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Resumo

As doencas periodontais constituem um desafio significativo para a saude, caracterizadas por
inflamag&o cronica e deterioragdo progressiva do periodonto. Embora os tratamentos atuais
se concentrem na remocao da placa bacteriana e na administra¢éo convencional de farmacos,
persistem limitag6es, como danos a células saudaveis. A cirurgia periodontal € uma alternativa
em casos graves, contudo, as membranas existentes ndo atendem adequadamente as
necessidades clinicas. Com isto, surge a motivagdo para apresentar uma solucao inovadora
gue emprega a tecnologia de impressdo 3D para a criacdo de membranas gelatinosas

personalizadas, incorporando propriedades especificas benéficas.

O objetivo fundamental deste estudo consistiu em formular um hidrogel multifuncional,
integrando nanoparticulas de Hidroxiapatite e Oxido de Grafeno, visando o tratamento de
doencas periodontais. Este hidrogel foi utilizado na técnica de impresséo 3D com o intuito de
desenvolver uma membrana personalizada a base de gelatina, dotada de propriedades

antimicrobianas, anti-inflamatérias e osteoindutoras.

Os hidrogéis multifuncionais desenvolvidos demonstraram uma reologia adequada para
impresséo 3D com 7,5% de GO e 2% de HAp na sua constituicdo. A estabilidade do hidrogel
ndo foi afetada pela adicdo de componentes. A confirmagédo de HAp-NPs na superficie do
hidrogel foi obtida e os testes de hidratacdo da membrana revelaram que as capacidades de
absorcdo de &gua eram dependentes da temperatura, onde os hidrogéis com GO
demonstraram um desempenho superior atribuido as suas interacdes especificas com as
moléculas de agua. Além disso, os resultados dos testes de tracdo revelaram que a
incorporacdo do GO proporcionou melhores propriedades mecénicas. O processo de
impressao 3D foi bem sucedido, com medi¢Bes de porosidade que provam a possibilidade de

produzir estruturas porosas com tamanhos de poros controlados.

Estes resultados conduziram ao desenvolvimento bem-sucedido de hidrogéis multimateriais
a base de gelatina. Estes hidrogéis exibiram propriedades reoldgicas favoraveis, estabilidade
estrutural, resisténcia mecanica e excelente capacidade para ser impresso recorrendo a
tecnologia de impresséo 3D, assegurando resultados confiaveis e reprodutiveis. Essa eficacia
sugere que esses hidrogéis podem ser aplicados no contexto do tratamento de doencas

periodontais.

Palavras-Chave: Doencas periodontais; Impressdo 3D; Membrana personalizada;

Nanoparticulas de Hidroxiapatite; Oxido de Grafeno



Abstract

Periodontal disease poses a significant health challenge, leading to chronic inflammation and
progressive deterioration of the periodontium. Current treatments focus on plague removal and
conventional drug delivery methods, but limitations exist, such as damage to healthy cells.
Periodontal surgery is an option in severe cases, but available membranes do not meet clinical
needs. This motivates the proposal of an innovative solution using 3D printing technology to

create personalized gelled membranes with specific beneficial properties.

The work aims to produce a multifunctional gelled hydrogel incorporating Hydroxyapatite
nanoparticles and Graphene Oxide for treatment of periodontal disease. This hydrogel will be
applied in 3D printing technology to create a personalized gelled membrane with antimicrobial,
anti-inflammatory, and osteoinductive effects.

The multifunctional hydrogels demonstrated optimized rheology for 3D printing with 7.5% of
GO and 2% of HAp. The hydrogel's stability remained unaffected by the addition of
components. Confirmation of HAp-NPs on the hydrogel surface was achieved and water
stability tests revealed that water absorption capacities were temperature-dependent, with GO-
containing hydrogels demonstrating superior performance attributed to their specific
interactions with water molecules. Furthermore, the results of the tensile tests reveal that the
incorporation of GO has led to improved mechanical properties. The 3D printing process was
successful, with porosity measurements that demonstrate the possibility of producing porous

structures with controlled pore sizes.

These results proved the successful development of gelatin-based multimaterial hydrogels.
These hydrogels demonstrated favorable rheological properties, structural stability,
mechanical strength, and excellent 3D printing capabilities, guaranteeing reliable and
reproducible results, suggesting that they can be applied in the treatment of periodontal

diseases.

Keywords: Periodontal disease; 3D printing; Personalized membrane; Hydroxyapatite

nanoparticles; Graphene Oxide
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Chapter 1 - Introduction

1.1. Motivation

This dissertation is motivated by the need to improve the efficacy and individualization of
periodontal disease treatment using 3D printing technology. The personalized aspect of 3D
printing technology allows the production of patient-specific gelled membranes that are
customized to an individual's unique anatomical and pathological features. The study aims to
utilize state-of-the-art biocompatible materials and precise 3D printing techniques to enhance
the regenerative capacity of the membranes. The treatment approach prioritizes patient
outcomes, compliance, and aligns with current healthcare practices. The dissertation seeks to
address gaps in current periodontal treatment options through the exploration of innovative
solutions that integrate regenerative medicine and 3D printing technologies. Ultimately, this
research aims to advance biomedical applications with a focus on personalized and

regenerative approaches to managing periodontal disease.

1.2. ldentification of the problem

Periodontitis is a chronic inflammatory disease of the periodontium, a structure composed of
the tissues that surround and protect the teeth. This disease, in an advanced form, is
characterized by the loss of the periodontal ligament and the destruction of the surrounding
alveolar bone. Periodontal disease is the leading cause of tooth loss and is the most common
oral condition in humans. Problems identified in the current treatment of periodontal disease
are the lack of personalization, inadequate regenerative potential, inefficient conventional
manufacturing processes, limited integration of technological advances, insufficient
interdisciplinary collaboration, and cost-related barriers to advanced treatment. These
challenges emphasize the necessity for innovative solutions, specifically in utilizing 3D printing
technology for creating individualized and regenerative membranes. The dissertation seeks to
resolve these challenges by proposing a novel strategy that combines advanced materials and
precise 3D printing techniques to improve treatment outcomes and accessibility, while

promoting interdisciplinary collaboration in healthcare [1].

1.3. Aims

The aim of this dissertation was to use 3D printing technology to create personalized and

multimaterial gelled membranes with specific properties such as antimicrobial, anti-
1



inflammatory, and osteoinductive effects that has the potential to revolutionize the field of
regenerative medicine, focusing on morphology of the lesion and clinical stage of the

periodontal disease.

1.4. Organization of the Dissertation

The work is divided into 5 chapters and their respective subtitles to make reading easier and
more straightforward.

This initial chapter will present the principles, aims and organization of this dissertation.
Chapter 1 is fundamental for the understanding of the main elements of this work. Chapter 2
provides a comprehensive review of the literature, beginning with an exploration of periodontal
disease and the anatomy of the periodontium. It then reviews the current treatment modalities
for periodontal disease, leading to an examination of 3D printing technology for regenerative
applications in this context. The roles and contributions of various compounds incorporated
into the 3D gelatin-based hydrogel membrane are described in detail. The chapter concludes

with an analysis of prior research on periodontal regeneration utilizing 3D printed membranes.

The following chapter presents the materials and methodology utilized in this study. Chapter 3
is organized into multiple sections. The materials used in the work are listed comprehensively,
followed by a detailed description of the preparation and production processes for key
components, such as gelatin-based hydrogels and hydroxyapatite hanopatrticles. Furthermore,
the chapter outlines the characterization techniques used. The section on 3D printing includes

specific tests and parameters implemented during the printing process.

The Results and Discussion section is presented in Chapter 4. This chapter outlines the crucial
findings of the dissertation. The analysis for hydroxyapatite nanopatrticles, ink formulations,
and gelatin-based hydrogels is detailed, with each aspect of the results discussed in depth,
and the implications of the findings for the development of personalized membranes for
periodontal regeneration are considered. The chapter concludes with insights into the 3D

printing process and its implications for the overall research objectives.

The final chapter is Conclusion and Future work, offering a concise summary of the key
findings, drawing conclusions based on the results and discussions presented in Chapter 4. It
also explores future outlooks and potential directions for further research, providing a forward-
looking view of the application of 3D printing technology in the treatment of periodontal
disease. This final chapter serves as a comprehensive conclusion to the dissertation,

summarizing the contributions to the field and suggesting directions for future research.



Chapter 2 - Literature Review

This chapter will overview the research conducted to support all theory and practical work
undertaken in this dissertation. The literature review provides further insight into what already

exists and what viable directions to pursue.

2.1. Periodontal Disease — Anatomy of the periodontium

Periodontal disease is characterized by chronic inflammation and progressive deterioration of
the soft and hard tissues of the periodontium [2] - a term used to describe the supportive
apparatus surrounding the tooth - leading to receding gums and loss of the bone supporting
the teeth. Periodontal disease is described in two stages: gingivitis and periodontitis. Gingivitis
represents the initial stage of periodontal disease, characterized by inflammation that is
localized to the gingival tissues due to bacteria in dental plaque and is transient, non-
progressive and typically reversible with appropriate intervention such as dental prophylaxis
and consistent home care. However, it can progress to periodontitis. Periodontitis is the
inflammation of the entire periodontium which extends to the jawbone and is irreversible [3]. It
is the later stage of the disease process and is defined as the inflammation of the deeper

supporting structures of the tooth caused by microorganisms [4].

The histopathology of periodontal diseases can be characterized in four distinct stages of
disease progression and each stage considers both clinical and histopathological appearances

of tissues: initial, early, established, and advanced lesions, as demonstrated in Figure 1.

The initial lesion is marked by a plague that results in the increased amounts of gingival
crevicular fluid (GCF) due to intercellular gap formation and vascular changes in response to
the initial trauma, attracting polymorphonuclear neutrophils (PMN) to the site of the lesion and
T lymphocytes are responsible to alter specifically the fibroblasts of the affected area.
Clinically, this stage of the lesion is benign. In the second stage, known as the early lesion, the
initial injury is characterized by redness. During this phase, PMNs facilitate the resolution of
the lesion by clearing the fibroblasts that are undergoing apoptosis [4] and simultaneously
disintegrate the collagen fibers. Consequently, this process generates a widening of the pre-
existing space, thus facilitating the infiltration of immune cell constituents. The next stage, the
established lesion, is dominated by leukocyte aggregation and B cells, either plasma cells or
lymphocytes [4]. This process will lead to the transformation of the side of the lesion, changing

the junctional and sulcular epithelium to an extremely vulnerable epithelium called the pocket

3



epithelium and commonly visible through bleeding after light gingival manipulation. Finally, the
last stage is advanced lesion that is a transition to periodontitis. The advanced lesion is created
by the migration of biofilm to the pocket, which gives an ideal niche for anaerobic bacteria to
proliferate. This stage is characterized by the loss of gingival fibers and alveolar bone [3]. This
disease is often the result of incorrect treatment of gingivitis, which is defined as inflammation

of the gums resulting from the accumulation of bacteria between the gums and the tooth.

Acute exudative vasculitis in
gingival tissue (acute injury)

Dense infiltrate of T lymphocytes
Pathological alteration of the
fibroblasts

Initial lesion Early lesion

Advanced
B cells are predominate lesion
Disruption of the gingival tissue
architecture

Predominance of B cells and
accompanied by further loss
of the marginal gingival
connective tissue matrix

Figure 1 - Periodontal histopathology [5].

Periodontal diseases can manifest in several ways. Most early stages of periodontal diseases
go unnoticed because they are asymptomatic inflammatory responses in the oral cavity. The
first reported symptom of periodontal diseases is often bleeding while brushing or flossing.
Another symptom that patients may notice is halitosis. Periodontitis acts silently, showing few
symptoms, but can gradually develop over the years, including sensitive, red, and swollen
gums; plague on the teeth; pain when chewing; sensitive and/or wobbly teeth; new gaps
between the teeth; receding gums; changes in bite and, most seriously, tooth loss [6]. Over
time, and if left untreated, periodontitis can cause inflammation and damage to the gums and

bones, leading to tooth loss while compromising mastication and affecting the quality of life [7].

