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ABSTRACT

Nanotechnology has been essential for the resolution of diverse problems in medicine, bone tissue
regeneration being one of them. The periodontal tissues can be compromised by chronic diseases such
as periodontitis, a bacterial infection that leads to an immune response of the body that then causes bone
resorption, therefore, tooth loss. Tissue engineering (TE) aims to develop innovative strategies to over-
come the limitations of conventional therapies.

In this study, we report the synthesis of titanium dioxide (TiO») nanoparticles (NPs) with the
incorporation of magnesium (Mg) in different concentrations (5, 7 and 10 mol. %) to enhance biocom-
patibility and mechanical performance. The NPs were produced via a microwave-assisted hydrothermal
process without any extra treatment, resulting in a more sustainable and cost-effective approach. The
anatase phase of the Mg-TiO, NPs was confirmed by X-ray diffraction (XRD) and Raman spectroscopy.
Ultraviolet-Visible (UV-Vis) spectroscopy was performed to estimate the bandgap (Eg). Scanning trans-
mission electron microscopy (STEM) revealed that 10 mol. % Mg-TiO; induced a morphological trans-
formation into nanorods with structural surface defects. This sample exhibited uniform pore distribution
and increased specific surface area (256.93 m?g™).

The 10 mol. % Mg-TiO, NPs were incorporated into alginate scaffolds using blending and coating
approaches. The resulting scaffolds demonstrated that coating led to a reduction in scaffold porosity
while NPs incorporation also decreased water uptake. The incorporation of NPs resulted in only a slight,
not statistically significant, increase in mechanical strength. Live/dead assays indicated that 10 mol. %
Mg-TiO; NPs did not induce any cytotoxic effects on Saos-2 cells (cell viability above the 70 % thresh-
old) proving their biocompatibility.

This study introduced a sustainable method for Mg-TiO» nanomaterials synthesis and highlights
the potential of their incorporation into alginate scaffolds to improve osteoinductive and mechanical
properties, overcoming issues in periodontal TE.

Keywords: periodontal tissues, tissue engineering, titanium dioxide, magnesium, biocompatibil-
ity, osteoinductive properties.
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RESUMO

A nanotecnologia tem sido essencial na resolucéo de diversos problemas na medicina, sendo a
regeneragdo dos tecidos 6sseos um dos principais. Os tecidos periodontais podem ser comprometidos
por doengas cronicas, como a periodontite, uma infe¢ao bacteriana que desencadeia uma resposta imuni-
taria, levando a reabsorcdo Ossea e, consequentemente, a perda dentaria. A engenharia de tecidos (TE)
procura desenvolver estratégias inovadoras que superem as limitacdes das terapias convencionais.

Neste estudo, € reportada a sintese de nanoparticulas (NPs) de dioxido de titanio (TiO») incor-
poradas com magnésio (Mg) em diferentes concentragdes (5, 7 ¢ 10 mol. %) para melhorar a biocom-
patibilidade e o desempenho mecanico. As NPs foram produzidas através de um processo hidrotérmico
assistido por microondas, sem tratamento adicional, resultando numa abordagem mais sustentavel e
economica. A fase anatase das NPs de Mg-TiO; foi confirmada por difragdo de raios-X (XRD) e espec-
troscopia Raman. A espectroscopia Ultravioleta-Visivel (UV-Vis) foi utilizada para estimar a energia
de hiato (Eg). A microscopia eletronica de transmissdo de varrimento (STEM) mostrou que as NPs 10
mol. % de Mg-TiO: induziram uma transformacao morfoldgica em nanorods com defeitos superficiais.
Esta amostra apresentou distribuicao de poros uniforme e aumento da area superficial especifica (256.93
m?’gh).

As NPs de 10 mol. % Mg-TiO, foram incorporadas em scaffolds de alginato por mistura e en-
charcamento. Os resultados demonstraram que o encharcamento reduziu a porosidade e a incorporagéo
das NPs diminuiu a absor¢do de dgua. Observou-se apenas um ligeiro aumento, ndo estatisticamente
significativo, na resisténcia mecanica. Ensaios de viabilidade celular (Live/Dead) confirmaram a ausén-
cia de citotoxicidade em células Saos-2 (viabilidade > 70 %), comprovando a biocompatibilidade das
NPs.

Este estudo apresenta um método sustentavel para a sintese de nanomateriais de Mg-TiO; e
evidencia o seu potencial na melhoria das propriedades osteoindutivas e mecanicas de scaffolds de al-
ginato aplicados a TE periodontal.

Palavras chave: tecidos periodontais, engenharia de tecidos, didxido de titdnio, magnésio, biocompat-

ibilidade, propriedades osteoindutivas.
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INTRODUCTION

1.1 Periodontal Composition and Tissue Engineering

Clinical periodontics have been facing challenges in managing periodontal defects since the per-
iodontium has several unique tissues that can be compromised in their own way. The periodontium
involves hard and soft tissue, such as the periodontal ligament (PL), alveolar bone (AB) and cementum
(CM) (Figure 1), therefore, the regeneration and reconstruction of the periodontium cannot be a simple
one-trick solution but a three-dimensional (3D) repair [1-4].

Periodontitis is an infectious disease caused by pathogenic microorganisms in the subgingival
biofilm, in combination with other risk factors, such as aging and smoking [5]. Untreated periodontitis
results in irreversible destruction of the tooth-supporting tissues, including the PL, AB and CM, and
may lead to early tooth loss (Figure 1) [5-6]. It has also been linked to systemic disorders, such as
diabetes, rheumatoid arthritis, neurodegenerative disorders, and cardiovascular complications, and has
been associated with adverse pregnancy outcomes [5]. Therefore, periodontal health may significantly
impact a patient’s quality of life [7-8].

Conventional treatment strategies were able to mechanically resolve more simple problems like
removing the bacteria that is causing the disease, however it failed in regenerating the damaged tissues
[5-6]. There comes the role of tissue engineering (TE), offering the opportunity to improve periodontal
regeneration in a more predictable and qualitative but possibly less invasive manner. Restoring the tissue
function through the delivery of stem cells, bioactive molecules, or synthetic tissue scaffolds engineered
in the laboratory is the main goal of TE [2]. This field integrates distinct areas like materials science,
genetics, biology, mechanical engineering, and clinical medicine, converging the knowledge from them
all. It takes as a requirement the use of porous 3D scaffolds to provide appropriate micro-environment
for regeneration, they act as a template for the formation of the new tissue [6-10].

Scaffolds play a central role in TE and therefore must be carefully designed. First, they must be
biocompatible, enabling cells to adhere, migrate, proliferate, and maintain normal function without elic-
iting adverse host responses. After the implantation, the construct should trigger only minimal immune
activity to avoid inflammation, scaffold degradation, or rejection [11]. Second, scaffolds should be bio-
degradable, gradually degrading as the newly formed tissue develops its own extracellular matrix
(ECM). Importantly, the by-products must be non-toxic and capable of being metabolized or exit the
body without interfering with other organs. Third, scaffolds require appropriate mechanical properties,



consistent to the anatomical site of implantation. They must have sufficient strength for surgical manip-
ulation while matching the mechanical demands of the tissue. Finally, scaffold architecture is critical,
an interconnected porous matrix with high porosity is essential to facilitate cell infiltration, tissue in-
growth, and the diffusion of nutrients and waste [9-15].

Typically, three groups of biomaterials have been used in the fabrication of scaffolds for TE:
ceramics, synthetic polymers and natural polymers [9]. Each one of these has specific advantages and
disadvantages, so the use of composite scaffolds comprised of different phases has been a common trend
in TE [16]. Ceramic scaffolds such as hydroxyapatite and tri-calcium phosphate have been used for
harder tissues, usually bone, since they are characterized for their high Young’s Modulus and have low
elasticity [14]. Synthetic polymers like polystyrene, poly-l-lactic acid and others, can be fabricated with
a tailored architecture and their degradation characteristics controlled by varying the polymer itself, but
they have a higher risk of rejection since their biocompatibility is lower [17]. There have also been some
concerns about these types of scaffolds’ degradation by-products as they degrade by hydrolysis, pro-
ducing carbon dioxide, lowing the local pH which can lead to necrosis [17]. The last common approach
is with biological materials such as collagen, alginate-based substrates and chitosan [13-19]. They are
biologically active and typically promote excellent cell adhesion and growth, while also being biode-
gradable, but they usually have poor mechanical properties, facing challenges in harder tissues TE, and
the architecture is very heterogeneous, making it harder to reproduce [4-15].

Even today, TE continues to face major obstacles, particularly the lack of biomaterials that can
effectively support cell growth and function while closely replicating the native characteristics of the
target tissue [13]. Achieving similarity in architecture and mechanical properties is critical for ensuring
both biological functionality and overall substitute performance. Nanotechnology, especially using na-
noparticles (NPs) such as silver NPs, gold NPs, titanium dioxide (TiO) NPs [20], or the use of electro-
spun nanofibers, nanostructured substrates and self-assembly nanomaterials [21], has gained attention
as a promising strategy to address these limitations. Polymer-based nanocomposites offer distinct ad-
vantages, as the incorporation of NPs strengthens the material and provides essential biophysical cues.
This enhancement improves both mechanical and biological performance, creating a more favourable
environment for interactions between cells and the ECM, ultimately shaping cellular behaviour [4], [9],
[15].

