and 3.3(a)).
Therefore, macroscopic shape characteristics, specifically the diminished dimensions of the scaffolds
functionalised with the nanoparticles likely influenced the results presented in Figure 3.8. Since
scaffolds provide a void volume for cell proliferation and tissue formation, a reduced size and
consequently surface area and volume may raise diffusion limitations and less available space for cell
proliferation, impairing the metabolic activity of human BM-MSCs.323-325 Taking this into account, the
alginate scaffolds without nanoparticles due to their major dimensions probably displayed a more

suitable microenvironment for the proliferation of metabolically active cells.

The reduced metabolic activity observed upon c-ZrO2 nanoparticle incorporation presents a
challenge. However, it is noteworthy that the differentiation of human BM-MSCs has not been conducted
in the current study. Additionally, other factors, including cell morphology, could indeed play a role in

determining the cell fate within the scaffold.326

3.4.2.3 Cell morphology analysis

SEM analysis is a widely used powerful tool for examining both cell morphology and scaffold
characteristics. Furthermore, it facilitates the observation of cell adhesion and integration within the

scaffold's structure.327.328

As evident from Figure 3.9, it is possible to confirm that the human BM-MSCs adhered and
were integrated within the scaffold structure after a 7-day cultivation period. This finding is supported by
the visibility of cell-aggregated structures at the 1 mm scale (Figure 3.9(c) to 3.9(f)) and their absence
in the acellular alginate scaffold (Figure 3.9(a) and 3.9(b)). Moreover, the larger size dimension of these
structures in the pristine alginate scaffold is in alignment with the aforementioned results (Figure 3.8(c))
which reported a higher fold increase compared to the scaffolds functionalised with the nanoparticles.
Nonetheless, it is noteworthy that the inclusion of the c¢-ZrO2 nanoparticles led to a change in the
morphology of the cell aggregates, resulting in a more elongated appearance, as will be further
discussed. Moreover, in the amplified insert in Figure 3.9(f), it is possible to observe the deposition of
ECM which is essential to guarantee stability, support cell migration and adhesion and regulate tissue
homeostasis by biomechanical and biochemical cues. 32° Specifically, the fibrous structure observed

appears to be a collagen fibre, which is the most prevalent protein found in the ECM.330 Lastly, when
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examining the morphologies of the scaffolds in Figure 3.9 compared to their initial state before cell
culture (Figure 3.2), a noticeable shrinkage of their dimensions and pore size is observed. However,
this discrepancy is attributed to the dehydration of the scaffolds following sequential ethanol baths for

SEM imaging, as documented in the literature.33'

Alginate Acellular Alginate

Alginate + c-ZrO,

Figure 3.9: Representative SEM images of the scaffolds. (a) and (b) Alginate scaffold without cells, serving as
control. (c) and (d) Pristine alginate scaffold following a 7-day cultivation period with human BM-MSCs. (e) and (f)
Alginate scaffold functionalised with c-ZrO2 nanoparticles after a 7-day cultivation period with human BM-MSCs.

Scale bars represent 1 mm and 5 ym as indicated.

With the aim to further investigate with more detail the different morphology of the cell
aggregates for each scaffold type and assess if that difference was significant, the alginate scaffolds
with and without c-ZrO2 nanoparticles were stained and observed using fluorescence and confocal

microscopy. Therefore, different markers such as DAPI (nuclei) and Phalloidin (actin filaments) were
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used. From Figures 3.10(c), 3.10 (d), 3.10 (g) and 3.10(h) it is evident that the addition of c-ZrO:
nanoparticles leads to the formation of larger human BM-MSCs aggregates with notably more elongated
shape, contrasting with the more rounded morphology of cell aggregates in the alginate scaffolds alone.
Moreover, the shape descriptor aspect ratio (ratio between the major axis and the minor axis) permitted
to quantitatively evaluate the extent of such elongation. From Figure 3.10(i) it can deduced that the
inclusion of ¢c-ZrO: significantly influenced a statistically significant cell shape shift towards a more
elongated shape with an aspect ratio of 2.26 + 0.57 compared to a value of 1.17 £ 0.14 without

nanoparticles.