This condition is common and can range in severity from mild gum inflammation to severe
damage to the supporting structures of the teeth. In its severe form, periodontitis is the sixth

most prevalent condition in the world, afflicting about 10% of the adult population.

Periodontal diseases involve periodontium, a dynamic structure made up of connective tissue
that supports the teeth, enables occlusal relationships, and protects the teeth against oral

microflora. Periodontium is made up of the gingiva, the mucosa and alveolar bone, cementum,
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and the periodontal ligament (PDL). An illustration of the healthy tooth and periodontitis with

periodontal ligament anatomy is shown in Figure 2.
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Figure 2 - Tooth section showing periodontal ligament anatomy with typical distribution of PDL fibers in
both physiological and pathological conditions [8].

These components serve to support the teeth in their alveolar bone. The tissues typically seen
on clinical inspection are only those of the oral mucosa. The oral mucosa can be divided into

three types: the masticatory, lining, and specialized mucosa.

The gingiva is firmly bound to the underlying alveolar bone [9] and is continuous with the
alveolar mucosa that is situated apically and is unbound [10]. It consists of two main parts: a
free gingival margin and the attached gingival margin. The free gingiva surrounds the tooth
above the gum line and is not directly attached to the tooth surface and the attached gingiva

is firmly attached to the underlying bone and tooth surfaces.

The alveolar bone is the largest structural element supporting the teeth and is covered by soft
connective tissues such as the attached gingiva and the alveolar mucosa [11]. Cementum is
a mineralized tissue that protects the surface of tooth roots, promoting dental and periodontal
attachment and is known to be the site of PDL attachment. This tissue is formed continuously
throughout life because there is a continuous formation of new layers of cementum that are

deposited to keep the attachment intact as the surface layer ages [12].

The PDL is responsible for providing support and anchorage to the tooth, allowing it a slight
degree of movement within the alveolus, which is essential for distributing occlusal forces
during mastication and avoiding excessive stress on the tooth and surrounding structures [8].
It is also part of its function to respond to inflammation and infection through immune
responses to fight pathogens and restore tissue health, however, in chronic cases,

inflammation can lead to tissue damage and progress to periodontal disease. On the other
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hand, periodontium is capable of repairing and regenerating tissues by using regenerative
therapies to promote the regeneration of tissues damaged by disease, injury, or surgical
procedures. Finally, saliva plays a key role in maintaining oral health, offering lubrication to
oral tissues, providing enzymes for digestion, and contributing to the remineralization of teeth.
Proper oral hygiene practices are essential for preventing the build-up of dental plaque and
maintaining periodontal health. Proper oral hygiene practices are essential to prevent dental

plaque build-up and maintain periodontal health [13].

2.2. Current treatment modalities for periodontal disease

Periodontal diseases are treated according to their severity and, consequently, the solutions
can be surgical or nonsurgical options. Currently, most of the available treatments focus on
removing the bacterial plaque and tartar from the gums and teeth so that the affected tissues
can heal. The nonsurgical treatments are applied when the disease is not advanced, involving
less invasive procedures, including scaling, where the tartar and bacteria from the tooth and
below gumline are removed; root planning; the root surfaces are smoothed, preventing further
buildup of tartar and bacteria and the re-attachment of the teeth to the gums and antibiotics,
topical and oral antibiotics can help control bacterial infection [1]. In more severe cases,
periodontal surgery is performed to clean deep pockets between the teeth and gums,

repositioning the gum tissue around the teeth [14].

Some surgical procedures are performed to provide a more in-depth treatment. Flap surgery
exposes the tooth roots for more effective scaling, root planning and, due to periodontitis often
causing bone loss, the underlying bone may be reshaped before the gum tissue is stitched
back in place. Other options include soft tissue grafts, by removing a small amount of tissue
from the roof of the mouth or using tissue from another donor source and attaching it to the
affected site, this is usually done because this disease causes loss of gum tissue and the
gumline gets lower, exposing some of tooth roots. Bone grafting is an option when periodontitis
destroys the bone around the tooth root, the graft may be made from small bits of the patients
own bone or artificial material or donated. This technique helps prevent tooth loss by holding
the tooth in place and serves as a platform for regrowth of natural bone. To stimulate the
regrowth of the bone, guided tissue regeneration and tissue-stimulating proteins are
performed. The guided tissue regeneration by placing a special type of fabric between existing
bone and tooth, preventing the unwanted tissue from growing into the healing era. Tissue-

stimulating proteins involves the application of a gel containing the same proteins found in



developing tooth enamel to a disease tooth root and stimulates the growth of healthy bone and
tissue [13, 15].

The conventional solutions that already exist have several challenges because it results in
poor biodistribution, poor selectivity and release of the therapeutic effect, and damage to
healthy cells [16]. Since the membranes marketed do not fit the real clinical needs, this work
proposes the development of a 3D gelled membrane personalized with antimicrobial, anti-
inflammatory and osteoinductive effect, through 3D printing, adjusted to the morphology of the
lesion and clinical stage of the disease. Regardless of all the challenges they face,
nanotechnology has made many advances in the field of biomimicry and has shown great
potential in the regeneration of hard and soft dental tissues. To enhance the effectiveness of
scaffold therapy, regenerative biomaterials in the form of nanosized materials have been
recently used. These biomaterials exhibit nanostructured surfaces, which increase the surface
area to achieve high roughness and wettability [17]. With the addition of numerous
nanomaterials, many clinical benefits have been produced in dental medicine using tissue
engineering properties, such as advanced treatments for caries and periodontal disease, bone
regeneration, viable biological repair of teeth after caries and, in the near future, perhaps

achieving the complete regeneration of lost teeth [18].

2.3. 3D printing technology for periodontal regenerative applications

Currently, treatment options for replacing damaged organs and tissues depend on obtaining
tissue from the patient themselves or through transplants, making them limited treatments,
both due to the scarcity of donors and the lack of more effective substitutes. 3D printing has
emerged with the need to break this barrier and create tissue and organ alternatives for
artificial transplants. This type of printing allows producing desired sizes and shapes, as well
as various types of scaffolds with greater precision [18]. Recently, with the need to progress,
3D printing technology converged with biological and material sciences, creating a new tissue
engineering technique called 3D bioprinting. This technology has been extensively studied with
the aim of increasing the functionality of tissue engineering constructs through the
development of implants seeded with cells that support native tissues in terms of anatomical
geometry, cell placement and their microenvironment. With these artificial structures, it will be
possible to promote the necessary mechanical support, sufficient transport of nutrients suitable
for integration into the systemic circulation and the incorporation of multiple cell types for tissue
regeneration [19]. Since this method of printing employs live cellular material, it requires a
controlled environment, biological expertise, and specific sterilization conditions, which is why

3D printing is more reproducible and can more easily print different types of materials.



3D printing is an additive manufacturing process that deposits biomaterials, cells, and other
bioactive molecules, layer by layer, to fabricate complex structures with micrometric precision
similar to 3D tissue. This type of printing makes it possible to customize multi-material implants
to patient-specific geometries for medical prostheses. The biggest challenge facing 3D printing
is the selection of the formulation materials for this application, i.e. the ink [19]. For this process
to occur, the deposited materials are printed through inks - a solution of one biomaterial or a
mixture of several biomaterials in hydrogel form - that play the role of printing substrate and as
a scaffold. These biological constructs aim to reproduce the architectural, physiological, and
mechanical properties of native tissue. Furthermore, when compared to other methods of
structure preparation, such as thermally induced phase separation (TIPS) and electrospinning,
the use of 3D printing allows for a more flexible, customized, and repeatable structure. Due to

the excellent properties of hydrogel, such as high biocompatibility and processability [20].

In the last years, the development and applications of this method have increased considerably
due to its advantages: control and precision; and a wide variety of materials to produce
personalized membranes. In addition, this printing can be used to control the porosity of
scaffolds and introduce interconnected channels [21]. During the printing process, inks can be
cross-linked or stabilized during or immediately after printing to give their final desired shape
and structure. Inks can be produced using natural or synthetic biomaterials individually, or a
combination of both as hybrid materials and, to be considered as ideal as possible, must have
adequate mechanical, rheological, and biological properties for the target tissues, which are

essential to ensure the correct functionality of the printed tissues and organs [22].

The three main printing techniques are: inkjet, laser-assisted, and extrusion printing (Table 1).
Inkjet printing was the first technology created and is very similar to conventional 2D inkjet
printing, in which the ink is stored at an ink cartridge connected to a printhead and, during the
process, acts as the source of ink, controlled electronically. Laser-assisted printing originated
from direct laser engraving and laser-induced transfer technologies, this works with a donor
layer - a "ribbon" structure with an energy-absorbing layer at the top and an ink solution layer
at the bottom - that responds to laser stimulation. During printing, a focused laser pulse is
applied to stimulate a small area of the absorbing layer. This laser pulse vaporizes a portion
of the donor layer, giving rise to a high-pressure bubble at the interface of the bottom layer,
propelling the suspended ink. After the impulse, the droplet of solution is stored on the
receiving substrate and consequently cross-linked. Finally, the extrusion printing technique is
a modification of inkjet printing, with the particularity that it can print viscous materials and uses

an air force pump or a mechanical screw plunger to dispense inks. In this work, the 3D printing



technique used was extrusion, due to it being the most efficient when applied to a hydrogel
[23].

Table 1 - Advantages and disadvantages of basic 3D printing techniques. Adapted from [24]-[27].

3D Printing Techniques Advantages Disadvantages
Wide range of materials Viscosity and temperature of materials
Extrusion-based
Good mechanical properties Low printing speed

Wide range of materials Heat effects
Laser-based

Accurate and fast printing Long fabrication time

High gelation speed Low mechanical and structural integrity
Inkjet-based
High efficiency Limited choice of materials

2.3.1. Extrusion-based printing
Extrusion is the most common printing technique (Figure 3) due to its exciting developments
in fabricating organized tissue constructs by dispensing, at the same time, cells, and matrix
materials to repair and replace damaged tissues. In this technique, the biomaterials are loaded
into cartridges and extruded using pneumatic pressure or mechanical forces through a nozzle
onto a pre-defined point on a fabrication platform. The cartridges are positioned onto an XYZ
stage, with temperature and pressure being set by the user through the software by the
computer [22]. If applied with a continuous force, rather than a single drop of ink, this type of
printing can print continuous cylindrical lines and can be able to print a wide list of materials
[20]. The advantages of this printing technique are its ability to extrude inks with different
compositions and rheological properties. The rheological studies of inks are essential to find
the best extrusions conditions for printing, including viscosity, gelation and melting
temperature; the extrusion printing enables the operator to create heterogeneous models by
depositing different types of inks at predefined locations within a pre-engineered structure,
improving the control of biological function by promoting the organization and cellular
heterogeneity of the tissue. Finally, one of the most important advantages, the extrusion-based
printing has become relatively affordable, and the instrumentation can be highly customizable
with respect to the desired structure or ink. Currently, extrusion printers can be customized for
specific applications that enable core-shell printing, combined extrusion, electrospinning, and
UV curing during and post-printing in addition to other emerging tissue engineering

technologies.