Healthy ) Periodontitis

] loss of tissue
PL \\

cM  — A

AB — L

Figure 1: Healthy Vs Unhealthy periodontal tissues. Image created using BioRender (https://www.biorender.cony/).



1.2 Alginate Scaffolds

Alginate is a naturally derived polysaccharide obtained from brown algae and can also be pro-
duced by bacteria such as Pseudomonas and Azotobacter [22]. It is widely studied in biomedical appli-
cations due to its biocompatibility, low toxicity, and ability to form hydrogels under mild conditions.
These properties, combined with its abundance and relatively low cost, have led to its extensive use in
scaffold fabrication and TE [23-25].

Alginate is a linear copolymer composed of 1,4-linked 3-D-mannuronic acid (M) and 1,4-linked
a-L-guluronic acid (G) [23-26]. Its structure includes regions of consecutive M residues (M blocks),
consecutive G residues (G blocks), or alternating M and G residues (MG blocks). It is available in var-
ious forms differing in purity, molecular weight, and viscosity, ranging from non-biomedical to biomed-
ical grade [23-26]. Alginate is hydrophilic, water-soluble, and increases viscosity under neutral aqueous
conditions. It forms hydrogels in the presence of polyvalent cations and exhibits a pH-dependent anionic
character, allowing interactions with cationic polyelectrolytes, making them a convenient material for
cell encapsulation and drug delivery [23-26]. Although alginate may contain variable endotoxin levels
depending on its purification, it is generally biocompatible and safe for medical use. Research has ex-
plored alginate-based hydrogels and scaffolds as platforms for dermal applications, controlled release
of bioactive agents, cancer therapy, and antimicrobial treatments [23-28]. These advances have enabled
the development of highly tailored and complex systems that support tissue repair and regeneration.
Their properties can be further enhanced by external stimuli or chemical functionalization, improving
mechanical performance [23-26].

Alginate hydrogels mimic the ECM of living tissues, making them highly versatile for medical
applications. Specifically, they have shown promise in periodontal TE, due to their ability to support
both soft and hard periodontal tissue regeneration [24]. Alginate has been employed in periodontal TE
[29-31] through approaches like the use of bioactive-modified alginate with sequential growth factors
like Insulin-like Growth Factor 1 (IGF-1) and Bone Morphogenic Protein 6 (BMP-6) that have strong
regenerative and anabolic effects [29], emulsion electrospun polylactic acid/alginate nanofibers which
are mechanically stable, and have the ability to deliver healing molecules [30], or composites of algi-
nate-nano bioactive glass which can combine soft tissue support with bone-regenerative cues [31].

These highly porous scaffolds possess unique mechanical properties, including shape-memory,
which makes them particularly attractive for implantation in load-bearing sites, as they can recover their
original shape after deformation [24-32]. Such scaffolds can be created by covalently crosslinking algi-
nate through carbodiimide chemistry and can be engineered to display anisotropic properties. These
anisotropic scaffolds have been specifically developed for the periodontium to replicate the structural
features of the tissues [24-32].

1.3 TiO: in Tissue Engineering

NPs possess unique physical and chemical characteristics that enhance their performance in di-
verse applications, particularly TE. Their small size confers a high surface-to-volume ratio, slow sedi-
mentation rates, and colloidal stability, allowing them to remain suspended in solution for extended
periods. In TE, these features contribute to improved mechanical and biological performance of



scaffolds and biomaterials [20]. Gold NPs are widely used in TE due to their surface conjugation abili-
ties and electrical conductivity [33-34]. Silver NPs, along with other metallic NPs and metal oxides, are
valued for their strong antimicrobial properties [35-36]. Quantum dots offer unique fluorescence char-
acteristics, while carbon nanotubes are known for their electromechanical behaviour [37-38]. Together,
these properties make these nanomaterials highly useful for a huge range of TE applications. Addition-
ally, magnetic nanoparticles have been employed in studying cell mechanotransduction [39], enhancing
gene delivery, directing cell patterning, and facilitating the construction of complex 3D tissue structures
[20], [40-41].

Ti0, is a well-established ceramic nanomaterial belonging to the class of metal oxide nanostruc-
tures. It naturally occurs in four polymorphic forms: anatase (tetragonal), brookite (orthorhombic), rutile
(tetragonal), and TiO(B) (monoclinic) [42-43]. Anatase, brookite and rutile are the most common
forms. Structurally, these phases can be described in terms of chains of TiOs octahedra, where a central
Ti*" ion is coordinated by six O* ions [43]. In anatase, the Ti-Ti atomic distance is greater, while the Ti-
O bond length is shorter compared to rutile. Additionally, the anatase lattice is more elongated along its
crystallographic axis [43]. These structural distinctions lead to variations in density and electronic band
structure [43]. The anatase phase exhibits an optical bandgap (Eg) of approximately 3.2 eV with an
absorption edge at 388 nm, within the ultraviolet (UV) range (100-400 nm). Rutile, by contrast, has a
slightly narrower bandgap of 3.02 eV, corresponding to an absorption edge at 410 nm that extends into
the visible spectrum (400-700 nm) [43]. The differences in bandgap between anatase and rutile are cru-
cial, as they determine photocatalytic efficiency, antibacterial activity, and stability, directly impacting
their suitability for different applications [43-45].

Within the context of TE, TiO, NPs offer several advantageous properties, including biocom-
patibility, chemical stability, and inertness. The anatase phase is generally favoured in TE [46-47]. Their
photocatalytic activity, highly influenced by the wider bandgap, has also been linked to antibacterial
and antiseptic effects, as the generation of oxygen free radicals induces oxidative stress in microbial
cells [42-43]. Coating, incorporation or surface functionalization are processes that can be applied to
TiO2 NPs to improve their biological properties [48-49]. Furthermore, the high surface area of TiO> NPs
enhances cell adhesion and proliferation, making them suitable for incorporation into biodegradable
polymer matrices [50].

Several metallic elements can be used in TE, like magnesium (Mg), calcium, iron, nickel, and
others [51]. Mg has a close Young’s Modulus to natural bone (at 41-45 GPa) and density, which avoids
the phenomenon of stress shielding in the surrounding tissues [52]. Mg is the second most abundant
intracellular cation, scientific evidence indicates that Mg in the body is distributed in a way that half is
found in soft tissues and half in the bones [52], meaning it is biocompatible. Beyond that, Mg plays an
essential role in bone metabolism, stimulating osteoblast activity, ECM synthesis, and mineralization,
thus supporting periodontal regeneration [53-54]. When incorporated into TiO,, Mg can alter the surface
properties and biological response of the material which may be crucial for cell adhesion and prolifera-
tion [55].

In addition to improving biological performance, TiO, NPs can reinforce the mechanical prop-
erties of composites. They contribute to enhanced bending strength and Young’s modulus, reaching
values comparable to those of natural bone, while also providing bioactivity, as displayed in Figure 2.



Consequently, TiO; is widely investigated as a functional nanomaterial in bone TE, with potential for
scaffold design in periodontal TE [56-57].
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Figure 2: Mg-TiO2 NPs advantages for TE. Image created using BioRender (https://www.biorender.com/).

1.4 Hypothesis and Aim

The limited regenerative capacity of periodontal tissues, particularly AB and PL, has led to in-
creasing need for advanced biomaterials capable of supporting predictable regeneration, especially in
coordinating the regeneration between all the different types of tissues in the periodontium [58]. Current
scaffold-based and pharmacological strategies, although somewhat effective, often lack sufficient oste-
oinductive properties and fail to restore the structural and functional complexity of the periodontal tis-
sues [58]. TiO, NPs have been extensively explored in biomedical research due to their biocompatibility,
antimicrobial properties, and ability to support cell adhesion and proliferation [59]. However, their os-
teoinductive potential remains limited, and further functionalization is required to enhance their suita-
bility for regenerative applications. Mg represents an attractive element for incorporation due to its
abundance in the human body (approximately 60 to 65% [60]), established role in bone metabolism,
and ability to promote osteogenesis [61]. Integrating TiO> NPs with Mg is expected to improve their
bioactivity, enhance surface properties, and stimulate cellular responses. Despite these promising attrib-
utes, investigations into Mg-TiO» NPs for TE and particularly in periodontal regeneration remain sig-
nificantly scarce, emphasizing the innovative aspect of the present work.

Moreover, conventional chemical synthesis of NPs often requires toxic reagents and high energy
inputs, raising concerns over environmental impact and clinical translation, meaning the unsafety of
moving it towards practical use in patients [62-63]. To address this, we propose the use of microwave-
assisted irradiation as a sustainable and safer synthesis strategy. This approach allows for rapid, energy
efficient, and solvent minimized production of NPs with controlled crystallinity and morphology, align-
ing with sustainable principles while ensuring biomedical applicability [62-64].