Cell shape plays a significant role in determining their fate during development and
differentiation. Therefore, the cell nucleus and cytoplasm exhibit morphological alterations in response
to signalling events, cellular functions, and differentiation processes.332 Cell shape plays a pivotal role
in tissue morphogenesis throughout development. Moreover, cell shape regulation depends on
intracellular mechanics and the interaction between cells and the microenvironment.333 Scaffold
microenvironment is known to influence cell shape and therefore impact gene expression, cell
metabolism and differentiation.334:335 The inclusion of Ca-stabilised c-ZrO2 nanoparticles resulted in a
slightly enhanced stiffness, as documented in Figure 3.6(b). Moreover, the impact of matrix stiffness on
the differentiation of human BM-MSC is well-documented throughout the scientific literature.83.336
Furthermore, the stabilisation of the newly synthesised c-ZrO2 nanoparticles with Ca resulted in an
enhancement of their surface area due to the presence of surface defects, when compared to the
pristine ZrO2 nanoparticles, as shown by the BET analysis in Table 2.1 (in chapter 2). Beyond merely
expanding the surface area of scaffolds, incorporating nanostructures within them establishes a modified
enlarged surface with specific anchoring sites, influencing cell adhesion, behaviour and
morphology,337:338 Consequently, this elucidates the observation of human BM-MSCs aggregates
exhibiting an enlarged size and altered shape within the alginate scaffolds functionalised with c-ZrO2
nanoparticles. Furthermore, the EDS analysis in Figure 2.8 (Chapter 2) suggests that Ca tends to
surround the nanoparticles enabling the speculation about their segregation to the c-ZrO2 nanoparticles
surface. This particular arrangement may facilitate MSCs accessibility to Ca ions. This could possibly
influence their differentiation through the upregulation of osteogenic gene expression?%¢, and
subsequent biomineralisation.85267 Therefore, offering appealing features for bone tissue regeneration,

and consequently for osteochondral and periodontal TE.

Moreover, based on Figure 3.10 it is possible to denote that the elongation of human BM-MSCs
correlates with a stretching of the actin filaments (F-actin) resulting from the incorporation of
nanoparticles. Given the intricate interplay between cells and ECM nanostructures, nanotopographical
features may promote cell adhesion and the formation of focal adhesions (FA), which connect the actin
cytoskeleton to the ECM.337.339.340 FAs are integrin-containing multiprotein structures that enable cells to
communicate microenvironment cues, to the cell nucleus through biochemical signalling 341342
Therefore, scaffolds mechanical cues from substrate topography and stiffness are communicated
through a mechanotransduction process changing gene and protein expression.343 Complex pathways

interplay through integrin-mediated signalling involving the RhoA/Rho-associated kinase(ROCK) and
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others, that regulate FAs influence in the osteogenic potential of human BM-MSCs. 344 Upon proper
stimulation, integrin-mediated signal transduction pathways initiate actin filament polymerisation,
creating adequate cytoskeletal tension. This tension is transmitted to the nucleus, enhancing lamin-A
expression, which in turn promotes RUNX2 expression. Consequently, RUNX2 drives osteogenic
differentiation and the production of several markers, such as alkaline phosphatase (ALP), essential for
mineralisation.345:346 Yang et al 347 described that the elongation in the actin cytoskeleton, influenced by
the RhoA/ROCK pathway, is linked to an enhanced osteogenic potential of human BM-MSCs. This
improvement is associated with the presence of nanoscale cues that promote the formation of FAs. Also,
a cell aspect ratio of 2 was identified as optimal for osteogenic potential, which correlates with the
observed value for cell aggregates within this research, for the alginate scaffolds functionalised with the
¢-ZrO2 nanoparticles (Figure 3.10(i)).3*” Moreover, more research has shown that BM-MSC34¢ and
human BM-MSCs?34° display an increased osteogenic potential when they exhibit a more elongated cell

shape.