This technology allows the 3D Hydrogel-forming extrusion (HFE), a printing process that
describes the computer-controlled layer-by-layer dispensing of semi-solid polymeric solutions,
dispersions or pastes through a movable nozzle in (x,y,z) coordinates, to create a 3D structure.
The term "hydrogel-forming" refers to the use of polymers that react through physical, ionic, or
radiation crosslinking to enable the gelation of the 3D printed construct. These hydrogels are
produced from a wide range of polymers of natural origin, such as gelatin, alginate, and
chitosan, and of synthetic origin, such as polyethylene glycol (PEG) or polyvinyl alcohol (PVA).
Materials with distinctive characteristics are frequently incorporated to enhance the
performance of hydrogels and, as a result, improve their physicochemical properties.
Additionally, these materials can enhance the overall functionality and applicability of 3D
structures. The selection of polymers depends on objective factors like biocompatibility,
production cost and method, rheological and mechanical attributes, extrusion mechanism,
applicability, and the intended function of the 3D structure [28].
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Figure 3 - Extrusion-based printing process.

2.3.2. The role of rheological properties with printing behavior

3D printing continues to be a challenge in finding materials with optimal properties and the
rheological behavior required for print stability. Fluid rheology is essential in evaluating
printability, particularly for its applicability as a hydrogel in 3D printing via semi-solid extrusion.
Shape accuracy and reproducibility of the printing process are substantially influenced by the
fluid’s behavior [29].

Rheology is the study of the flow behavior of materials under the application of an external
force or deformation [30]. This study is crucial to understanding the behavior and viscosity of

the fluid to assess its printability.
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The rheological behavior of the hydrogel in formation is monitored as a function of temperature,
following the shear storage modulus G', which characterizes the elastic behavior, and the loss
modulus G", which is responsible for characterizing the viscous part of the viscoelastic
behavior. The values of G’ correspond to the stored energy, reflecting the elastic behavior of
a material when deformed; while G" represents the deformation energy that is lost due to

internal friction during the shearing process, reflecting the flow of a material [29].

The rheological properties of a hydrogel are the basis for determining its printing parameters
and printability. Rheology is the study of flow and deformation of a matter under the condition
of an external force, which is highly relevant to an extrusion-based 3D bioprinting process.
Bom et al. [31] studied the correlation between rheological properties with printing behavior.
The 3D printing process optimization should be initiated with rheology studies, in order to
evaluate ink’s behavior. The ink begins in a resting state inside the cartridge with no initial flow.
However, when applied forces act on it, it then undergoes deformation and starts to flow in
high shear conditions as it passes through the nozzle walls. Thereafter, it takes on a new
shape until it ultimately returns to a new resting state. The rheological properties that are critical
to these transitions include viscosity, viscoelastic shear modulus, viscosity recovery behavior,
and shear stress, all of which are linked to the ink's performance prior to (rest and flow
initiation), during (extrudability flow behavior), and after printing (shape fidelity, printing

accuracy, and adhesiveness) [31].

Viscosity is the resistance of a fluid to flow during the application of stresses and influences
extrudability, printing accuracy and shape fidelity. Low viscosity hydrogel inks can minimize
nozzle clogging during printing but often result in poor printing accuracy. Hydrogels inks with
higher viscosity usually retain shape after extrusion, however, an increase in viscosity requires
an increase in the extrusion shear stress. To avoid the extrusion shear stress, the extrudability
can be controlled by adjusting printing parameters or using different nozzle geometries or sizes
[31].

Rheological behavior of Gelatin

The development of gelling systems is an area of particular interest in gelatin rheology. The
sol-gel transition involves a crosslinking polymer that undergoes a phase transition from liquid
to solid state at a critical point, known as the "gel point." Crucial properties for gelatin gels are
gel strength and gel melting point which depend on factors such as concentration, molecular
weight, the formation of complexes by the amino acid composition, and the ratio of a/f chains

present in the gelatin. Moreover, the content of a-chains within gelatin determines its gel
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strength. As a result, gelatin with a higher number of a-chains exhibits stronger gelling

properties [32].

Viscosity is a significant factor for evaluating gel strength in gelatin. It is influenced by factors
such as molecular weight, pH and concentration. Commercial gelatins currently have
viscosities ranging from 2.0 to 7.0 mPa-s, with some even reaching 13.0 mPa-s. The lowest
viscosity was observed in the higher pH range of 6-8, while the highest viscosity was observed

in the lower pH range [32].

When applying gelatin to 3D printing, it is important to understand that would require adequate
control over the physical properties of the gelatin inks. The melting point of gelatin is between
30 and 37°C, depending on their pH and concentration. Gelatin is unable to maintain its
structure and would melt at physiological temperatures, so other materials are combined to
improve its properties [32]. To enhance the mechanical properties of gelatin, it is vital to

combine materials that are advantageous for this objective.

2.4. Compounds added to the 3D gelatin-based hydrogel membrane

The hydrogel, a porous and hydrated molecular structure, is part of a group of biocompatible
polymeric materials. Its hydrophilic structure allows it to store considerable amounts of water
in its three-dimensional (3D) network and can be modified to respond to external stimuli - such
as light, temperature and biological signals [33]. These hydrogels are a class of 3D networks
and are formed by crosslinking polymer chains dispersed in an aqueous environment, through
a group of mechanisms encompassing ionic interactions and chemical crosslinking. The
physical methods of gelation depend on the intrinsic properties of the polymers; however, it is
an easy and reversible process without the need to modify the polymer chains. Most natural
polymers can form thermally activated hydrogels, where the gelling of the hydrogel changes
due to temperature variations [34]. A variety of naturally derived and synthetic polymers can
be processed into hydrogels, from those formed through physical entanglement to ones
stabilized via covalent cross-linking [34].

Hydrogels are widely used in 3D printing due to their ability to extrude at various temperatures
depending on the components present. These polymeric structures have numerous biomedical

applications, including tissue engineering.

In this work, the hydrogel is gelatin-based due to gelatin being one of the materials with the
highest potential to be used as a base for hydrogels because it has hydration properties

(swelling and solubility), gelling behavior, texturing, and water-binding capacity [35]. Although
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it is a successful polymer in this area, it has some limitations [36]. Enhancements can be
obtained by using it as a base for a hydrogel with other compounds that provide additional
benefits. To combat periodontitis, gelatin has been combined with compounds with
antimicrobial, antibacterial and osteoinductive properties to form a hydrogel. The materials
used in this gelatin-based hydrogel are Glycerin, Tannic Acid, Betaine, Polyvinyl alcohol,

Graphene Oxide and Hydroxyapatite’ nanoparticles.

2.4.1. Gelatin

Gelatin is a multifunctional biopolymer with a multitude of applications across a diverse range
of fields. Over several decades of research and development have led to the diverse uses of
gelatin in food products, pharmacy, medicine, and cosmetics [37]. Gelatins are derived from
the parent protein collagen through processes that break up the secondary and higher
structures with different degrees of hydrolysis of the polypeptide backbone. The name "gelatin”
comes from the Latin word "gelata”, which describes its most important property, i.e., the

formation of a gel in water [37].

Gelatin and collagen are substantially constituted by the same amino acid sequences and
relative proportions, however, the physical properties of the two differ significantly. Collagen is
the main constituent of all the white fibrous connective tissues present in the animal body:
cartilage, tendons, the transparent sheaths that surround muscles and muscle fibers, skin and
the protein matrix of bone. The major difference between these two polymers is their
insolubility: while collagen is insoluble in water, gelatin is easily dissolved in water when

subjected to temperatures above the denaturation temperature of native collagen [37].

Gelatin is a biodegradable and mucoadhesive polymer that have gained popularity as a vehicle
in slow drug release device to deliver the antimicrobial agents. This key biomaterial has
excellent properties in the formulation of tissue scaffolds and hydrogels to fulfil several

applications in biomedical field [36].

The main sources of commercial gelatin are pig skin and cartilage (46%), bovine skin and
bones (29.4%), and other sources (1.5%). Gelatin derived from pig is more favorable because
it has a low cost, and its physical and functional properties are improved compared to other
sources. In this type of source, gelatin is derived from naturally occurring collagen found in
mammalian bones and skins. Gelatin produced from porcine skins is extracted using acid
treatment, commonly known as Type A gelatin. In contrast, gelatin from bovine hide and bones
is typically extracted using an alkaline process because they have a more complex matrix than

porcine, resulting in Type B gelatin. Gelatin from mammals is the most demanded due to its
13



properties, with a molecular weight in the range of 10-400 kDa, allowing it to obtain distinct
rheological characteristics such as high viscosity and gel strength in a variety of applications
[22].

In this work, it was only used Type B gelatin. As a type of protein, gelatin obtained by the partial
degradation of collagen has gained more attention as an edible film with biomedical
applications due to its abundance and biodegradability. It is thermo-reversible with a melting
point close to body temperature, which is particularly significant in applications for periodontal
diseases due to the environment of the mouth. However, like most protein films, gelatin film
does not have ideal mechanical properties due to low tensile strength and elasticity, or a water
vapor barrier, which causes limitations in its application as a biomaterial. To combat this
limitation, chemical and physical treatments can be applied to modify the polymer network by
cross-linking the polymer chains to improve their functionality [22].

Gelatin’s surface behavior such as stabilization, adhesion and cohesion, and protective
colloidal function are also important reasons for its use. In addition, this polymer's
biocompatibility, low toxicity, biodegradability, and antimicrobial activity make it highly suitable

for a wide range of biomedical applications [35, 38].

2.4.2. Tannic Acid

Tannic Acid (TA) is a natural polyphenol, which exists in a wide variety of plants as colorless
to pale yellow solid with an astringent taste. TA can be extracted from natural sources such as
the bark of oak, chestnut, hemlock, and mangrove trees, but it can also be obtained from the
leaves of certain sumac trees and plant branches [22]. This polyphenol is an abundant natural
compound that serves as a crucial commercial raw material and has been traditionally used
as a tanning agent in leather, coating, surgery, pharmaceutical and food industrial applications
[22]. TA presents good antioxidative, antibacterial, hemostatic, and anti-inflammatory
properties and is able to form hydrogen bonds and hydrophobic interactions with a variety of
polymers [39]. It is also studied that TA could effectively enhance the mechanical strength of
hydrogels [40].

Comprising water-soluble polar groups (carbonyl, phenolic functional and hydroxyl) linked to a
water-insoluble hydrocarbon chain (aromatic benzene units), TA is an amphiphilic compound
that can interact with organic, inorganic, hydrophilic and hydrophobic materials through
hydrogen bonds, electrostatic, coordination and hydrophobic interactions. The hydroxyl groups
can act as hydrogen donors or acceptors, which gives TA the ability to cross-link without

chemical interaction with various molecules, polymers, and proteins. It is a weak acid and has
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a wide pKa range from 2.5 to0 8.5, so TA can serve as a polyanion in a medium with a pH higher

than the pKa and adhere to the electrostatic interactions of other materials [41].

The chemistry of TA-based biomaterials expands from nanoparticles and thin films to bulk
materials. In particular, the "gel" is a crucial category of materials in which chemical interactions
have resulted in insoluble 3D molecular networks, with a large amount of solvent in their
composition. TA is one of the most promising polyphenols with high molecular weight for
developing new smart biomaterials for biomedical engineering [41].

Recently, the study of hydrogels with TA in their composition has seen significant development
and application in the biomedical field, involving wound healing and portable sensors, using
natural and synthetic polymers [41]. In the production of hydrogels, TA can be used directly in
the hydrogel formulation itself or indirectly by immersing the hydrogels in a TA solution.

TA can crosslink a wide range of macromolecules through its numerous binding sites with
hydrophobic coordination, electrostatic interaction, and ionic and hydrogen bonds [41].
However, TA is also capable of being a promising crosslinker in the field of synthetic and
natural polymers, including alginate, chitosan, collagen and, most importantly in this study,
gelatin. There are several conditions that determine the stability and performance of this type
of interaction with polymers. It is crucial to analyze the concentration of TA, the pH and the
type and proportion of polymers, to find a balance and optimum control of the interactions [41].
The ability of TA to be a natural phenolic cross-linker to modify gelatin and improve its
mechanical performance is one of the most important characteristics in the development of

this study.