The objective of this work is to develop Mg-TiO, NPs via a green microwave-assisted synthesis
route and evaluate their potential as functional nanofillers for periodontal TE alginate scaffolds. We
hypothesized that firstly, Mg incorporation will improve the biological activity of TiO, NPs, secondly,
microwave-assisted synthesis will provide a sustainable and reproducible route to produce NPs with
desirable physicochemical properties, and thirdly the resulting Mg-TiO, NPs will enhance scaffold per-
formance by improving mechanical stiffness and promoting osteogenic differentiation, ultimately con-
tributing to predictable regeneration of periodontal tissues.



MATERIALS AND METHODS

This chapter is organized in two main sections. The first section focuses on the production, opti-
mization, and characterization of the NPs. The second section describes the synthesis and comprehen-
sive characterization of the various scaffold types.

2.1 TiO: Nanomaterials synthesis

TiO, NPs were synthesized with a microwaved-assisted hydrothermal method, adapting a pro-
cess described in Matias et al [65]. To obtain the solution, 1.6 mL of titanium (IV) isopropoxide
(C12H2804Ti; 97%; CAS: 546-68-9; Sigma-Aldrich) was added drop by drop to 48.4 mL of ethanol, the
solution was then stirred until it was homogeneous. To prepare the TiO> NPs with Mg incorporated, 5
mol. %, 7 mol. % and 10 mol. % of magnesium nitrate-6-hydrate (Mg(NO3)2(H.0)s; > 98%; CAS:
13446-18-9; Panreac) was added to the previous solution and stirred again. The mixed solution was then
put in two Teflon vessels, each one with 25 mL of solution and then carried to the CEM MARS one
microwave digestion system (CEM, Matthews, USA) to synthesize the NPs. The parameters of the mi-
crowave were divided in two stages, using 900 W. The first one started with a ramp of 5 minutes, to
reach 150 °C, with a hold time of 15 minutes. The second one had a ramp of 15 minutes to reach 210
°C, and then the process took place for 1 hour. The resulting NPs were centrifugated and washed for 5
minutes each time, at 5000 rpm, two times using water and two times using isopropyl alcohol (IPA).
For an eco-friendly drying process, the NPs were air-dried for a few days at room temperature (RT).

Hereafter, the nanomaterials are named as intrinsic TiO», 5, 7 and 10 mol. % Mg-TiO..

2.1.1 Characterization Techniques

2.1.1.1 X-Ray Diffraction (XRD)

To identify the crystalline structure of the NPs, XRD experiments were carried in Bench XRD
AERIS Malvern PANalytical B.V.. The obtained crystalline phases were compared to datasheets from
the International Centre for Diffraction Data (ICDD). The reference code for the anatase structure is 00-
021-1272, for the rutile structure is 04-008-7850, and for the brookite structure is 04-008-7851. CuKa
radiation source (A=1.54060 A). The data was collected in a range of 10° to 90° (26) with a scanning
step of 0.02°, rotation of 0.25° and a time per step of 45 s.



Average crystalline size (T) of the samples was calculated using the Debye-Scherrer equation
(Equation 1) [66].
KA (D)
Bcos (0)

Where K corresponds to the shape factor, with a value close to unity (usually 0.9), A is the X-

T(nm) =

Ray wavelength, {8 is the line broadening at half the maximum intensity (FWHM) after subtracting the
instrumental line broadening, in radians, and O is the Bragg angle, also in radians.

The lattice parameters were determined using X’Pert HighScore Plus software, following cali-
bration with standard silicon (Si) reflections (reference code 00-027-1402).

2.1.1.2 Raman Spectroscopy

To have detailed insights of the vibrational and structural properties and therefore identify the
crystal phase of the NPs, Raman spectroscopy was conducted in a backscattering configuration using
the 532 nm laser of the Raman Microscope Reninshaw Qontor, utilizing a grating density of 1200
grooves/nm and equipped with objective lens of 50x.

2.1.1.3 Optical Characterization

The absorbance measurements were obtained by using a double-beam Ultraviolet-Visible-Near
Infrared (UV-Vis-NIR) Shimazu spectrophotometer with an integrated sphere with a range of 280 to
800 nm. The data were recorded at RT and BaSO4 powder was used as a reference.

The optical bandgap energy (Eg) was determined from the UV-VIS data using the Tauc relation,
expressed in Equation 2 [67].

(ahv)™ = A(hv — Eg) 2)

Where o represents the absorption coefficient hv is the photon energy, A is a proportionality
constant, and m is an exponent that defines the nature of the electronic transition: m= 2 for direct allowed

transitions and m = 3 for indirect allowed transitions. The Eg was obtained by extrapolating the linear
portion of the (ahv)™ versus hv plot to the intercept at (ahv)™ = 0. Since anatase TiO, exhibits an

indirect bandgap, m = %was applied [67], [68].

2.1.1.4 Electron Microscopy

Scanning electron microscopy (SEM) was carried out using a Hitachi Regulus 8220 microscope
equipped with an Oxford Instruments energy-dispersive X-ray spectrometer (EDS). Scanning Trans-
mission Electron Microscopy (STEM) analyses, including high-angle annular dark-field (HAADF) im-
aging, were performed on a Hitachi HF5000 field-emission transmission electron microscope operated
at 200 kV. This probe-corrected instrument, equipped with a cold field-emission gun (FEG), featured a
100 mm? Oxford Instruments EDS detector. For specimen preparation, a drop of the sonicated dispersion
was deposited onto a lacey-carbon copper grid and dried in air. The mean TiO, particle size was esti-

mated from SEM and STEM images by measuring the dimensions of 30 individual NPs.



2.1.1.5 Brunauer-Emmett-Teller (BET) analysis

The specific surface area was estimated through nitrogen (N») adsorption-desorption, according
to the BET method at 77 K and applied within the p/p0 range as specified in ISO-9277 [69]. An Autosorb
1Q ad sorption apparatus from Quantachrome (Florida, USA) was employed. Before the experiments, =~
0.2 g of TiO; and 10 mol.% Mg-TiO, NPs were outgassed for 6 h at 120 °C (5°C min ™).

2.2 Alginate Scaffolds synthesis

The alginate scaffolds were made by adapting a process detailed in A/meida et al [32]. 0.1 M of
2-(N-Morpholino) ethanesulfonic acid buffer (MES; > 99%; CAS: 4432-31-9; Sigma Aldrich) and 0.2
M of sodium chloride (NaCl; > 99.5%; CAS: 7647-14-5; Panreac AppliChem) were added in 20 mL of
distilled water and stirred. Then, sodium alginate (COO™; CAS: 9005-38-3; Sigma-Aldrich) was dis-
solved for 3 hours with a concentration of 4.5% (w/v). 1-ethyl-3-dimethraminopropyl carbodiime
(EDAC; CAS: 25952-53-8; Sigma-Aldrich) and N-Hydroxy-succinimide (NHS; > 97.5%; CAS: 6066-
82-6; Sigma-Aldrich) were added and stirred for 20 minutes to a final molar ratio of 2:1:2 EDAC: NHS:
COOr. After, adipic acid dihydrazide (AAD; > 98%; CAS: 1071-93-8; Sigma-Aldrich) was added in an
aqueous solution to a ratio of 45%, compared to the alginate (nNH2/nCOOH= 45%), and was quickly
stirred until homogenised. The resultant solution was then placed into a petri dish, for the crosslinking
reaction to occur during the night at RT. To wash the obtained hydrogels, 0.1 M calcium chloride aque-
ous solution (CaCl,; CAS; > 97%; 10043-52; Fluka) was added to get an extra ionic crosslinking, an
orbital shaker was used to stir the petri dish for 2 hours. The last washing step was to add the distilled
water in the petri dish for 24 hours. The hydrogel was sectioned into small pieces using a biopsy punch
(6 mm of diameter). The resulting structures were rapidly frozen by immersion in liquid nitrogen and
subsequently stored at -80 °C. Following storage, the scaffolds were subjected to freeze-drying for 24

hours using a Benchtop Freeze Dryer (Labconco), operating at -45 °C under vacuum conditions.

2.2.1 Nanoparticles incorporation

To incorporate the NPs in the scaffolds, two different approaches were performed, blending and
coating. The NPs chosen were the 10 mol. % Mg-TiO, NPs. The specific NPs condition was selected to
maximize the adhesion and proliferation of cells.

To do the blending, an aqueous solution of 3 mL was prepared. 0.25% (W/Vscattold) Of NPs were
added to distilled water and then the solution was stirred for 15 minutes. The resulting solution was
added to the precursor solution between the step of adding EDAC and NHS, allowing the NPs to be
directly incorporated in the scaffold’s matrix. The rest of the synthesis was identical.