In the field of osteochondral TE, human BM-MSCs are widely employed because of their
capacity to differentiate into osteoblasts and chondrocytes. This dual differentiation capability facilitates
the regeneration of both the underlying subchondral bone tissue and cartilage.3'8:31® The incorporation
of the c-ZrO2 within the alginate scaffolds resulted in a more elongated morphology of the human BM-
MSCs potentially indicating an enhanced osteogenic rather than chondrogenic potential 34%-35" With that
being said, the incorporation of such nanoparticles shows promising features in the development of

osteoinductive scaffolds to direct subchondral bone regeneration

Furthermore, human BM-MSCs can undergo differentiation into various cell types and therefore
be used in periodontal regenerative therapy, despite not being the most commonly used cell type.352:353,
Due to inherent osteogenic potential, they can be applied for the regeneration of alveolar bone, possibly
improving the structural integrity and functionality of compromised periodontal tissues.'#® The results
from this current study highlighted the elongation of the cell aggregates upon the inclusion of c-ZrO:
nanoparticles within the alginate scaffolds, suggesting a potential beneficial effect on osteogenic cell
potential. Elongated cell morphologies play a crucial role in the osteogenic differentiation process, a
phenomenon not limited to human BM-MSCs but widely observed across MSCs.34535 Moreover, Liu et
al% observed a stretched cell morphology and enhanced osteogenic potential for human PDLSCs
cultivated in stiffer substrates possibly due to cell mechanical sensing. Thus, the alginate scaffold
functionalised with the c-ZrO2 nanoparticles may offer nanotopographical features and a suitable
microenvironment for enhanced osteoblastic differentiation regarding alveolar bone regeneration for

periodontal TE.

Even though this preliminary study did not conduct the differentiation of the human BM-MSCs
nor analyse differential markers, the overall findings suggest that incorporating c-ZrO2z nanoparticles into
the scaffolds’ environment favoured the development of larger and more elongated cell aggregates. This
outcome is attributed to alterations in the scaffolds’ microenvironment and topography, potentially

creating a more osteoinductive setting that could stimulate MSC osteogenic differentiation. These
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results open avenues for developing advanced strategies in periodontal and osteochondral tissue

engineering, particularly for their bone component regeneration.
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Figure 3.10: Morphological characterisation of human BM-MSCs on the alginate scaffolds with and without
c-ZrO2 nanoparticles. (a) to (d) Fluorescence microscopy images of 7-day cultivated alginate scaffolds without
nanoparticles and with nanoparticles. (e) to (h) Confocal microscopy images of 7-day cultivated alginate scaffolds
without nanoparticles and with nanoparticles. Representative images of DAPI (blue) and Phalloidin staining, all
scale bars represent 50 uym. (i) Determination of the cell aggerates aspect ratio parameter for both scaffold types.

T-test, *p<0.05. Data presented as plot individual values, mean + SD (N=4)
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3.5 Conclusion

This work aimed to establish preliminary insights about how the reinforcement of shape-memory
alginate scaffolds with the newly synthesised c-ZrO2 nanoparticles may enhance their osteoinductive

potential for bone regeneration regarding osteochondral and periodontal tissues.

Two different scaffold types were produced: pristine alginate scaffolds and alginate scaffolds
functionalised with c-ZrO2 nanoparticles. After SEM imaging it was possible to observe that both scaffold
types presented a highly porous surface with a mean pore size approximately equal. Moreover, no
significant difference was obtained in terms of porosity for both scaffolds, however, the addition of c-
ZrO2z nanoparticles resulted in a slight decrease in porosity. Furthermore, the obtained results were in
accordance with literature values described for scaffolds aiming to regenerate subchondral and alveolar

bone tissues

Regarding the water uptake, it was possible to conclude that the incorporation of the ¢-ZrO:
nanoparticles strongly reduced it without altering the degradation rate. This paradoxical phenomenon
may be due to the possible interaction between the nanoparticles and the polymeric matrix. Moreover,
despite the reduced water uptake due to nanoparticle incorporation, the amount of aqueous media

absorbed might have been enough to start the hydrolytic degradation at an equal rate.

Surprisingly, only a moderate increase in stiffness was observed for the alginate scaffolds
functionalised with the c-ZrO2 nanoparticles when compared to the sole alginate scaffolds. Given the
eminent diminished water uptake ratio and even the slightly decreased porosity for the scaffolds
reinforced with nanoparticles, it would have been expected a more prominent enhancement in Young’s
modulus value. The obtained value insufficiently resembles the needed stiffness to mimic osteochondral
and periodontal bone structures. An augmentation in the nanoparticle content could potentially elevate

the elastic modulus, allowing better proximity to these native tissues.