TA has antibacterial, antiviral, anticancer, antioxidant and anti-inflammatory properties, giving
it excellent potential for use in periodontal diseases. In addition, this polyphenol has preventive
properties against a vast number of diseases that start and develop through oxidative stress,

such as infections, inflammation, cancer, diabetes, and cardiovascular diseases [41].

A hydrogel composite formulation requires multiple components to achieve the desired
application. Each component possesses unique characteristics, which in conjunction, will
enhance the ultimate properties of the matrix. It is imperative that the materials establish strong
bonds and undergo favorable reactions. The hydrogel proposed in this work has shape-

memory properties.

Shape memory hydrogels can be obtained by combining TA with PVA. The key structural
aspect of this hydrogel type is maintaining stronger cross-links to preserve the permanent

shape and weaker ones to fix the temporary shape. TA can potentially form multiple strong H-
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bonds with PVA. The stronger hydrogen bonds between PVA and TA can function as
"permanent” cross-links, while the weaker hydrogen bonds between the PVA chains act as
"temporary"” cross-links. This allows for the creation of shape memory hydrogels [8].

When it comes to its bond with gelatin, TA is a hydrolysable tannin with multiple phenolic
functionalities due to its high molecular weight. Studies explain that the amino functional
groups of amino acid units in gelatin (such as lysine, arginine, and histidine) would react with
phenolic reactive sites of TA under alkaline conditions to form covalent C-N bonds and
generate cross-linked networks. Other reactive groups in gelatin, such as the hydroxyl group
in serine units, may contribute to these reactions using a similar mechanism. In contrast, the
phenolic hydroxyl and carboxyl groups of TA might bond with gelatin chains through hydrogen
bonding. The degree of these reactions and interactions in gelatin/TA systems is crucial in

determining subsequent material properties [42].

2.4.3. Betaine
Betaine, also known as trimethylglycine, is a short-chain, neutral, amino acid derivative [43]. It
is a stable and nontoxic natural component. Betaine has some important roles such as (i) an
osmolyte and (ii) a methyl-group donor. It helps to maintain the intracellular osmotic pressure
due to possessing N* and COO" in its molecular structure. By exhibiting minimal or no binding
to protein surfaces, betaine enables cells to regulate the surface tension of water, thus
stabilizing protein structure and function. Betaine is the most efficient osmolyte analyzed for
albumin hydration, creating a nearly complete layer of water around the protein. It also sustains

hemoglobin solvation [43].

An important characteristic of this component is its anti-inflammatory effect on diseases.
Inflammation is an immune reaction and is a crucial process for host defense and wound
healing. On the other hand, if inflammation is prolonged it can become the pathogenesis of
various diseases and it is therefore important to use natural compounds in the treatment of
diseases in order to control the intensity of the reaction. This compound is also responsible for
regulating energy metabolism to relieve chronic inflammation. Disorders of this type of
metabolism can lead to various chronic diseases, such as diabetes and obesity, which
generally present low-grade systemic inflammation. It is therefore essential to restore normal

metabolism in order to mitigate inflammation [44].

Betaine is a naturally occurring compound that has shown potential therapeutic benefits in the

context of periodontal diseases.
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A trial on the clinical effects of a toothpaste containing extra virgin olive oil, xylitol, and betaine
in gingivitis by Rodriguez-Agurto and his colleagues [45], showed that this new toothpaste
obtained the best outcomes in patients with gingivitis, showing reductions in gingival bleeding
and supragingival bioflm and an increase in pH at 4 months in comparison to a commercial
toothpaste. Animal studies proved that betaine suppressed the activity of NF-kB and a wide

range of inflammation-related genes [44].

Another study with betaine, to evaluate its effect on immortalized human dental pulp stem cells
(ihDPs) osteogenic differentiation [45], showed that ihDPs had superior proliferation ability and
a longer life span and betaine promoted odonto/osteogenic differentiation via intracellular

calcium regulation.

2.4.4. Polyvinyl alcohol
Polyvinyl alcohol (PVA) is a synthetic polymer used in a wide range of industrial, commercial,
food and medical applications. The physical characteristics of PVA depend on how it is
produced from the hydrolysis, or partial hydrolysis, of polyvinyl acetate. PVA is commonly
divided into two groups, partially hydrolyzed and fully hydrolyzed. Diversifying the extent of the
vinyl acetate polymer chain and manipulating the degree of hydrolysis within the contexts of
alkaline or acidic environments engenders a spectrum of PVA products, exhibiting a molecular
weight range spanning from 20,000 to 400,000 g/mol. This differential molecular architecture
imparts discrete attributes encompassing solubility, flexibility, tensile strength, and
adhesiveness to the ensuing PVA variants. Properties such as pH, viscosity, melting point,
refractive index, heavy metals, are measured to characterize PVA. It is relevant to outline that
these characteristic properties manifest an intrinsic correlation with both the molecular weight

and the percentage of hydrolysis intrinsic to the specific grade of PVA under investigation [46].

PVA is the most used biodegradable synthetic polymer because it is a non-toxic polymer with
a high capability of water absorption, chemical resistance, biodegradability, and
biocompatibility properties. These properties make it a suitable polymer for the manufacture of
flexible membranes for controlled drug delivery systems, including films or formulations for

local application in the periodontal pocket [44].

Prakash et al. [47] developed hydroxyapatite nanoparticles incorporated Polyvinyl
alcohol-sodium alginate (PVA-SA) films for controlled antibiotic release of amoxicillin for
treating intrabody periodontal defects. PVA is known for its crystallizing nature and is a linear
polymer, often combined with sodium alginate to form salt gels. The films presented high
antibacterial activity against the Gram-positive and Gram-negative bacteria; highly
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biocompatible and hemocompatibility. The results proved that these films can be used for

periodontal defects [47].

2.4.5. Graphene Oxide

Graphene and Graphene Oxide (GO) are materials that have been studied extensively over

the years, with many promising properties for a huge variety of applications.

GO is a layered carbon structure with oxygen-containing functional groups (=0, -OH, -O-, -
COOH) attached to both sides of the layer as well as the edges of the plane. As with any two-
dimensional (2D) carbon material, GO can also have either a single layer or multilayer
structure. GO synthesis entails the oxidation of graphite, subsequently leading to the
exfoliation of the resulting graphite oxide into distinct GO structures. Moreover, GO still can
maintain the thinnest atomic structure compared to graphene, thus extending more active sites
for functionalization [48]. The properties of the nanomaterial are intrinsically interlinked with
the synthesis method, exerting a profound impact on the ensuing quantity and nature of

oxygen-containing functional groups that are integrated within the GO framework.

In contrast to the hydrophobic nature of graphene, GO is hydrophilic, and it is hence relatively
simple to prepare a water- or organic solvent-based suspensions. This material is a promising
carrier for biomolecules and drugs. It can enhance biomaterials’ bioactivity, sustainability, and
mechanical performance [18]. At the nanoscale, it is presented in nanosheet form and is
considered a nanomaterial that improves the mechanical and functional properties of matrices.

It has good antibacterial properties [49], but in excess it can lead to toxicity.

GO plays an important role in regenerative medicine and tissue engineering, allowing the

creation of a cellular niche for stem cells on the surface of a nanoparticle [50].

In the management of periodontal diseases, GO has different roles such as inhibition
periodontal pathogenic biofilms, periodontal tissue regeneration and increases bone
regeneration. In several studies, these materials have proven to be antimicrobial and possess

remineralization properties for the management of dental caries and periodontal disease [51].

Rahmani and his colleagues [52] developed an pH-sensitive and self-healable nanocomposite
hydrogel based on Gum Arabic Aldehyde (GAA)/Gelatin, graphene oxide and PVA. The
PVA/GAA based hydrogel is non-toxic, water-soluble, biodegradable and pH sensitive,
however, it has limitations such as poor stiffness, low mechanical strength, and hydrophilicity.
GO, gelatin and boric acid were used to improve these limitations through cross-linking due to
Schiff-base reaction between aldehyde groups of GAA and amino groups of gelatin, and

hydrogen bonding between PVA chains and boric acid. Incorporating GO in the hydrogel
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network enhanced the mechanical properties, self-healing properties, drug entrapment

efficiency, and ensured the controlled release of the entrapped drug [28].

2.4.6. Hydroxyapatite nanoparticles
Hydroxyapatite (HAp), chemically known as Caio(PO4)s(OH)2, is a biocompatible,
osteoconductive, and bioactive ceramic [53]. It is the most stable calcium phosphate (CaP)
biomaterial in the biological environment [54] under physiological conditions and it is
considered an appropriate carrier for the controlled release of compounds. As this material
shares a strong chemical resemblance with the calcium phosphate phase of human bone and
teeth, is bioactive and exhibits excellent biocompatibility with various kinds of cells and tissues,
synthetic hydroxyapatite has been applied and recognized as a key bone replacement material
in orthopedics and dentistry. Therefore, diverse properties and varying solubility in the
biological environment could potentially enhance bone formation or inhibit the proliferation of

cells and tissues [54].

HAp sintered ceramics have been applied in medical and dental fields, and the applications
include alveolar ridge reconstruction and augmentation and filling of bone defects [55]. In
addition, due to its low solubility at physiological pH, it is used as a carrier for the local
administration of drugs through surgical placement and injection [53].

HAp was primarily proposed for tissue engineering applications on hard tissues because it has
excellent physico-chemical, biological, and mechanical properties [54]; however, depending
on physicochemical properties, such as particle size, crystallinity degree, surface area,

morphology, and surface charge, the biological response of HAp is altered [54].

Nanotechnology introduced the concept of nanostructured bioceramics, for which HAp
nanoparticles have shown excellent biocompatibility and biodegradability. The surface of the
nanoparticles can be modified to enable hydrophobic interactions, pi-electron density, and
charge density. Furthermore, the design of the nanopatrticle strongly influences the interactions
with the biological environment due to their large surface-to-volume ratio, making the
nanoscale material offering superior performance compared to conventional materials [55].

HAp nanoparticles and HAp nanoparticles combined with polymers have been applied to drug
delivery, and the association of their physicochemical properties with biological applications
has become an interesting area of ongoing research [53]. However, for their combination to
be effective, it is important to find viable correlations in their properties and the

reactivity/biocompatibility of the nanoparticle surface, knowing the biorelevant parameters that
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will determine them, such as shape, size, functional group, morphology and crystalline phase
[53].

The variety of synthesis methods enables several different nanoscale particles with different
structures and morphologies to be obtained. The synthesis of hydroxyapatite’ nanoparticles
(HAP-NPs) can be performed by using a wide variety of methods, such as wet chemical
precipitation, sol-gel processing, co-precipitation, emulsion technique, hydrothermal process,
mechanochemical method, ultrasonic technique, template method, microwave processing,

emulsion hydrothermal combination, and microwave hydrothermal combination [55].

Hydrothermal synthesis is a conventional method for producing low-cost hydroxyapatite NPs
with a high degree of crystallinity [55]. However, when using this method, an additive is often
used as a morphology shaping agent to control the morphology of the precipitated particles. In
this study, the additive used to define the shape and size of the nanopatrticle is citric acid. This
additive, which acts not only as a reducing agent but also as a stabilizing agent [56], is used
because of the chelating properties of citrate ion, as well as because of its physiological
function in the Krebs cycle, producing energy in the mitochondria. Citrate also has a biological
function in stabilizing the morphology of NPs in bone tissue and establishes an interface

between hydroxyapatite NPs and collagen.