For the coating, a suspension of the NPs was prepared. An aqueous solution of Polyethylengly-
col 3400 (PEG 3400; H(OCH,CH>),OH; CAS: 25322-68-3; Sigma-Aldrich), with a concentration of 0.2
mg/mL, was dissolved for 24 hours. Another solution was prepared, by mixing the NPs in 3 mL of IPA,
with a NPs concentration of 0.25% (W/Vscaffola), Which was left in an ultrasonic bath for 30 minutes.
Finally, 1.8 mL of the first solution was mixed with the second, and this final mix was left stirring for 6
hours, at 50 °C. A drop of this final solution (= 20 uL) was applied to the scaffolds with a micropipette.



The resulting scaffolds were left to dry, while the drop of solution was absorbed. The rest of the synthesis
was identical. In Appendix A.4 is a picture of the scaffolds.
In Figure 3, a schematic of the scaffold’s fabrication process is represented
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Figure 3: Preparation of the different types (pristine, coating and blending of NPs) of scaffolds. Image created using
BioRender (https://www.biorender.com/).

2.2.2 Characterization Techniques

2.2.2.1 Morphological Characterization

SEM was performed to examine the scaffolds’ fine structure and surface details (pore architec-
ture and surface texture). Additionally, EDS was used to analyse the elemental composition and verify
NPs incorporation in both the scaffolds with coating and scaffolds with blending.

To obtain the scaffold’s porosity (P), Equation 3 was used [70].

P (%) _ (1 _ pscaffold) % 100 (3)

Pmaterial

Where pscarold 18 the density of the produced scaffolds, calculated from the values of mass and
volume of the dry hydrogels, and pmaterial 1S the theoretical density (the value for the utilized sodium
alginate is 1 g/cm?®). The calculations were made with 3 samples (3 replicates, n=3).

2.2.2.2 Swelling Behaviour

To evaluate the swelling behaviour, the dry scaffolds were first weighed to obtain their initial
mass (Wo). They were then immersed in a phosphate-buffered saline (PBS) solution (pH = 7) and kept
submerged for a total of 7 days. At specific time intervals of 1 hour, 2 hours, 3 hours, 1 day, 2 days, 3

10



days, 6 days and 7 days, the scaffolds were removed, gently blotted to eliminate excess PBS, and re-
weighed to determine their swollen mass (W) [71].

The recorded mass values were then used in Equation 4 to generate swelling kinetic curves for
the three scaffold types under investigation [71]. Each experiment was performed in triplicate (n=3).

W, — W,
Water Uptake (%) = tTO x 100 @)
0

2.2.2.3 Mechanical Essay

Compression tests were performed at RT using the Electromechanical and Ambiental Test Ma-
chine (AUTOGRAPH AGX-V Series, SHIMADZU) instrument equipped with a 1000 N load cell. All
scaffold types produced were evaluated under compression at a displacement rate of 1 mm/min. None
of the samples collapsed during testing. The Young’s modulus was determined from the initial linear
region of the stress(o)-strain(e) curves, following Equation 5. Each test was carried out in triplicate
(n=3), using wet scaffolds that had been pre-soaked in PBS for 24 hours.

E (kPa) = g (5)

2.2.2.4 Cell Viability (Live/dead Essay)

Cell viability was assessed in all types of scaffolds, the experiment was done in triplicate (n=3).
Prior to cell seeding and viability test, all scaffolds were immersed in ethanol for 15 minutes to verify
their structural stability and ensure they did not disintegrate upon contact with the solvent.

Saos-2 cells (ATCC HTB-85), a human osteosarcoma cell line capable of differentiating into
osteoblast cells, expanded in a growth medium (High-Glucose DMEM, 10% Fetal Bovine Serum, 1%
Pen/Strep), under standard conditions (37 °C, 5% CO-, humidified atmosphere) until reaching the de-
sired confluence. The working solution was prepared, consisting of 2 pM Calcein-AM and 4 pM Pro-
pidium lodide (PI) in PBS. The culture medium was removed, and the cells were washed with PBS.
Then, the staining solution was added to completely cover the samples. Cells were incubated for 15-30
minutes at 37 °C, protected from light. After incubation, samples were rinsed with PBS and immediately
examined under a fluorescence microscope. Viable cells were marked by Calcein-AM (cyan fluores-
cence) and non-viable cells by PI (magenta fluorescence). Images were acquired using a confocal mi-
croscope and processed with ImageJ to quantify live/dead ratios as well as cell count to estimate the
viability using Equation 6 [72].

N .
Cell Viability (%) = viable x 100 (6)

Nviable + Nnon—viable
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2.2.2.5 Statistics

Statistical analyses were performed using GraphPad Prism 10 software. Data are presented as
mean + standard deviation (SD). The number of replicates (n) were always 3. Normality of the data was
assessed using the Shapiro-Wilk test, while homogeneity of variance was verified with Levene’s test.
One-way ANOVA and Two-way ANOVA were applied to evaluate statistical significance within da-
tasets, followed by Tukey’s HSD post-hoc test to identify differences between groups. Statistical sig-
nificance was defined as *p < 0.05, with increasing levels of significance denoted as **p < 0.01 (very
significant), ***p < 0.001 (highly significant), and ****p < 0.0001 (extremely significant).
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RESULTS AND DISCUSSION

3.1 TiO2 Nanomaterials

3.1.1 XRD

The synthesized NPs were investigated using XRD and the results are shown in Figure 4. All
peaks in the experimental diffractograms indicate the presence of TiO, anatase phase. The peaks de-
tected correspond to the reflections (101), (004), (200), (105), (211), (204), (116), (220) and (215) at 20
=25.3,37.8, 48.0, 53.8, 54.9, 62.8, 68.9, and 75.0°, respectively [73]. No reflections associated with
rutile or brookite were detected in any of the samples. For the Mg-rich nanostructures, no peaks assign-
able to a metal oxide phase were detected, but there is a slight shift of the peaks. Nevertheless, except
for the (004) reflection, which showed a shift toward higher 26 values in all Mg-containing samples
compared to the intrinsic material, all other reflections exhibited a shift towards lower 20 values, except
the (105), (116), and (215) reflections, which remained unchanged upon Mg addition. This behaviour
can be explained by the substitution of Ti*" by Mg?* in the anatase lattice [74]. Although Mg?* has a
larger ionic radius (= 0.720 A) compared to Ti*" (= 0.605 A), its substitution into the TiO lattice intro-
duces lattice strain due to the size mismatch, which tends to expand the lattice in the basal plane (a)
[74]. Additionally, because Mg>" has a lower valence than Ti*", the crystal compensates for the charge
imbalance by forming oxygen vacancies or reducing Ti*" to Ti** [74]. These point defects induce further
lattice distortion that can counteract the expansion and cause some contraction in the plane c-axis [74].
The combination of these effects results in anisotropic lattice distortions, consistent with the observed
peak shifts [74-78]. To confirm this, the lattice parameters were calculated using X’Pert Highscore Plus
software, which is summarized in Table 1, Si was used as an internal standard to accurately calibrate
the diffraction data and to confirm that the observed peak shifts in the NPs are effectively associated
with Mg incorporation.

As shown in Table 1, the lattice parameter a (= b) increased slightly overall with the increase
of Mg incorporation, while the lattice parameter ¢ had an inverse tendencyi, it decreased. This behaviour
is typical of substitutional incorporation, where Mg*" replaces Ti*" [77]. The increase in the average
ionic radius led to an expansion in the basal plane (a), while the cell compensated with a slight contrac-
tion along c, keeping the overall volume stable, as we can confirm by the a/c ratio relatively constant.
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This suggests that Mg was incorporated into the anatase crystal lattice, slightly modifying the anisotropy

of the unit cell, causing the shifts in the XRD peaks.

The estimated crystalline sizes (t) are summarized in Table 2, calculated using Equation 1.

The reduction in T with the increased Mg content suggests that Mg acts as a growth inhibitor, likely by

substituting Ti*" ions in TiO lattice and introducing lattice distortion. This decrease may enhance prop-

erties such as surface area and adsorption capacity, which is consistent with reports in literature, where

Mg incorporation into the lattice has been shown to effectively limit crystal growth and modify the
microstructure of TiO, NPs [79-80].
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Figure 4: XRD diffractograms of the synthesized TiO: nanomaterials. Intrinsic TiO2 NPs, 5, 7 and 10 mol. % Mg-TiOx.
ICDD reference patterns for the anatase, rutile and brookite phases and standard Si (marked as *).

Table 1: Lattice parameters of intrinsic TiO2 and 5, 7 and 10 mol. % Mg-TiO2 NPs.

a=b(A) c(A) a/c (ratio)
Intrinsic TiO» 3.782 9.510 0.397
5 mol. % Mg-TiO, 3.790 9.460 0.401
7 mol. % Mg-TiO, 3.790 9.490 0.399
10 mol. % Mg-TiO, 3.792 9.460 0.401

Table 2: Estimated crystalline sizes (nm) for intrinsic TiO2 and 5, 7 and 10 mol. % Mg-TiO2 NPs.