Additionally, in vitro preliminary cytotoxicity results revealed that the inclusion of the synthesised
nanoparticles did not compromise the cell viability of the unmodified alginate scaffolds. Conversely, a
moderate increase was observed therefore confirming the biocompatibility of the used biomaterials.
Moreover, human BM-MSCs proliferation results revealed a significantly higher fold increase on day 4,
also day-7-fold increase data exhibited a higher value for the unmodified alginate scaffolds when
compared to the nanoparticles ones. These results suggest that the incorporation of the c-ZrO:
nanoparticles within the alginate scaffolds impaired cell proliferation. The observed size reduction of the
functionalised scaffolds, rather than the incorporation of nanoparticles, may have negatively affected
their proliferation rate, given that the nanoparticles' biocompatibility had been previously established.
Therefore, there is space for improvement regarding the soaking method employed in the scaffolds'

functionalisation with the synthesised nanoparticles.

Lastly, SEM imaging denoted the presence of more elongated cell aggregates for the alginate
scaffolds functionalised with the c-ZrO2 nanoparticles. The morphology of the human BM-MSCs was

further assessed by confocal and fluorescence microscopy. The results confirmed a more elongated
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shape for the modified alginate scaffolds, which was translated into a significantly higher aspect ratio,
likely fostering an osteoinductive environment for bone regeneration. This shape modification induced
by the incorporation of the c-ZrO2z nanoparticles, possibly due to topographical mechanical sensing, is
associated with an enhanced osteogenic potential of various MSCs types. Therefore, scaffold
functionalisation with c¢c-ZrO2 nanoparticles may offer suitable nanotopographical features for

osteochondral and periodontal TE, regarding subchondral and alveolar bone regeneration.

In conclusion, the incorporation of the newly synthesised c-ZrO2 nanoparticles into the alginate
scaffolds offers promising features for developing osteoinductive scaffolds. Nevertheless, further
improvements must be made to obtain more a suitable applicability in the aforementioned TE

applications
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Chapter 4: Overall Conclusions and Future Work
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4.1 Conclusions and Future work

The global aim of this thesis was to develop a new generation of ZrO2 nanoparticles to enhance
the osteoinductive properties of scaffolds for bone regeneration regarding osteochondral and

periodontal tissues.

Chapter 2 described the effect of different amounts of Ca (3, 7 and 10 mol.%) on phase
transformation and subsequent stabilisation of the c-ZrO2 phase using a hydrothermal synthesis
assisted by microwave irradiation without any calcination treatment. Therefore, STEM and Raman
spectroscopy analysis revealed the presence of distinctive ZrO: crystalline phases and the subsequent
stabilisation of the cubic crystalline phase for the 10 mol.%Ca-ZrO2 nanopowder. Among the produced
samples, these nanoparticles exhibited the smallest size, with an average size of 6.24 + 0.96 nm and
the presence of surface defects. These results were in alignment with the enhanced surface area
obtained in the BET analysis for the c-ZrOz2 nanopowder. Additionally, EDS analysis suggests a potential
Ca surface segregation, for these nanoparticles. To the author’s best knowledge this study reported for
the first time the stabilisation of c-ZrO2 nanoparticles using Ca as a stabiliser in a one-step microwave
approach without any pre-or post-treatment. This novel approach is both a sustainable and a cost-
effective process, taking advantage of Ca biocompatibility, availability and bioactivity for TE purposes.
The systematic structural characterisation of the synthesised nanoparticles resulted in a scientific

manuscript and contributed to the understanding of the role of microwave irradiation in the ZrO2 system.