Citric acid as an additive has an important role in HAp synthesis, not only due to adjusting and
controlling the size and morphology of precipitated products but also to stabilizing HAp. The
presence of citrate is also affected by temperature: at low temperatures, the strong interation
between carboxylate (-COO-) and Ca?" may be attributed to the linking capacity of calcium
sites that belong to two distinct primary particles of hydroxyapatite, which tend to aggregate
and form larger precipitates and at higher temperatures, the interactions between citrate and
calcium ions are weakened, increasing the negative surface charge in HAp nanoparticles and

enabling primary particles of large aggregates to get separated from one another [39, 57].

As HAp is biomimicry material of bone and not only acts as a drug loading matrix but also to
help in regeneration of deteriorated bone segments due to periodontal defects [47]. Recently,
to accelerate periodontal bone regeneration in diabetes, Li et al. [58] produced an
polydopamine-mediated graphene oxide (PGO) and nanohydroxyapatite (PHA)-incorporated
conductive alginate/gelatin scaffold to modulate the diabetic inflammatory microenvironment.
PHA promotes osteoinductivity and PGO provides a conductive pathway for the scaffold. This
scaffold was able to promote bone regeneration by transferring endogenous electrical signals

to cells and activating Ca?* channels. The results also showed that this PGO-PHA-AG scaffold
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had anti-inflammatory activities and induced excellent periodontal bone regeneration in
diabetes [58].

2.5. 3D printed membranes for periodontal regeneration

Even though periodontitis can be treated and controlled by managing the accumulation of
bacterial plaque and the resulting inflammatory response, the regeneration of lost periodontal
tissues remains a major challenge in periodontology. Currently, various alternatives using 3D

printing are available to manage periodontal disease or its consequences.

In recent years, several types of 3D printed hydrogels have been developed and investigated.
Hydrogel-based bioinks with versatile structures and compositions that mimic the extracellular
matrix of human tissues can be 3D printed to produce membranes suitable for tissue
engineering applications. Mechanical properties of such membranes can be enhanced by
blending them with other polymers [59]. It is possible to find in literature information justifying
the application of each of the components chosen for the hydrogel developed in this work.

Raveendran et al. [60] studied effects of 3D bioprinting of Alginate/Gelatin hydrogel on
proliferation and differentiation of human dental pulp stem cells (hDPSCSs). The results showed
that the 3D printed structure was more suitable for the growth of hDPSCs compared to the

membranes not printed.

Vahdatinia et al. [59] performed an in vivo examination using a periodontal canine model to
investigate the capability of a 3D-printed soft membrane for guided tissue regeneration. The
membrane was composed of gelatin, elastin, and sodium hyaluronate, in order to be a suitable
replacement for collagen. The results demonstrated higher levels of new bone formation and,
after 8 weeks, the formation of periodontal tissues, bone, periodontal ligaments, and
cementum was observed. In the control group, without any membranes, only connective tissue

was found in the defect sites.

Graphene oxide is a widely used material to enhance the mechanical properties of hydrogels.
Zhu et al. [61] developed a 3D printed gellan gum/graphene oxide scaffold for tumor therapy
and bone reconstruction. By adding just 1.2 wt% GO, the mechanical properties of the system
were improved, and the results showed that the scaffolds could support the attachment and
proliferation of osteoblasts.

Since tissue-engineered bone material is an effective method to repair bone defects, Wen Qin
and his collaborators [49] used 3D printing to produce GO, attapulgite and collagen composite

scaffolds for bone regeneration. They achieved scaffolds with controlled pore diameter of 300—
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400 pym and mechanical strength at 1.7—-7.1 MPa. The results demonstrated that the addition
of GO had a significant effect on the degradation of materials by retarding it. Furthermore, this
3D printed composite also promoted excellent cytocompatibility for enhanced mouse Bone

Marrow Stromal Cells (BMSCs) adhesion, proliferation, and osteogenic differentiation.

Kawamoto et al. studied [52] the characterization and evaluation of graphene oxide scaffold
for periodontal wound healing of class Il furcation defects in dogs. The scaffold was prepared
by coating the surface of a 3D collagen sponge scaffold with GO dispersion and was implanted
into dogs to investigate the periodontal healing at 4 weeks post-surgery. The results showed
that the GO scaffold exhibited low cytotoxicity, enhanced cellular ingrowth behavior, and
stimulated healing. It was also proven that the periodontal attachment formation (alveolar
bone, periodontal ligament-like tissue, and cementum-like tissue) was significantly increased
compared to untreated scaffold [52]. The literature offers more studies on dogs, due to the
greater ease with which each product can be put into practice and the higher number of tests.
However, from a future perspective, the hydrogels developed in this work will be tested on

cells derived from the dog's periodontium.

Lee et al. [62] fabricated graphene oxide (GO)-reinforced HAp/gelatin composite scaffolds by
extrusion-based 3D-printing under precisely optimized printing parameters. The results
showed that the proper addition of GO can efficiently reinforce the mechanical properties of
HAp/gelatin composite scaffolds. Specifically, the compressive and flexural strength value of
the HAp/gelatin composite scaffold was enhanced by 15% and 22% with the 0.5% GO
incorporation, respectively. Based on the experimental results, this study suggests the great
potential of using GO in the fabrication of composite bone scaffolds with improved mechanical

properties for application in bone tissue engineering [62].

Park and his collaborators [47] studied the effect of bone morphogenetic protein (BMP) mimetic
Peptide tethering bioinks on the differentiation of hDPSCs in 3D bioprinted dental constructs.
They analyzed the properties of the bioink formulation and the stability of the bioprinted
structure in order to be able to evaluate the survival and differentiation of hDPSCs in the
construct. The study demonstrated successful peptide conjugation into the gelatin
methacrylate-based bioink formulation. More than 50% of the peptides remained in the
bioprinted construct after three weeks of in vitro cell culture. Human DPSC viability was over
90% in the bioprinted constructs immediately post-printing. The BMP peptide construct group
exhibited significantly higher calcification compared to the growth medium, osteogenic
medium, and non-BMP peptide construct groups, as demonstrated by the Alizarin Red staining
results [47].
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Chapter 3 - Materials and Methods

3.1. Materials

Gelatin type B was purchased from Acopharma (Spain). Glycerin (80 wt% pure) was
purchased from Lacrilar (Portugal). Polyvinyl alcohol (PVA) a gift from Edol (Portugal). Betaine
anhydrous was purchased from T. C.I. Europe (UK). Graphene Oxide (>95 wt% pure) was
obtained from Graphenea (San Sebastian, Spain). Tannic acid and Ammonia solution
(NH4OH, 25%) were purchased from Sigma-Aldrich (Missouri, EUA). Citric Acid monohydrate
(CsHsO7H20, 99.5%) and Calcium nitrate tetrahydrate ((Ca(NOs3)2.4H20), 99%) were
purchased from Riedel-deHaén (Germany). Ammonium hydrogen phosphate ((NH4)2.HPOa,
99%) was purchased from Merck (Germany).

3.2. Preparation of Gelatin-based hydrogels’ ink

The control formulation is the baseline for developing the final formulations with added active
substances. Initially, the glycerin is added to 80% of the purified water total and taken to the
bath at 75°C, with the gelatin and PVA being added only after the mixture is at the right
temperature. Once added, the formulation is left in the bath for 10 minutes until all the gelatin
has dissolved. When this step is complete, the solution is placed in a water bath with constant
magnetic stirring at the same temperature and the pH is adjusted to 8 using NaOH 1M. When
the pH is equal to 8, TA is added, dissolved in 20% of the water total, drop by drop and
intercalated with NaOH to ensure the stability of the pH at 8. After adding the TA, it is important
to wait 1 hour for the reactions to take place. After this hour, the betaine is added, and the

formulation is ready for printing.

3.3. Production of Hydroxyapatite nanoparticles

The hydrothermal method is a unique process for crystallizing substances from high-
temperature (typically 100-250°C) aqueous solutions at high vapor pressures [31] and is
suitable for growing large nanoparticles while maintaining good control of the chemical

composition. Figure 4 illustrates this process.

HAp nanoparticles were produced with citric acid monohydrate, ammonia solution, ammonium
hydrogen phosphate and calcium nitrate tetrahydrate. An agueous solution of 0.6M citric acid

monohydrate was prepared with the requirement for pH adjustment to 8.1 by adding small
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amounts of an ammonia solution. It is crucial that the pH is always measured before and after
adding solutions. To that same solution, another solution of 0.2M ammonium hydrogen
phosphate and an aqueous solution of 0.2M calcium nitrate tetrahydrate are added. During
this process, the solution should be kept at pH=8.1 with a maximum temperature of 25°C. The
solution was transferred into four 50 ml Teflon-lined stainless-steel autoclave, and they were
sealed and heated at 180°C for 24h. The precipitate HAp particles were obtained by filtration.
After that, the solution was subjected to centrifugation for 3 minutes and then washed with

distilled water several times. The products were stored in a desiccator.
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water several times.

Figure 4 - Flowchart of the hydrothermal process.

3.4. Characterization of Hydroxyapatite nanoparticles

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is an analytical technique to visualize the smallest
structures in matter. TEM uses an electron beam emitted in the direction of the nanoparticle,
providing higher resolution through light-based imaging techniques [63]. The interaction of the
electrons transmitted through the NPs forms an image that is magnified and focused on an
imaging device [64]. This technique provides information on morphology, structure, chemistry
and type of bonds [65], being the preferred method to directly measure morphology and the

size of nanoparticles [63].
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TEM images of HAp nanoparticles were acquired using Hitachi Model H8100, at 200 kV, with
LaB6 filament analytical transmission electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA).

3.5. Incorporation of compounds in control formulation
The formulations can be categorized as Group GO037.5 and Group_GO7.5. Both groups

contain formulations with equivalent gelatin quantities and active substances, differing only in

the quantity and addition of glycerin.

In both groups, in addition to control, three more types of formulations were developed, where
substances were added to the initial formulation — GO and HAp-NPs. These formulations follow
the same procedure as the control, with both being incorporated at the beginning - In
Group_GO037.5, the objective was to test the greatest possible quantity of GO by almost
completely replacing the aqueous fraction with this component. Consequently, these
preparations are designed to have a higher percentage of GO. In Group_GO7.5, the focus was
on optimizing a formulation for printing without losing the beneficial characteristics of its
components, maintaining a percentage of GO higher than HAp, in order to guarantee the

desirable mechanical properties. Table 2 describes the compaosition of all formulations.

Table 2 - Qualitative and quantitative composition of all formulations.

Ink Formulation Gelatin (%) Glycerin (%) PVA (%) Betaine (%) TA (%) GO (%) HAp-NPs (%) H,O (%)
C"‘,\; GEL30 30 . 15 3 0.9 . . 64.6
8 GEL30-G0O37.5 30 - 15 3 0.9 37.5 - 27.1
%I GEL30-HApO.1 30 - 15 3 0.9 - 0.1 64.5
(% GEL30-GO37.5-HApO.1 30 - 1.5 3 0.9 375 0.1 27
2 GEL30 30 10 1.5 3 0.9 - - 54.6
8| GEL30-GO7.5 30 10 1.5 3 0.9 7.5 - 47.1
%’ GEL30-HAp2 30 10 15 3 0.9 - 2 52.6
(3 GEL30-GO7.5-HAp2 30 10 1.5 3 0.9 7.5 2 45.1

3.6. Characterization of Gelatin-Based Hydrogels

3.6.1. Rheological characterization
Temperature sweep tests with oscillatory shear were performed with a stress Kinexus Lab+
Rheometer (Malvern Instruments, Malvern, UK). The measurements were carried out with a

plate—plate geometry and a gap of 0.5 mm (patch height simulation). The onset of gelation
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temperature was defined as the crossover (G’ = G"). All measurements were performed from

75°C to 25°C at a rate of 2.5 °C/min; frequency was kept at 1 Hz and the shear strain at 1%.