TiO:

5 mol. % Mg-TiO; 7 mol. % Mg-TiO; 10 mol. % Mg-TiO;

T (nm)

10.03 £0.02

7.37 £0.11 7.33+£0.11 6.78 £ 0.09
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3.1.2 Raman Spectroscopy

The Raman spectra of the different phases of TiO, are considerably different, so this is a pow-
erful technique to distinguish them [81-82]. TiO, Raman bands appear in between the 100-700 cm!
range. Five bands corresponding to four characteristic active modes of the tetragonal anatase phase can
be observed in Figure 5, with symmetries Eg, Big, Ajg, and Eg, at 145, 395, 515 and 640 cm™, respec-
tively [73]. These vibrational frequencies and their intensity ratios confirm the phase anatase of TiO».

No additional peaks related to Mg or Mg oxides were detected in the Mg-TiO, samples, which
corroborates the results of XRD.
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Figure 5: Raman spectra of the synthesised TiO2 nanomaterials. Intrinsic TiO2 NPs, 5, 7 and 10 mol. % Mg- TiOx.

3.1.3 Optical Characterization

To investigate the optical absorption characteristics of intrinsic TiO, and Mg-TiO: nanostruc-
tures, UV-VIS absorption spectra were recorded. Figure 6 reveal a pronounced absorption edge in the
UV region in all samples which is characteristic of TiO,[83]. The absorption maximum for the intrinsic
TiO, was =~ 336 nm (around 3.69 eV) and for 5, 7 and 10 mol. % Mg-TiO, were =~ 318 nm (around 3.90
eV). The addition of the Mg content resulted in a slight blue shift of the absorption edge.

The corresponding Tauc plots (Figure 7) were used to estimate the Eg energies using Equation
2. The TiO; nanopowders exhibited significant sub-bandgap absorption, which prevented the determi-
nation of Eg from the x-intercept of a single linear fit [84]. Therefore, an additional linear fitting to the
broader bandgap region was performed, and Eg was obtained from the intersection of the two linear fits,
resulting in values of approximately 3.05 eV for intrinsic TiO>, 3.10 eV for 5 mol. % Mg-TiO,, 3.13 eV
for 7 mol. % Mg-TiO; and 3.10 eV for 10 mol. % Mg-TiO, [84]. Although anatase TiO> typically ex-
hibits an Eg of 3.2 eV, the TiO, nanopowders showed a slightly lower value. Previous studies conducted
by Guan et al [85] and Choudhury et al [86] observed that the formation of oxygen vacancies introduced
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localized electronic states within the bandgap, enabling optical transitions at lower photon energies and
consequently reducing the apparent Eg [83]. The incorporation of Mg?* ions likely substituted Ti*" sites
in the TiO; lattice, leading to a reduction in defect-related states, which may explain the observed vari-
ation in Eg with Mg concentration [87]. However, it is relevant to note that the true Eg values remain
uncertain due to estimation errors using the Tauc method [67], [88].
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Figure 6: Optical characterization of the TiO2 nanomaterials. UV-VIS spectra of the intrinsic TiO2, 5, 7 and 10 mol. %
Mg-TiOx.
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Figure 7: Optical characterization of the TiO2 nanomaterials. Bandgap calculation via Tauc equation for intrinsic TiOz, 5,7
and 10 mol. % Mg-TiOx.
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3.1.4 Electron Microscopy

Figure 8 presents SEM images of TiO2 nanopowders, with and without Mg incorporation, syn-
thesized by microwave irradiation. In both cases, the powders consist of spherical aggregates, with av-
erage aggregate sizes of 87.21 = 19.75 nm for TiO; and 193.66 + 18.15 nm, 203.52 + 32.68 nm and
311.20 + 15.34 nm for the 5, 7 and 10 mol. % Mg-TiO, nanopowders, respectively. These values align
with what has been reported in literature [89-90]. Minimum, maximum and average size of the NPs as
well as the size variation (A) is summarized in Table 3. The A of the NPs indicates their heterogeneity,
as they exhibit different sizes. This heterogeneity increased with the incorporation of Mg, which agrees
with what has already been reported in literature [91]. This suggests that higher Mg concentrations may
induce more heterogeneous nucleation and growth conditions.

For the pure TiO; and both 5 and 7 mol. % Mg-TiO, (Figure 8, (a), (b) and (c)) it can be
observed square-shaped nanocrystals. The average nanocrystal sizes were 14.54 £ 2.06 nm for TiO,,
and 12.09 + 1.38 nm and 11.36 = 2.10 nm for 5 and 7 mol. % Mg-TiO,, respectively. In the case of 10
mol. %, it is evident that as Mg amount has increased, it changed the shape of the nanocrystals, origi-
nating nanorods. The nanorod aspect ratio was 2.85, with an average length of 20.67 + 4.42 nm, and
diameter of 7.24 + 0.76 nm. This demonstrates that Mg addition leads to a significant impact on TiO,
nanostructure. This change in the TiO, NPs morphology with increasing Mg content is consistent with
previously reported findings in literature, when an element with a larger ionic radius substitute into the
lattice modifies the relative stability of the crystallographic planes [92-93]. When Mg?" ions attach pref-
erentially to a certain crystal plane of TiO,, they make that surface more stable and less likely to keep
growing. As a result, the crystal does not expand evenly in all directions, favouring one-dimensional
crystal growth, leading to an elongated shape such as nanorods [84-86]. In addition, substitution of Ti*"
by Mg?" introduces lattice strain and charge imbalance, which inhibit crystal growth and lead to a re-
duction in crystallite size. The concentration-dependent reduction in crystallite size originates directly
from the combined effects of lattice strain, defect formation, and modified surface energetics induced
by Mg incorporation [94-97].

The 10 mol. % Mg-TiO, nanomaterial was further investigated using the STEM microscopy
and the results are presented in Figure 9. The aggregates and rod-like nanocrystals are clearly observed
in Figures 9 (a) and (b). An individual nanocrystal is shown in Figures 9 (c) and (d), where structural
surface defects and large voids are clearly visible. In Figure 9 (d), the atomic columns can be observed;
however, In the HAADF-STEM images (Figure 9 (e)), the presence of Mg atoms could not be distin-
guished. Observed along the [001] zone axis (inset in Figure 9 (e)), the FFT pattern displayed the char-
acteristic 90° angle between the (200) and (020) planes of anatase (ICDD 00-021-1272). The presence
of defects in TiO, nanocrystals synthesized under microwave irradiation have been reported previously
[65], [98-99]. Microwave irradiation interacts with NPs, inducing surface defects and influencing their
crystallography and morphology through several interrelated mechanisms. First, rapid volumetric heat-
ing allows microwaves to heat the NPs and precursors directly and extremely quickly [100-101]. This
generates thermal gradients and localized lattice stresses, promoting the formation of oxygen vacancies
and other structural defects [102-103]. Additionally, the fast, non-equilibrium crystal growth character-
istic of microwave-assisted synthesis accelerates crystallization compared to conventional thermal
methods [100-101]. The rapid growth limits full lattice relaxation, causing atoms to occupy non-ideal
positions and generating both bulk and surface defects [100-103]. These structural modifications can
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enhance surface bioactivity, protein adsorption, and cell-material interactions, which are particularly
advantageous for TE applications [104].

Figure 10 shows the EDS maps of the 10 mol. % Mg-TiO, nanomaterial, and it is clear the
homogeneous distribution of Ti, O and Mg, without any impurity detected. Surface defects were also
observed in the nanocrystal investigated (Figure 10 (a)).

Table 3: Intrinsic TiO:z and 5, 7 and 10 mol. % Mg-TiO: average dimensions. Obtained with Image] (n=30).

Minimum Size = Maximum Size Average Size Size Variation: A
(nm) (nm) (nm) (nm)
Intrinsic TiO» 11.38 17.50 14.54£2.06 6.12
5 mol. % Mg-TiO, 9.52 15.85 12.09£1.38 6.33
7 mol. % Mg-TiO; 8.15 15.58 11.362.10 7.42
10 mol. % Mg-TiO; 8.06 14.55 10.60*£1.93 6.49

As expected, the obtained values for the average particle size (Table 3) are superior to the crys-
talline sizes (Table 2), since particles are agglomerates of grains, and the grains are composed of several
crystallites [73]. This behaviour is commonly reported in literature, where the crystalline size of TiO»
nanomaterials determined by XRD is smaller than the particle size measured by microscopic techniques
[73], [105]. Such differences come from the fact that TiO» tends to agglomerate a lot during its synthesis
due to their high surface energy, leading to a larger observed particle dimensions compared to the size
of individual crystallites [105-106].

5 mol. % Mg-Ti02 300 nm

Zmol. % Mg-TiO, ~ 300nm |10 mol. % Mg-TiO, u 300 nm

Figure 8: SEM morphological analysis of the TiO2 NPs. (a) the TiO2 NPs, (b) the 5 mol. % Mg-TiO2 NPs, (¢) the 7 mol. %
Mg-TiO2 NPs and (d) the 10 mol. % Mg-TiO2 NPs. Scale bars represent 300 nm.
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SE-STEM

SE-STEM

Figure 9: STEM analysis of the 10 mol. % Mg-TiO2 nanopowder. (a) and (b) SE-STEM images of the Mg-TiO2 aggregates and
their rod-like structured nanocrystals, (¢) SE-STEM and (d) HAADF-STEM images of an individual TiO2 nanocrystal with the
corresponding FFT image.
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Figure 10: EDS analysis of the 10 mol. % Mg-TiO: nanopowder. (a) SE-STEM image and EDS maps of (b) Ti, (¢) O and
(d) Mg obtained from a single Mg-TiO2 nanocrystal. The solid arrows point to surface structural defects.