Chapter 3 assessed how the reinforcement of the shape memory alginate scaffolds with the
newly synthesised c-ZrOz nanoparticles through a soaking method impacted their osteoinductive
potential for the aforementioned TE purposes. When compared to the pristine scaffolds, the alginate
scaffolds functionalised with the c-ZrO2z nanoparticles demonstrated no significant difference in terms of
pore size and porosity. Moreover, the incorporation of the nanoparticles resulted in a significant decrease
in the scaffolds’ water uptake. Nevertheless, no substantial alteration in their degradation rate was
observed. Surprisingly, only a moderate increase in Young’s modulus was observed for the modified
scaffolds. The obtained value revealed insufficient to fully mimic to mimic osteochondral and periodontal
bone structures. Furthermore, preliminary cytotoxicity results highlighted that the incorporation of c-ZrO2
nanoparticles did not impair cell viability. However, a decreased proliferation of the human BM-MSCs
was observed (day 4 and 7) for the modified scaffolds, possibly due to the size reduction of the scaffolds
upon c¢-ZrO2 nanoparticles addition. Notably, after a 7-day cell culture period, the scaffolds reinforced
with ¢-ZrO2 nanoparticles revealed the presence of elongated cell aggregates. These aggregates
demonstrated a significantly higher aspect ratio compared to those on unmodified scaffolds. This result
is particularly promising since this shape modification is associated with an enhanced osteogenic of
several MSCs. Thus, the incorporation of ¢c-ZrO2 nanoparticles may offer suitable nanotopographical
characteristics such as an enhanced surface area and specific anchoring sites possibly influencing cell

behaviour and morphology providing an appropriate osteoinductive environment.

Despite the limited literature on c-ZrO2 nanoparticles for TE applications, this thesis has

provided novel insights into their potential. For future research, it would be valuable to extend this one-
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step green microwave approach to stabilise t-ZrO2 also using Ca as a stabiliser. Therefore, investigating
other ranges of Ca concentrations as well as different precursors would be of interest. Moreover, there
is still room for improvement regarding the functionalisation of the alginate scaffolds with the synthesised
nanoparticles to effectively manage their size reduction. Future work should include measuring the zeta
potential of the nanoparticles to evaluate their interaction with the polymeric aqueous solution used for
the soaking method. Additionally, increasing the amount of nanoparticles delivered could potentially
enhance the scaffolds’ mechanical performance. Future studies should consider using a larger sample
size (N) and increased scaffold height to strengthen the validity of the findings. Lastly, assessing the
osteogenic differentiation potential of MSCs would be crucial to validate the impact of the elongated cell
aggregates on modified scaffolds and their suitability for the intended TE applications. This evaluation

is currently being conducted in a collaboration.

In ongoing collaborative efforts with the Stem Cell Engineering Research Group at iBB, scaffold
groups identical to those extensively studied in this thesis are undergoing further evaluation for
periodontal TE applications, specifically for alveolar bone regeneration. The osteogenic potential of
PDLSCs in both scaffold types was evaluated through ALP quantification analysis and by the
quantification of osteogenic-related markers such as OPN, COL I, OCN and RUNX2 by real-time
polymerase chain reaction. Preliminary results indicated that the biological cues provided by the c-ZrO:
nanoparticles led to enhanced early ALP activity and increased expression of the previously mentioned
osteogenic-related genes. These findings further support the positive impact of c-ZrO2 nanoparticle
addition in the development of osteoinductive scaffolds capable of supporting alveolar bone tissue
regeneration. This research may also result in a scientific manuscript, contributing to the development
of periodontal regeneration strategies. The continuation of this thesis study highlights its promising

nature, despite the current limitations.
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Supplementary Data

Figure S1: Complementary EDS analysis. Corresponding EDS maps of C (a) and O (b)
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Figure S2: Cell viability determination using the MTT assay on alginate scaffolds with and without c-ZrO:
nanoparticles, after 24 hours for all-extract dilutions. Two-way ANOVA test, (ns) not significant. All data
presented as plot individual values, mean + SD (N=3).
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(a)

(b)

Figure S3: Scaffolds’ dimensions for the Almar Blue assay. (a) View from Above. The samples on the right
represent the alginate scaffolds, while those on the left show the alginate scaffolds after the incorporation of the
nanoparticles. (b) Side perspective. Similarly, the samples on the right represent the alginate scaffolds, while those

on the left show the alginate scaffolds after the incorporation of the nanoparticles.

Table S1: Scaffolds’ dimensions for the Alamar Blue assay. All data are presented as mean + SD. (N=3)

Alginate Alginate+ c-ZrO-
Diameter (cm) 0.64 £ 0.03 0.37 £ 0.02
Height (cm) 0.35+0.03 0.17 £ 0.03
Cross-sectional area (cm?) 0.32+£0.03 0.11 £ 0.01
Volume (cm?3) 0.11 £ 0.01 0.02 £ 0.01
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