3.6.2. ATR-FTIR Spectroscopy

Attenuated total reflectance (ATR) is often used with Fourier transform infrared (FTIR)
spectroscopy (ATR-FTIR). ATR is a sampling technique that uses total internal reflection to
generate an evanescent wave that penetrates the membranes, providing valuable molecular
information, in order to identify chemical compounds, molecular structures, examining surface
properties and analyzing polymers [59, 60]. This methodology allows the direct examination of
solid or liquid samples without further preparation. In ATR-FITR, light energy is passed through
an optical material that must be optically transparent to the frequency of the energy [66]. It is
based on infrared light absorption in the wavelength range of 2.5-25 um by the material,
resulting in the occurrence of a mechanical motion of different forms with the molecule or

compound atoms [68].

To identify the functional groups of the patches from Group_GO37.5 (4 membranes) and
Group_GO7.5 (4 membranes), ATR-FTIR spectra were acquired using a Nicolet FTIR
spectrometer (Thermo Electron, Thermo Fisher Scientific, Waltham, MA, USA). The hydrogel’s
membranes and HAp nanoparticles were placed on the ATR diamond crystal, and spectra
were obtained in the range of 500 to 4500 cm* with a resolution of 8 cm™. The recorded signals

were reported as transmittance.

3.6.3. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is an advanced imaging technique that uses electrons
instead of light and is employed to acquire a high-resolution view of membranes surfaces.
SEM uses the electrons that are reflected or knocked off the near-surface region of the sample
to create an image. This technique presents higher resolution due to the wavelength of

electrons being much smaller than the wavelength of light electrons [69].

The morphology of the hydrogel membranes as well as the distribution and size were

examined using a scanning electron microscope (SEM Hitachi S2400, Tokyo, Japan).

3.6.4. Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) technique is most used for qualitative analysis of

materials, however, is also capable of providing semi-quantitative results. The SEM equipment
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has an EDS system enabling the chemical analysis of observed features on the SEM display.
Simultaneous SEM and EDS analysis is crucial in scenarios where spot analysis is necessary
to obtain valid conclusions during failure analysis. The signals generated within a SEM/EDS
include both secondary and backscattered electrons, employed for morphological analysis to
form images, and X-rays, applied the identification and quantitative analysis of chemicals
present at detectable concentrations. The detection limit of EDS is contingent upon the surface
conditions of the membrane, with smoother surfaces correlating to lower detection limits. EDS
exhibits the capability to discern major and minor elements at concentrations exceeding 10
wt% for major elements and within the range of 1-10 wt% for minor elements. This technique

is capable of producing elemental distribution maps [68].

This method was used to confirm the presence of HAp and to analyze the distribution of
components in the gelatin-based membranes. The results were acquired from scanning
electron microscope with Bruker Quantax energy dispersive X-ray spectrometer (SEM Hitachi
S2400, Tokyo, Japan).

3.6.5. Water Stability

The trials were carried out with membranes stored at 4°C and 25°C, to understand whether
temperature affected their absorption capacity. To test its water-absorption capacity, a
membrane of each formulation was placed in 2 ml of purified water one day after it was
produced. This test was performed at 25°C and 37°C (body temperature) over 7 hours. The

membranes were weighed before the test (Wi) and at the end of the test (Wf).

The water absorption capacity was calculated according to the following equation (1):

. . wf i
Water — absorption capacity (%) = —wi X 100 (1)

3.6.6. Degradation Ratio
The degradation ratio of the membranes with different drying times (i.e. 1, 2, 7 and 15 days)
were measured through immersing the membranes in 5 ml of Phosphate Buffered Saline
(PBS) each and storing them in an incubator at 37°C. The initial weights of the membranes
(n=3) were weighted (Wi), lodged in 6-multiwell tissue culture polystyrene (TCPS), immersed
in 5 mL PBS (pH=7.4), stored at 37 °C and weighted at established time points (Wt) up to 21
days. At certain time intervals (1, 7, 15 and 21 days), membranes were taken out and their

weights were recorded after excess water was removed. The weight ratio of each membrane
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at a specific weight (Wt) in relation to the initial weight of the dry membrane was monitored as
a function of the immersion time. The measurements were performed until the complete
collapse of the membranes. The longer the drying period post-production, the higher the level

of resistance to degradation it will exhibit over time.

The degradation ratio was calculated according to the following equation (2):

Wi t
Degradation Ratio (%) = Wi x 100 (2)

3.6.7. Tensile Tests
Tensile testing is a destructive material science and engineering technique in which controlled
tension is exerted on a membrane until it reaches complete failure. The test serves as a form
of tension testing, adhering to rigid standards, and requires precise instrumentation [70, 71].

Figure 5 demonstrates the specimen used in the tensile tests.

This test involves a membrane held in two grips a set distance apart and it measures the force
required to break a composite or plastic specimen and the extent to which the specimen is

stretched or elongated to the breaking point [72].

Tension tests were performed in accordance with specimen geometry standard ISO 527
(Figure 5). The area of the cross-sectional zone was calculated as shown in Figure 6, with the
multiplication of specimen width (W) by the length (). F is the load applied by the texture

analyzer.
—- 95 mm -—
r-f 42 mm ———‘ ¢
10 mm
--------- -—‘ 18 mm ==
5 mm| || L |
‘—- 59 mm -—‘

Figure 5 - Specimen geometry and measurements used in tensile tests.
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Figure 6 - Diagram explaining the cross-sectional area of the specimen.

The stress was obtained using equation (3):

Force (N)

Stress (KPa) = m

3)

The results were acquired from TA.XTplus texture analyser (Stable Micro Systems, UK)
equipped with 30kg of load cell, operated at 0.5 mm/sec was employed to evaluate tensile

properties. Specimens were mounted into the load frame and held by the appropriate load cell.

3.7. 3D Printing

The printing conditions were tested using various codes, in G-code format, previously
developed. To generate all the codes used in this study, firstly the software onshape was used
to design the desired shape and then it was loaded into the CURA software to define the

printing characteristics applied to the printer.

The 3D printer used in this project was Allevi 2 (3D Systems, California, EUA) — Figure 7.

It has two extruders and is built around a compressed air pneumatic system and the pressure

ranges between 1 and 120 Psi, functioning to a wide range of viscous materials.

The temperature control can be set from room temperature to 160°C, being able to print
numerous types of inks, including gelatin, Polycaprolactone and poly(lactic-co-glycolic acid).
The printer offers photocuring, allowing users to select visible or ultraviolet light to cure

biomaterials with LAP or other photo initiators [73].
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Figure 7 - Allevi 2 [73].

3.7.1. Line test

To determine the optimal printing speed, a line test was conducted comparing three different
speeds (10mm/sec, 20mm/sec, and 30mm/sec) with the nozzle used. Linear filaments with
40mm were printed under specified temperature and pressure conditions at printing speeds
ranging from 10 to 30 mm/s (n=3 per condition) to analyze the impact of these parameters on
filament width (W’) and length (L’) index measurements. The L' was obtained by dividing the
length of the printed filament by the length of a theoretical, perfectly uniform strand, as shown

in equation (4):

L' (mm) = Printed filament lenght 4
mmJ) = CAD filament lenght ()

W’ is responsible for analyzing the extent to which the filament spreads laterally and can be
calculated using equation (5):

Printed filament width

Needle diameter

W' (mm) = ()

The measurement of filament width and length (n=3) was conducted using the ImageJ

software.

3.7.2. Printing parameters

The printing process occurred after the production of the ink at the temperature of 75°C. The
cartridge was pre-heated at 40°C, and, after that, the gelatin-based hydrogel inks were
transferred to the inside of the cartridge. Due to the temperature differential, it is essential to
allow approximately 30 minutes for the formulation to reach the desired temperature. The inks

were extruded through specific nozzles, Figure 8, with 27 Gauge and an inner diameter of
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0.335 mm (pink metal tip) and 25 Gauge with an inner diameter of 0.435 mm (white metal tip),
depending on the ink composition. Through rheology studies, it is possible to understand that
inks with GO in their composition need a larger inner diameter, due to higher viscosity. The
pink metal tip with a smaller inner diameter was chosen for both the control gelatin-based
hydrogel and control with HAp-NPs. This selection was due to the lower viscosity of this type
of ink.

After the stabilization, filament tests were performed to analyze if the filament extrusion was
made with proper gelation. The conditions are tested through a standing extrusion, to make
sure that the printing occurs without any issues (nozzle clogging or gelation of the

formulation).

27G 25G
Pink White
metal tip metal tip

Figure 8 — Nozzles used for printing the 3D hydrogel inks. The pink and white nozzles are metal tips
with 27 Gauge and 25 Gauge, respectively. Pictures retrieved from [73].

To enhance the effectiveness of substances’ release and facilitating the diffusion of nutrients
and oxygen from the 3D membrane, it is crucial to establish porosity. For this purpose, three
layers were created with distinct orientation angles (1% layer 45°, 2" layer 90° and 3 layer
135° respectively). All the layers were printed with a 0.15 mm layer height, 0.6 mm line width
and 30 mm/s printing velocity and were maintained constant for every ink. An illustration of the
designs can be seen in Figure 9. The optimized printing parameters used for each gelatin-

based hydrogel ink is described in Table 3.
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Three layered patch

First layer Second layer Third layer

i45° 90°
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Figure 9 - lllustration of two designs produced. The three layers individually and the final three-layered
patch. The first, second and third layers have an angle of 45°, 90°, 135°, respectively. All layers were
printed with 0.15 mm layer height, 30 mm/s printing velocity and 0.6 mm.

Table 3 - Printing parameters used in all gelatin-based hydrogel formulations.

Ink Formulations ~ TChamber (°C) TcCartridge (°C) Pressure (Psi) Printing velocity (mm/s) Layer Height (mm) Line Width (mm)

GEL30 25 40 15 30 0.15 0.6
GEL30-GO7.5 25 45 15 30 0.15 0.6
GEL30-HAp2 25 40 15 30 0.15 0.6

GEL30-GO7.5-HAp2 25 45 15 30 0.15 0.6
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Chapter 4 — Results and Discussion

4.1. Characterization of Hydroxyapatite nanoparticles

Functional groups associated with hydroxyapatite nanoparticles (HAp-NPs) were identified by
Attenuated Total Reflectance Fourier-Transform Infrared spectroscopy (ATR-FTIR)

demonstrated in Figure 10.
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Figure 10 - ATR-FTIR spectrum of hydroxyapatite nanopatrticles.

The analysis identified characteristic bands at 960 cm-', 1020 cm-' and 1088 cm-',
corresponding to the stretching vibrations of the phosphate groups (PO,3-). Additionally, bands
observed around 530 cm-*, 559 cm-*, 598 cm-", and 629 cm-" can be attributed to the bending
vibrations of the P-O bonds in the phosphate groups. Peaks with decreased intensity were
also found at 1551 cm-" and 1448 cm-" that corresponded to carbonate group (CO32-) [74].
As a result, the presence of the PO,3- group in hydroxyapatite is confirmed through ATR-FTIR
studies. Additionally, there were peaks of decreased intensity detected at approximately 3570

cm-", indicating the existence of O-H bonds [74]-[77].

The synthesis process has a direct impact on the morphology of nanoparticles. The literature
reports that when the nanoparticles are produced by the hydrothermal method at a
temperature of 180°C, they are expected to be in the form of nanorods [57, 79]. To determine

the produced nanoparticles' morphology, TEM was conducted (Figure 11).

33



Figure 11 - Transmission Electron Microscopy images of hydroxyapatite nanopatrticles.

The TEM images confirmed the nanorod morphology and present a smooth surface
morphology. Aggregations of particles can be observed. Due to this type of synthesis being

slower, the nanoparticles grow with more defined forms.