Since a morphology change was observed only for the 10 mol. % Mg-TiO, sample, leading to the
formation of nanorods (Figure 8 (d)) with surface structural defects (Figure 9 (d)), which are expected
to provide a higher surface area, this composition was selected for further analysis and TE testing [107],
[108].

3.1.5 BET Analysis

BET analysis was conducted to determine the specific surface areas of intrinsic TiO2 and 10
mol. % Mg-TiO> NPs. Figure 11 shows the isotherm curve for intrinsic TiO, (Figure 11 (a)) and for
the 10 mol. % TiO,-Mg nanomaterials (Figure 11 (b)) as well as the corresponding Barrett-Joyner-
Halenda (BJH) pore size distribution (Figure 12 (a) and (b)) [109-110]. The hysteresis loops observed
for both TiO, nanopowders corresponded to a type IV isotherm, as classified by International Union of
Pure and Applied Chemistry (IUPAC), indicating the presence of a mesoporous TiO; (pore size ranging
from 2 to 50 nm [109]). The pore size distribution of both nanostructures observed reveal a peak at ~ 4
nm, indicating that the NPs possess predominantly small mesopores. Figure 12 further illustrates the
uniformity of the pore structure, as evidenced by the sharp and well-defined distribution [110].

The results revealed that Mg incorporation significantly increased the specific surface area (Ta-
ble 4) with values of 141.41 m?g! for intrinsic TiO, and 256.93 m?g’! for 10 mol. % Mg-TiO,. This
finding is consistent with the reduction in NPs size observed in Figure 8 (a) and (d), showing average
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sizes of 14.54 +2.06 nm and 10.60 + 1.93 nm (Table 3), respectively. The inverse relationship between
NPs average size and specific surface area is expected and has been widely reported in the literature
[111-112]. The extensive presence of surface defects and bulk defects appears to have played a major
role in this increase in the specific surface area.

The small pores combined with the increased specific surface area of the 10 mol. % Mg-TiO»
nanomaterial is anticipated to provide a wider contact surface for cell attachment, thereby enhancing
and accelerating the TE process in the periodontium [113-114].
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Figure 12: Pore size distribution curves obtained from the BJH analysis of the desorption branches. (a) Intrinsic TiO2
and (b) 10 mol. % Mg-TiOsx.

Table 4: Estimated BET specific surface area. Estimated value for the TiO2 NPs and 10 mol. % Mg-TiOx.

Specific Surface Area (m? g!)

141.41
256.93

Intrinsic TiO;
10 mol. % Mg-TiO»
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3.2 Alginate Scaffolds

3.2.1 Morphological Characterization

Morphological characterization was conducted to examine the microstructural features of the
composites. The SEM images (Figure 13) show surface rugosities in the scaffolds’ walls. In the case of
the coated scaffolds, the SEM images did not clearly reveal the rough surface structure (Figure 13 (e)
and (f)), as the surface was covered by a continuous layer formed during the coating process.

The pristine alginate scaffolds (Figure 13 (a) and (b)) presented defined irregular and non-
spherical superficial rugosities. Variations in surface roughness and pore structure are likely linked to
inter-batch variability, a common phenomenon to happen in natural polymers, including alginate [115].
The incorporation of NPs by blending (Figure 13 (d)) promoted the formation of more elongated and
spherical rugosities, likely due to their interaction with the polymer network and stabilization of pore
walls during scaffold formation [116-117]. It’s noticeable a partial collapse of the network, which led
to a denser and less interconnected structure. Even though the observations were restricted to the surface
of the scaffolds, this may reflect differences in internal pore morphology, potentially influencing pore
connectivity and spatial distribution [118]. In Figure 13 (c¢) is possible to observe pores in the scaffold
via blending which had values that ranged from ~ 158.45 um to =~ 284.14 um. It has been reported that
pores above 100 um are ideal to promote osteoblast integration [119]. For periodontal TE, values from
150 to 300 um for the pores’ dimensions have been reported [120]. It is important to note that the struc-
tures observed in Figure 13 result from compression of the scaffolds during sectioning, which was
performed prior to imaging to obtain a cross-section for analysis. This procedure may, however, com-
promise the original structural integrity of the scaffolds. Generally, for all the types of scaffolds the
rugosities were quite irregular and heterogeneous which reflected in the porous structure. This has al-
ready been reported in studies specially when alginate network forms upon crosslinking via external
gelation with Ca?* [121].

Moreover, EDS analysis of the pristine alginate scaffolds (Figure 14 (a), (b) and (c)), the algi-
nate scaffolds containing NPs incorporated via blending (Figure 14 (d), (e), (f), (g) and (h)) and via
coating (Figure 14 (i), j), (k), (I) and (m)) confirmed the successful integration of the NPs within the
scaffold matrix and on the surface, respectively. No additional impurities were detected. The presence
of other elements, as shown in Figure A1 (Appendices), corresponds to the intrinsic composition of the
alginate polymer [122].
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Coating

Figure 13: SEM morphological analysis of the scaffolds. (a) and (b) pristine alginate scaffold. (¢) and (d) alginate scaffold
with NPs incorporated via blending. (e) and (f) alginate scaffold with NPs incorporated via coating. Scale bares represent 20,

100, 300 and 400 pm as indicated.

|| Blending " Pristine

Coating

Figure 14: EDS analysis of the alginate scaffolds. (a), (b) and (c) are pristine alginate scaffolds. (d), (e), (f), (g) and (h) are
alginate scaffolds with NPs incorporated via blending. (i), (j), (k) and (I) and (m) are alginate scaffold with NPs incorporated
via coating. (b), (e) and (j) are maps of C. (c), (f) and (k) are maps of O. (g) and (I) are maps of Ti. (h) and (m) are maps of
Mg. Scale bares represent 20 um as indicated.
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3.2.1.1 Porosity of the scaffolds

Scaffold design is critical in TE, providing structural support for tissue formation that mimics
in vivo conditions [123]. Pore size and porosity are key parameters, as they define the microenvironment
and influence mechanical properties, with higher porosity typically reducing strength [124-125]. It’s
essential to have an interconnected porous network with optimal pore size to ensure effective transport
of nutrients, oxygen, and growth factors, while supporting cell attachment and proliferation [125]. To
evaluate scaffolds’ porosity, Equation 3 was applied (the dimensions for the calculations are in Appen-
dix A.1). As shown in Figure 15, the pristine scaffolds exhibited the highest porosity (89.55 + 0.99 %),
followed by the scaffolds prepared via blending (88.38 + 4.29 %), and then the ones via coating (78.82
+ 2.45 %). Regarding the periodontal tissues, studies mentioned 70 to 86% porosity for adequate bone
regeneration [126]. The incorporation via coating had a more pronounced alteration of the porosity com-
pared to the incorporation via blending, aligning closer with the values reported in literature. While
porosity is essential for bone tissue scaffolds, facilitating cell infiltration, nutrient transport, and vascu-
larization, excessively high porosity can be harmful to bone regeneration. Extremely porous scaffolds
have reduced mechanical strength, which may be insufficient to support physiological loads, leading to
structural collapse or deformation in vivo.
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Figure 15: Determination of porosity for the alginate pristine scaffolds and the scaffolds with NPs incorporation by
blending and by coating. One-Way ANOVA test, non-significant (ns), *p < 0.05, **p < 0.01. All data presented as plot

individual values, mean + SD (n=3).

3.2.2 Swelling Behaviour

Assessing the swelling capacity of scaffolds is essential, as it directly influences their ability to
absorb nutrients and metabolites within the body, which plays a critical role in supporting cell growth
and tissue development [127-128]. The water uptake was determined using Equation 4.
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Consistent with previous reports, the swelling behaviour of alginate scaffolds was strongly in-
fluenced by the incorporation of the NPs, as can be observed in Figure 16 [129-130]. After seven days,
the pristine scaffolds exhibited a water uptake of 1458.28 &+ 129.87 %, while with the NPs in blending
and in coating, 1109.36 + 182.15 % and 544.26 £ 50.73 %, respectively. Pristine scaffolds exhibited the
highest swelling ratio, consistent with the high free volume and chain mobility of the unmodified hy-
drogel matrix. When NPs were introduced by blending, the swelling ratio decreased. This reduction can
be attributed to their function as a filler that occupies free space in the polymeric network [128]. Similar
reductions in swelling were also reported by Zaragoza et al [131] and Wu et al [132] suggesting that
NPs have the capacity to act as pseudo crosslinkers and increasing the extent of crosslinking within the
alginate network, constraining the relaxation of the polymeric chains and the diffusion of PBS into the
scaffold [133]. Scaffolds coated with NPs showed the lowest swelling. In this case, the formation of a
surface layer (observable in Figure 13 (e) and (f)), likely resulted in a dense barrier that limited water
diffusion into the bulk material and restricted ionic exchange processes that normally promote alginate
expansion [134-135]. The combined effects of increased crosslinking, reduced porosity and surface dif-
fusion barriers explain the observed hierarchy in swelling behaviour [136].

The swelling rate for all types of scaffolds remained relatively constant over the seven-day period,
indicating a gradual and stable water uptake and suggesting that the polymeric network maintains its
structural integrity during prolonged hydration [136-137]. A consistent swelling rate ensures uniform
delivery of nutrients and metabolites to cells within the scaffold, preserving cellular viability and sup-
porting tissue development. Additionally, it maintains the structural integrity and porosity of the scaf-
fold, which is crucial for cell infiltration and diffusion of bioactive molecules [136-137].

Since excessive water uptake compromises the mechanical integrity of alginate scaffolds, in-
corporating NPs by blending or coating reinforces the potential of alginate scaffolds for load-bearing

applications, particularly relevant for AB regeneration in periodontal tissues [138-139].
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Figure 16: Water Uptake of the alginate scaffolds, pristine, by blending and by coating over a seven-day period. Two-
way ANOVA test, ****p <0.0001. All data presented as plot individual values, mean + SD (n=3).
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3.2.3 Mechanical Essay

The mechanical environment plays an important role in determining scaffold performance once
implanted into physiological systems. Scaffolds are continuously exposed to mechanical forces such as
compression, tension, shear, and fluid flow, all of which directly influence cellular behaviour [140].
Under cyclic loading, scaffolds inevitably experience fatigue, which can reduce their overall mechanical
resistance and long-term stability [141]. At the same time, cyclic mechanical stimuli can act as mecha-
nobiological cues, promoting cellular proliferation and differentiation [140-141].

As shown in Figure 17, the Young’s Modulus was calculated using Equation 5. The incorpo-
ration of NPs led to a slight increase in scaffold stiffness, with a Young’s Modulus of 0.52 + 0.34 kPa
for scaffolds prepared via blending, and a more pronounced increase to 0.83 + 0.34 kPa for scaffolds
prepared via coating. This trend aligns with the observations in Figure 15 and Figure 16, where coated
NPs scaffolds exhibited reduced porosity and lower water uptake, indicating a denser network structure.
However, despite the increase, the mechanical reinforcement provided by the NPs was insufficient to
reach the Young’s Modulus typically required for optimal scaffold performance, contradicting previous
reports showing that the incorporation of ceramic NPs into biomaterials generally enhances stiffness
that lacks in polymeric scaffolds [120], [142].

In the periodontium, for the AB, an Elastic Modulus of 6.17 x 10° kPa has been reported [143].
The incorporation of NPs improved the scaffold’s mechanical properties, bringing them closer to in vivo
conditions. However, the resulting Young’s Modulus remained significantly lower than the hard bone
tissues in the periodontium. Increasing the NPs content could potentially improve the Elastic Modulus,
enabling the scaffold to better approximate the mechanical characteristics of these biological structures.

Despite the limited increase in stiffness, all types of alginate scaffolds demonstrated significant
elastic recovery after the compression tests (up to 80% strain), returning almost completely to their
original shape once the load was removed, as shown in Figure A2 (Appendices), proving the shape-
memory property of alginate polymers [144-145]. In the periodontal TE context, scaffolds are exposed
to cyclic mechanical stresses from chewing and occlusal forces, so this ability ensures that the pore
architecture for cell infiltration and nutrient transport is preserved [144].
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Figure 17: Mechanical characterisation of the alginate pristine scaffolds, by blending and by coating. Determination of
the Young’s Modulus values for all scaffold types within the initial linear region (20%). One-Way ANOVA test, non-signifi-
cant (ns). Data presented as plot individual values, mean = SD (n=3).

3.2.4 Cell Viability (Live/dead Essay)

Cell viability is a widely used and important parameter in TE and culture studies to evaluate the
effect of environmental conditions on cell behaviour. Several methods to determinate cell viability on
scaffolds have been already studied [146-147]. The live/dead essay using Calcein-AM and PI provides
a reliable qualitative and quantitative assessment of cellular responses to different scaffolds composi-
tions [148]. This dual staining technique enables the clear identification of live and dead cells, offering
valuable insight into how the scaffolds’ composition and surface properties influence cell survival and
attachment [148]. Cell viability was determined by Equation 6.

The results in Figure 18 clearly show that the incorporation of the NPs in the scaffold’s compo-
sition, either by blending or by coating, didn’t compromise the cytotoxicity of the alginate scaffolds and
showed no significant statistical variation. According to ISO 10993-5, a biomaterial is considered to
have cytotoxic potential when cell viability is below 70% [ 149]. Based on the results presented in Figure
18, none of the scaffolds developed in this study exhibited cytotoxic behaviour, even after the incorpo-
ration of 10 mol. % Mg-TiO, NPs. The pristine scaffolds showed a cell viability of 90.89 + 1.52 %,
while the scaffolds containing NPs incorporated by blending and coating displayed values of 80.64 +
8.67 % and 71.22 £ 12.15 %, respectively. All remaining above the cytotoxicity threshold. These find-
ings confirm the overall biocompatibility of the scaffolds and are consistent with the literature, as algi-
nate is widely recognized as a non-toxic, biocompatible polymer [23]. TiO, NPs have also been exten-
sively reported to exhibit minimal cytotoxicity and good compatibility, supporting their safe integration
[43], [59].

These results further corroborated by Figure 19 clearly demonstrate that the number of viable
cells (Figure 19 (b), (e) and (f)) was markedly higher than that of non-viable cells (Figure 19 (c), (f)
and (i)) across all scaffold types. This indicates that the materials were highly cytocompatible and did
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not induce significant cytotoxic effects on Saos-2 cells. The presence of an extensive cyan fluorescence
signal and the limited occurrence of magenta spots confirm that most cells maintained membrane integ-
rity and metabolic activity after incubation. These findings support the conclusion that NPs incorpora-
tion, either by blending or by coating, did not compromise biocompatibility.

After the live/dead assay it was observed that even though cells remained mainly alive, the incor-
poration of 10 mol. % Mg-TiO, didn’t affect the Saos-2-cells adhesion to the scaffolds, which was
unexpected. Alginate scaffolds are biologically inert and lack molecular cues for cell recognition and
attachment, which contributes to poor cell adhesion [150]. However, numerous studies have shown that
incorporating TiO, can enhance adhesion by increasing surface roughness and surface energy [151].
The 10 mol. % Mg-TiO, NPs exhibited several structural surface defects and a high specific surface
area, providing potential anchoring sites for cell attachment [152]. This suggests that the amount of NPs
incorporated into the scaffolds may have been insufficient to significantly modify the overall surface
topography or chemistry [153]. This is further supported by the observation that the incorporation of
NPs did not noticeably improve the mechanical performance of the scaffolds, with stiffness remaining
low (Figure 17). Although a higher Young’s Modulus is typically associated with enhanced cell adhe-
sion, the presence of surface defects and the increased surface area of the 10 mol. % Mg-TiO, NPs may
have compensated partially for the low stiffness by promoting local interactions between the material
and cells [154-155]. These defects can act as active sites for protein adsorption and focal adhesion for-
mation, facilitating cell aggregation and proliferation on the scaffold surface despite the limited me-

chanical reinforcement [152].
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Figure 18: Cell viability of the alginate pristine scaffolds, by blending and by coating. One-Way ANOVA test, non-
significant (ns). Data presented as plot individual values, mean + SD (n=3).
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Figure 19: Cell viability imaging. (a), (d) and (g) are the mixed viable and non-viable cells for the pristine, blending and
coating, respectively. (b), (e) and (h), are the viable cells for the pristine, blending and coating respectively. (c), (f) and (i) are
the non-viable cells for the pristine, blending and coating respectively.

The results obtained in this study demonstrate that the incorporation of Mg-TiO, nanorods into
alginate scaffolds maintained good cytocompatibility, showing cell viability above the cytotoxicity
threshold defined by ISO 10993-5 [149]. Although the incorporation of NPs did not lead to a significant
enhancement in the mechanical performance or in the adhesion of Saos-2 cells, the structural character-
istics of the nanorods, namely their elongated morphology, the presence of surface defects, and the
increased specific surface area, suggest a potential to promote local interactions between the material
and cells. It is likely that the concentration of Mg-TiO, NPs used was insufficient to produce marked
changes in the alginate scaffolds. Nevertheless, these nanoscale features may have partially compen-
sated for the low stiffness of the composite by facilitating local protein adsorption and initial attachment
events. The overall cell mortality remained within acceptable levels, confirming the cytocompatibility
of the developed systems. These findings highlight that while the current NPs amount did not signifi-
cantly improve cell adhesion, the structural and surface characteristics of Mg-TiO; nanorods hold prom-

ise for further optimization in future TE applications, particularly for periodontal regeneration.
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CONCLUSION AND FUTURE WORK

The aim of this study was to develop a nanomaterial composed of NPs capable of promoting
periodontal tissue regeneration and enhancing the osteoinductive properties of scaffolds. Additionally,
a key objective was to achieve this through a sustainable green synthesis approach, minimizing envi-
ronmental impact while maintaining high material performance.