4.2. Characterization of Ink Formulations

4.2.1. Rheology Properties
The study of rheology is a crucial factor in understanding the behavior of the formulations being
developed. To achieve precise 3D-printed structures, the multimaterial formulation’s printing
parameters were optimized by conducting rheological and printability assessments. Properly
optimizing printing parameters and conducting a rheological analysis of the composite is
crucial since each parameter, including printing temperature, extrusion pressure, and printing

velocity, is greatly influenced by the rheological properties of the printing material [62].

Therefore, it is important to analyze the relation between G' and G” and identify the crossover
point that provides the hydrogel's gelling point. This point is the instant when the elastic and
viscous moduli equalize, indicating a change in the material's response from predominantly
elastic to predominantly viscous behavior. The value of the gelling point will provide information
on the temperature at which the extrusion of the material into the print will be more stable and
more precise. Achieving a proper balance between viscous and elastic modulus is necessary
to ensure high printing accuracy and shape fidelity [79]. The onset of gelation temperature was

obtained when the shear storage modulus G' is equal to the loss modulus G" (G' = G").
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The study began by testing four different formulations from Group_GO37.5, including a control
with a gelatin base of 30%. One formulation included the addition of 37.5% GO (GEL30-
GO037.5), and another had 0.1% HAp (GEL30-HApO.1). A final formulation was analyzed that
had both active substances (GEL30-GO37.5-HAp0.1). The results of all formulations are

displayed in Figure 12, which shows the relationship between temperature and the values of

G'and G".
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Considering the graph with all the multimaterial formulations, it is immediately noticeable that
all the G' values are significantly higher than G". This graph highlights the similarities between
formulations containing GO. Following this, GEL30-GO37.5 and GEL30-G0O37.5-HApO0.1 start
with low values of G’ and G” and significant oscillations up to 60°C. From this point, a nearly
constant behavior can be observed between temperatures of 60°C and 40°C. This behavior
exhibits stability within this temperature range, justified by the fact that all formulations are
produced at 75°C, where they are at their most fluid. It is important to find a balance between
G' and G" - ideally until they are equal - because even though the formulations have very low
values at 75°C, they are too fluid to print and do not meet the requirements for precise print
stability. Upon cooling to ambient temperatures, both moduli increase again. GEL30 and
GEL30-HApO.1 begin with low values of G' and G", but continue to increase, except when
approaching a temperature close to 40°C, down to 34°C. However, it is clear from this graph
that G' is significantly higher than G" in all formulations, proving that it behaves in an elastic

behavior, which is a disadvantage for 3D printing [31].

Figure 12 demonstrates the similarity in behavior between GEL30 (Figure 12A) and GEL30-
HAO.1 (Figure 12B), despite the insignificant amount of HAp added. It is notable that even
small amounts of HA prompted a slight decrease in the temperature of the gelling points of
GEL30-HApO0.1 compared to GEL30. Figure 12C, GEL30-GO37.5 and Figure 12D, GEL30-
GO037.5-HAp0.1 formulations, displays no crossover point, indicating that these composites
does not experience a viscoelastic shift that defines the establishment of a gel structure as
temperature increases. Instead, these formulations maintain their elastic nature throughout the

temperature range considered, without forming a gelatinous structure.

If a crossover point is not observed, this may indicate that the material does not have the
specific phase transition properties typical of thermoreversible gels and, if applied to 3D
printing, would be very complicated and challenging to achieve the printing parameters needed

to extrude accurately.

To demonstrate the significance of this variable in printing, viscosity through temperature was
analyzed in Figure 13A. This figure demonstrates that as temperature decreases, the viscosity
increases, creating a more difficult printing process, even in the most stable range. Figure 13B
illustrates the extrusion of GEL30-G037.5-HAp0.1 at 50°C, a temperature chosen from the
most stable range, where it is possible to observe a gelled and heterogeneous droplet,
incapable of forming continuous homogeneous filaments. The printing strand tests were not
conducted at 75°C since this temperature represents the point at which the formulation is the
most fluid due to its production temperature. At such a fluid state, the formulation lacks the

consistency required to produce filaments that are resistant to deformation.
36



1,20E+04

=
A
[\
=
= Over-gelation
z
72}
S ‘
& L J
>
$
1,00E+03 t : v +
35 45 55 65

Temperature (°C)
—GEL30-G0O37.5-HApO.1
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To comprehend how the active substances affect the base's viscosity, an isothermal analysis
was conducted on the behavior of GEL30-GO37.5-HAp0.1 at its production temperature
(75°C) over time for 6 hours (Figure 14).
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Figure 14 - Isothermal analysis on GEL30-GO37.5-HApO.1.

Isothermal analysis is conducted at a constant temperature without any thermal variation over
time. This analysis is crucial in determining a system's equilibrium behavior, thermal stability,
and phase transitions at a specific temperature. According to Figure 14, as the G' and G"
modules increase, the viscosity of the formulation increases over time. This confirms that the
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gel is undergoing solidification, leading to a rise in the material's stiffness as demonstrated by
the G' and G" moduli. The process may be driven by the gradual loss of water concentration
over time, resulting in higher levels of solids in the formulation. Another contributing factor is

the presence of GO, which accelerates the reactions between different components.

These results confirmed that when GO is utilized as a reinforcement, its addition in substantial
quantities is believed to enhance the elastic behavior of the formulation, thereby improving the
mechanical properties of the hydrogel [80]. Meanwhile, HAp nanoparticles, when incorporated

in small amounts, have no significant effect on the behavior of the formulation.

After analyzing the results, it became evident that the previous quantity of GO implemented
was excessive for the desired outcome. Consequently, alternative formulations were
developed (Group_GO7.5) and tested once more under identical conditions to determine the
optimal amount required. The goal of producing new formulations was to obtain rheological
characterization curves that would be advantageous for printing, while still providing the
properties required for the multimaterial formulation purpose. Consequently, the amount of GO
was decreased to 7.5% and HAp was increased to 2%. Additionally, 10% glycerin was added,
a well-known material used in printing as a plasticizer [81], wetting agent [5,6] and surface
tension reducer [83]. The rheological characterization of these formulations from

Group_GO7.5 can be observed in Figure 15.
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Based on Figure 15, all multimaterial formulations share the identical principle, and display

comparable features. The G" modulus initially exhibits higher values than the G' modulus at a

temperature of 75°C. This process reverses only after reaching the gelling point, as expected.

These fluids exhibit an expected behavior of having a lower viscosity at 75°C (production
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temperature) and increasing all the way to values close to room temperature. An optimal
printing formulation is expected to undergo an increase in viscosity as temperature decreases.
Figure 15A displays the control formulation, demonstrating stable behavior and a gelling
temperature of approximately 44°C, with lower viscosity values than all other formulations, as
expected. Upon the addition of HAp nanoparticles, shown in Figure 15B, the gelling
temperature increases by 10°C. At this point, the G’ and G” increases from 7.28E+ 02 Pa to
9.35+ 02 Pa compared to the control. These results indicate that the small percentage of HAp
nanoparticles added does not significantly alter the behavior of the formulation but affects the
temperature. When analyzing GEL30-GO?7.5 (Figure 15C), GO can be seen to increase G’ and
G” from 7.28E+ 02 Pa (GEL30) to 1.13E+ 03 Pa, despite the lower percentage used compared
to previous trials. The increase is due to the mechanical characteristics of GO, which increase
material rigidity. Concerning the formulation with all substances added (GEL30-GO7.5-HAp2),
which can also be seen in Figure 15D, the values of G’ and G” are 1.18E+03 Pa and the gelling
temperature is approximately 55°C. Comparing this outcome with the formulations containing
HAp and GO individually, the presence of both components in the same formulation increases
the gelation temperature and viscosity at the same point. In this scenario, GO played a more

significant role in enhancing viscosity due to its higher concentration compared to HAp.

The viscosity versus temperature study was also performed to demonstrate the different types
of scenarios that exist in the 3D printing process in relation to temperature variation. Figure 16
illustrates the three gelation types identified for the viscosity values of the GEL30-GO7.5-HAp2

formulation.
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Figure 16 - Analysis of viscosity with temperature. The three types of gelation identified in GEL30-
GO7.5-HAp2.
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At high viscosity, the GEL30-GO7.5-HAp2 becomes gelled and is unable to extrude through
the nozzle. At low viscosity - at temperatures closer to 75°C - the formulation becomes very
fluid, preventing the formation of a consistent filament. The proper-gelation is observed nearer

to the temperature of gelation.

The gelation temperature values (Sol-gel temperature), as well as the viscosity and G*

complex values at this temperature for all formulations, are detailed in Table 4.

Table 4 - Rheological parameters of all final formulations.

) Rheological parameters
Formulations
Sol-gel temperature (°C) G* at sol-gel (Pa) Viscosity at sol-gel (n, Pa.s)
GEL30 5453 1321 209.9
GEL30-HAp2 43.99 1030 163.9
GEL30-GO7.5 59.59 1589 252.8
GEL30-GO7.5-HAp2 54.92 1674 266.5

Studies on gelatin-based formulations support viscosity values of approximately 200 Pa.s for
stable and accurate printing [31]. In these formulations, active substances are added, which
always increases their viscosity compared to gelatin-based formulations without the addition
of components with similar properties. Formulations containing GO exhibit higher viscosity

than control formulations or only HAp, justifying the role of GO in increasing viscosity.

4.3. Characterization of Gelatin-based Hydrogels
The only hydrogels that will be studied in this chapter, after 4.3.1, are from Group_GO7.5,

since they have shown the best rheological results, and they are going to be used in the 3D

printing process.

4.3.1. The effect of the addition of HAp and GO to the hydrogel

Functional groups associated with the compounds used in gelatin-based hydrogels were
identified by Attenuated Total Reflectance Fourier-Transform Infrared spectroscopy (ATR-
FTIR) demonstrated in Figure 17. This analysis enabled understanding of the effect of the

nanoparticles on the hydrogel.

Group_GO037.5 shares identical active substances with Group_GO7.5 but does not contain
glycerin. Moreover, the order of addition differs in Group_GO37.5, where PVA and betaine are
added at the end. Group_GO37.5 is distinguished by containing high proportions of GO and

low amounts of HAp in its formulations.
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Upon analyzing all 4 hydrogels, a comparable structure was detected in each of them, proving
that there are no chemical changes when all components are present. It is anticipated that
characteristic bands of the predominant compounds (Gelatin, PVA, TA and GO) will be

identified. All structures were detected by the dashed lines.

The FTIR spectra (Figure 17) indicates the presence of absorption bands characteristic of
peptide bonds, present in gelatin: Amide A, | and Il. Amide A is one of the most important
structural groups in gelatin and appears in a broad band at ~3301 cm™ demonstrated by
Skopinska-Wisniewska ef. al [84], due to N-H stretching vibrations. In this figure, the peak
3325 cm™, in all formulations, is characteristic of Amide A. Another group of gelatin is Amide |
(~1635 cm™), induced by C=0 stretching vibrations; and Amide Il (1562 cm™), caused by the
bending vibrations of N—H groups and stretching vibrations of C—N groups [85].

Peaks with decreased intensity were identified at 1562 cm-' that could correspond to the
deformation vibration of C-H and it is often associated with the bending of methylene (CH>)
groups in the polymer backbone of PVA [86]. The 1635 cm™ peak can also correspond to the
deformation vibration of ~OH of the carboxyl group due to the presence of -COOH in PVA[87]
or to ester C=C aromatic bond stretching, characteristic of TA's spectrum. The analysis
identified a peak of decreased intensity at 2357 cm™ corresponding to carbon-carbon triple
bond (C=C) in compounds such as alkynes. This can be justified by the presence of sodium

hydroxide (NaOH). No TA, HAp or GO absorption bands can be observed in this analysis.
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Figure 17 - ATR-FTIR spectrum of Group_G037.5 gelatin-based hydrogels.
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Group_GO7.5 is distinguished by containing lower proportions of GO and higher quantity of
HAp, compared to Group_GO37.5, in its hydrogels.