The Mg-TiO» NPs were successfully synthesized using a microwave-assisted hydrothermal ap-
proach. A fast, two-step, low-temperature (210 °C) process was employed without any additional heat
treatments. Different Mg concentrations (5, 7, and 10 mol. %) were introduced during TiO; NPs syn-
thesis. All samples exhibited the anatase crystalline phase, as confirmed by XRD and Raman spectros-
copy, with no evidence of rutile, brookite, or Mg-O secondary phases.

UV-Vis analysis was conducted to estimate the Eg of the NPs. The obtained Eg value was ap-
proximately 3.10 eV, slightly lower than the typical value reported in the literature for anatase TiO».
This reduction can be associated with structural defects or oxygen vacancies within the material, con-
firming the presence of defects in the material.

STEM morphological analysis revealed that increasing Mg content led to a reduction in particle
size, from 14.54 £ 2.06 nm for intrinsic TiO; to 10.60 £ 1.93 nm for 10 mol. % Mg-TiO,. The 10 mol.
% Mg-TiO, sample also exhibited elongated, nanorod-like morphologies. Additionally, 10 mol. % Mg-
TiO; displayed surface defects and large voids. EDS analysis confirmed the absence of impurities and
demonstrated a homogeneous distribution of Ti, O, and Mg elements within the NPs.

BET analysis further emphasized the influence of Mg incorporation, with an increase in specific
surface area from 141.41 m?g’! for intrinsic TiO, to 256.93 m?g™! for 10 mol. % Mg-TiO,. This finding
aligns with the observed reduction in NPs size and the presence of structural defects.

Overall, these results demonstrated that Mg incorporation effectively modified the morphology
and surface characteristics of TiO, NPs, promoting smaller, defect rich structures with increased surface
area.

The 10 mol. % Mg-TiO, NPs were incorporated into alginate scaffolds using two distinct ap-
proaches: blending and coating. This incorporation via blending noticeably affected the scaffold mor-
phology, resulting in surface rugosities that were less interconnected and defined, with rounder corners.
A slight decrease in overall porosity was observed, particularly in the coated samples, which exhibited
values more consistent with those reported in the literature (78.82 & 2.45 %). The addition of NPs also
significantly influenced the swelling behaviour, leading to a reduction in water uptake (1109.36 £ 182.15
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% for the scaffolds with NPs incorporated via blending and 544.26 + 50.73 % via coating). Compression
assays revealed that scaffolds incorporating NPs via the coating method exhibited the highest Young’s
modulus (0.83 + 0.34 kPa), correlating with their reduced porosity and lower water uptake. However,
the mechanical differences among all scaffold types were not statistically significant.

The live/dead assay demonstrated that the incorporation of Mg-TiO, NPs into the scaffold com-
position did not significantly affect cytotoxicity, as the differences observed were not statistically sig-
nificant. The pristine scaffolds showed a cell viability of 90.89 + 1.52 %, while the scaffolds prepared
by blending and coating exhibited 80.64 + 8.67 % and 71.22 + 12.15 %, respectively. All values re-
mained well above the cytotoxicity threshold (70 %), confirming the non-toxic nature of the Mg-TiO»
NPs and their suitability for biomedical applications.

This work demonstrated that a green and sustainable synthesis route can be effectively used to
produce Mg-TiO, NPs in the anatase phase, taking advantage of the natural abundance and low envi-
ronmental impact of the constituent elements. When incorporated into alginate scaffolds, these NPs
didn’t induce cytotoxicity and preserved essential physical characteristics such as porosity and swelling
within the ideal ranges described in the literature. Although the current system shows promising biolog-
ical compatibility, further optimization of the synthesis parameters and scaffold composition may lead
to enhanced mechanical properties and improved overall performance for peridontal TE.

4.1 Future work

Despite the lack of literature on Mg-TiO;, NPs for TE applications, especially in the periodon-
tium, this study proved the potential of this nanomaterial. Although the potential of Mg-TiO, NPs for
TE applications was shown, several aspects could be further explored to enhance scaffold performance
and deepen understanding of the system.

Firstly, further optimization of the green synthesis process should be carried out by exploring a
wider range of Mg incorporation levels and refining synthesis parameters such as reaction time, temper-
ature, and microwave power. This would allow a better understanding of how these factors influence
NPs size, crystallinity, surface defects, and, ultimately, their biological and mechanical performance.

The optimization of the NPs incorporation within the alginate matrix is essential for enhancing
the mechanical properties of the scaffold, particularly its mechanical strength, while maintaining suita-
ble porosity and biocompatibility. Future studies could explore intermediate strategies between blending
and coating techniques to improve interfacial bonding and achieve a more uniform NPs distribution
throughout the polymer network. Additionally, modifying the crosslinking density of alginate or intro-
ducing hybrid reinforcements, such as hydroxyapatite or collagen, may further increase scaffold stiff-
ness and structural stability. It is also important to note that in the present study, the amount of NPs
incorporated was relatively low, which may have limited significant changes in the physicochemical
composition and mechanical performance of the scaffold. Therefore, higher NPs concentrations or al-
ternative incorporation approaches may be required to observe more pronounced effects.

The extension of the biological evaluation is much needed, including proliferation assays and
long-term cytocompatibility under dynamic culture conditions, as well as studies on cell differentiation
to further assess the material’s potential for TE applications.
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Further studies should consider a larger sample size (n) to ensure statistical reliability and repro-
ducibility of the results.

In conclusion, this study highlights the promising potential of Mg-TiO, NPs for TE, while also
revealing clear opportunities for optimization in synthesis, scaffold design, and biological evaluation.
Addressing these aspects could further enhance scaffold performance and reproducibility, paving the
way towards more effective and osteoinductive biomaterials.
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A

APPENDICES

A.1 Scaffolds Measurements

Measurements of the mass and dimensions of the scaffolds were performed using a balance and a

digital micrometer to determine their densities (p), which were required for calculating the porosity of

the structures (Figure 15). The experimental results obtained from 3 replicates (n=3) of each scaffold

type are presented below in Tables A1, A2 and A3.

Table A1l: Pristine scaffolds’ mass and dimensions for porosity calculations (n=3).

n=1 n=2 n=3
w(g) 0.0076 0.0071 0.0068
Height (mm) 1.7570 1.1810 1.7490
Diameter (mm) 2.9040 3.0100 3.1430
Volume (mm?) 11.6400 8.3800 13.5600
p (g/mm?) 0.0007 0.0008 0.0005

Table A2: Blending incorporation scaffolds’ mass and dimensions for porosity calculations (n=3).

n=1 n=2 n=3
w(g) 0.0093 0.0089 0.0083
Height (mm) 1.6270 1.6055 1.5260
Diameter (mm) 2.7490 2.6805 2.4650
Volume (mm?) 9.6400 9.0700 7.2600
p (g/mm’) 0.0010 0.0010 0.0011

Table A3: Coating incorporation scaffolds’ mass and dimensions for porosity calculations (n=3).

n=1 n=2 n=3
w(g) 0.0133 0.0144 0.0159
Height (mm) 1.1910 1.0015 1.8565
Diameter (mm) 2.1700 2.2520 1.8565
Volume (mm?) 4.4000 3.9900 5.0200
p (g/mm’) 0.0030 0.0036 0.0032




A.2 EDS mapping of the scaffolds

Blending

Coating

Figure A1: EDS analysis of all types of scaffolds. (a) and (F) are the mix EDS maps, (b) and (g) are the maps for calcium,
(c) and (h) are the maps for chlorine, (d) and (i) are the maps for sodium and (e) and (j) are the maps for sulfur.

EDS analyses for the scaffolds incorporated with NPs via blending and via coating are repre-
sented in Figure A1, with color mapping of the elements present in the samples. All elements detected
in the structures correspond to those originating from the reagents and materials used during scaffold

fabrication, with no evidence of impurities or foreign elements in any sample.



A.3 Compression Essay

Pristine Blending Coating

Before

After

Figure A2: Images of the compression essay. No deformation of the scaffolds observed, proving their shape-memory prop-

erty.

After the compression test, all scaffold samples: pristine, blending, and coating, fully recovered
their original shape, as shown in Figure A2. This behaviour confirms the presence of shape-memory
properties in the alginate-based scaffolds, allowing them to regain their initial dimensions after the ap-
plied compressive load was released. The reversible deformation demonstrates the material’s structural
integrity and resilience, which are advantageous features for handling and implantation in TE applica-
tions, especially in periodontal TE, where scaffolds are subjected to continuous cyclic mechanical forces
generated during mastication for example, requiring materials capable of maintaining their structural

integrity and functionality overtime.



A.4 All types of scaffolds

Figure A3: A, B and C show the scaffolds with NPs incorporated by blending. D and E show the scaffolds incorporated by
coating. F show the pristine scaffolds.
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