As observed in Group_GQ037.5, this group exhibits very noticeable similarity between all its
hydrogels, which proves that there are no chemical changes when all the components are
combined. The analysis identified characteristic band from gelatin at 3278 cm™, as expected.
Amide A bands appear in a broad band at ~3301 cm™. The difference can be justified due to

the water content of the membranes, that provokes a OH stretching band in this area [85].

Peaks with decreased intensity were detected at 2949 cm™ due to aliphatic C-H stretching
vibrations present in PVA and Gelatin [88]. Such as Group_GQ037.5, the peak identified at 1562
cm™ could correspond to the deformation vibration of C-H and it is often associated with the
bending of CH> groups in the polymer backbone of PVA [86]. The peak at 1635 cm™ was
accredited to ester C=C aromatic bond stretching, characteristic of TA’'s spectrum [88] or can
also correspond to the deformation vibration of —OH of the carboxyl group due to the presence
of ~COOH in PVA [87].

The peak at 1234 cm™ and 1034 cm™ corresponds to C-O and aryl oxygen stretching,
respectively [19, 20].
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Figure 18 - ATR-FTIR spectrum of Group_G037.5 gelatin-based hydrogels.

Both Group_GO037.5 and Group_GO7.5 exhibit bands indicative of PVA, TA, and gelatin. No
peaks representative of GO or HAp are present, as the method of analysis was incapable of
detecting the specific functional groups.
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The SEM images of the surface of the four multimaterial gelatin-based hydrogels is

demonstrated in Figure 19.

GEL30-GO7.5

GEL30-HAp2 | (D) =+  GEL30-GO7.5-HAp2

Figure 19 - SEM images of Group_GO7.5 gelatin-based hydrogels. (A) GEL30, (B) GEL30-GO7.5, (C)
GEL30-HAp2 and (D) GEL30-GO7.5-HAp2.

The surfaces of GEL30 (Figure 19A) and GEL30-GO7.5 (Figure 19B) hydrogels both exhibit
homogeneous distributions of their components. GO is imperceptible in any hydrogel due to
its uniform nanoparticle dispersion without agglomerations. Various clusters of HAp
nanoparticles are visible from the surfaces of GEL30-HAp2 (Figure 19C) and GEL30-GO7.5-
HAp2 (Figure 19D) membranes.

EDS was performed to analyze the quantification of the constituent elements of HAp
(phosphate and calcium) and GO (carbon and oxygen) present in GEL30-HAp2 (Figure 20)
and GEL30-GO7.5-HAp2 (Figure 21) hydrogels and their distribution. The SEM image of the
multimaterial GEL30-HAp2 hydrogel is shown in Figure 20A. Figure 20B and Figure 20C
demonstrates the presence of calcium and phosphate in hydrogels’ surface, respectively.
Figure 20D exhibits the Energy dispersive X-ray spectroscopy (EDXS) spectrum of the
hydrogel, from a specific white cluster (indicated in Figure 21A), making it is possible to
observed that HAp is present. Table 5 demonstrates the Ca/P ratio in GEL30-HAp2.

44
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Figure 20 - Energy-dispersive X-ray spectroscopy mapping of GEL30-HApZ2, including SEM image (A),
Calcium element (B), Phosphate element (C) and EDXS spectrum of GEL30-HAp2 hydrogel (D).

Table 5 - Ca/P ratio present in GEL30-HAp2 hydrogel patches.

Material Ca %w/w P %wi/w Ca/P ratio
HAp 3.30 1.70 1.94

It was possible to identify the presence of calcium and phosphate, thus proving the presence

of HAp in its constitution.

Figure 21 shows the SEM image and energy-dispersive X-ray spectroscopy mapping of
GEL30-GO7.5-HAp2 hydrogel. Since this multimaterial hydrogel has GO, it is important to also
qualify the presence of carbon and oxygen in its surface. This figure demonstrates the
quantification of all the elements present in GEL30-GO7.5-HAp2 hydrogel, showed the same
elements as GEL30-HAp2, as expected, since they were produced with the same components

except for GO.

Figure 21A shows the SEM image of the hydrogel and Figure 21B, C, D, E and F, demonstrates
the elements distribution: Carbon, calcium, phosphate, sodium, and oxygen, respectively.
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Figure 21 - Energy-dispersive X-ray spectroscopy mapping of GEL30-GO7.5-HAp2, including SEM
image (A), Carbon element (B), Calcium element (C), Phosphate element (D), Sodium element (E) and
Oxygen element (F).

Although GO is known to accelerate the reaction and this analysis is qualitative, the presence
of carbon and oxygen is apparently consistently similar in all hydrogels (with or without GO).
This demonstrates that the presence of other components does not impact element stability
and distribution. The presence of GO is not noticeable because it is evenly distributed along

the surface.

In GEL30-HAp2 and GEL30-GO7.5-HAp2 hydrogels, carbon, sodium, and oxygen elements
are uniformly dispersed. The addition of NaOH to modify the pH causes the presence of
sodium. However, it is demonstrated that its existence does not result in any other form of

precipitation. Nevertheless, it is significant to observe the less concentrated spaces in the
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carbon distribution. These spaces indicate the presence of HAp (calcium and phosphate) as

shown through arrows in Figure 21B.

Table 6 demonstrates the Ca/P ratio in GEL30-GO7.5-HAp2 hydrogel. This makes it possible
to prove the presence of HAp on the surface. Figure 22 demonstrates EDXS spectrum from a
specific white cluster (indicated in Figure 21A), visually demonstrating the values shown in
Table 6. Carbon is the element present in the most significant quantity in both multimaterial

hydrogels.

Table 6 - Ca/P ratio present in GEL30-GO7.5-HAp2 hydrogel patches.

Material Ca %w/w P %wi/w Ca/P ratio
HAp 1.00 0.50 2.00
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Figure 22 - EDXS spectrum of GEL30-GO7.5-HAp2 hydrogel.

4.3.2. Water Stability

Figure 23 depicts the water absorption capacity of each hydrogel, with variations based on its
pre-test conditions. Figure 23A shows the results of the membranes at TO (0 hours) and at the
final time Tf (7 hours). Figure 23B demonstrates the graph with the behavior of the hydrogels
based on equation 2, stored at 25°C and 4°C.

The experimental medium selected was water to facilitate a simple system free of interference
from other ions and to assess if the medium was altered.

When dry hydrogels encounter water, water absorption by their matrix initiates and the weight
increases. Water molecules initially bond directly to the hydrophilic groups, generating
hydrophilically bound water. Consequently, the polymer network swells because of complete
hydration of polar groups, exposing the hydrophobic groups [90]. The hydrogels stored at 4°C

exhibit visibly greater capacity to absorb water at room temperature than those stored at 25°C.
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Figure 23 - Water-absorption capacity of the gelatin-based hydrogels stored at 25°C and 4°C. The assay
was performed at 25°C. (A) Visual results of the GEL30-GO7.5, GEL30-GO7.5-HAp2 and GEL30-HAp2
hydrogels at the initial (TO) and final times (Tf). (B) Graph displaying the behavior of the hydrogels based
on equation 2.

The differences are evident for all the hydrogels except for GEL30-GQO7.5, which was able to
absorb more water at 25°C, showing an increase in membrane diameter, i.e., an increase in
volume. At the lower temperatures, it was observed that the composites swelled more when

compared to the higher temperature [91].

It is also clear from Figure 23A that there is a loss of material present in the hydrogel to the

medium. Based on its color, TA may be the suspected compound.

Based on Figure 23B, it can be inferred that the hydrogel with GO in its composition has a
comparable water absorption capacity in both scenarios and consistently surpasses hydrogels
lacking GO. This phenomenon can be justified by the structure of GO that confers unique
interactions with water molecules, ultra-fast water transport mechanism, high hydrophilicity
and expandable interlayer spacing. The formation of a hydrogen bond network with water
micro-clusters in the confined GO laminates significantly affects the diffusion rate of water
molecules and potential energy at the absorbed state. This, combined with GO's strong

interaction with water, makes it a potential candidate for desiccant application [92].
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The same assay was performed at 37°C, to simulate the body temperature. The hydrogels
were under the same conditions as above. Figure 24 shows the water absorption capacity of
each hydrogel depending on their pre-test conditions. Figure 24A shows the results of the
membranes at TO (0 hours) and at the final time Tf (7 hours). Figure 24B demonstrates the
graph with the behavior of the hydrogels based on equation 2, stored at 25°C and 4°C.
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Figure 24 - Water-absorption capacity of the gelatin-based hydrogels stored at 25°C and 4°C. The assay
was performed at 37°C. (A) Visual results of the GEL30-GO7.5, GEL30-GO7.5-HAp2 and GEL30-HAp2
hydrogels at the initial (TO) and final times (Tf). (B) Graph displaying the behavior of the hydrogels based
on equation 2.

Based on Figure 24, it is clearly seen that hydrogels that have been dried for only 1 day,
whether stored at 25°C or 4°C, are unable to absorb water and cannot withstand a temperature

of 37°C in an aqueous environment.

Additionally, both hydrogels at 25°C and 4°C experienced a significant deterioration process
that resulted in the complete loss of their structure, leaving only fragments of the film that was
created by the presence of TA. The higher values for water absorption capacities of GEL30
and GEL30-HAp2 membranes at 4°C are attributed to their inability to survive the entirety of
the test, with complete degradation occurring at 60 and 120 minutes, respectively. In this assay,

there is also a loss of material from the hydrogel in to the medium.
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These hydrogels do not experience volume expansion in the presence of water at 37°C and
continually deteriorate as they lose volume. This experiment raised some important questions
about the variables that could affect stability at 37°C, such as the quantity of components

added or the drying time of the hydrogel itself.

4.3.3. Degradation Ratio
The degradation ratio evaluation was performed on hydrogels with different post-production
drying durations, limited to 21 days in 5 ml of PBS at 37°C. The hydrogels were tested with
drying durations of 1, 2, 7, and 15 days. The main objective of this investigation was to
determine the required drying time for the hydrogels to maintain their structure at 37°C in an

agueous environment.

The drying time of the hydrogel is a crucial parameter that impacts several properties, such as
its internal structure; mechanical integrity, due to the formation of cross-links in the hydrogel
structure, and if the drying time is not respected, it can lead to a fragile and less cohesive
structure; and residual water content, if the hydrogel is not sufficiently dried, it can contain a
percentage of residual water and can affect its stability and interactions with the surrounding
environment [90]. This study highlights oxygen as a crucial component for the proper
functioning and performance of hydrogels. When hydrogels with TA encounter oxygen, water
is lost, and a thin insoluble film is formed, which only darkens the surface that is in contact with

air due to the reaction with oxygen.

Figure 25 exhibits the formation of an insoluble and resistant film on the surface of the hydrogel
control that was exposed to oxygen after one day, illustrating this phenomenon. This process
affects the mechanical strength and rigidity of the material. As a cross-linking agent, TA creates
chemical bonds between polymer chains, forming a 3D structure in the polymer matrix. This

results in a more rigid and stable material with improved mechanical properties [42, 94].

——

Figure 25 - A film formed on the exposed surface of the hydrogel control after one day of oxygen

exposure.
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Figure 26 shows the degradation ratio of the gelatin-based hydrogels dried for 15 days. Figure
26A illustrates the visual differences between the test at time 0 and after 21 days. Most of the
hydrogels were visibly degraded, except for those containing HAp-NPs, which maintained their
form until the end of the test, despite a lower weight compared to the initial weight. It can be
inferred that there was a loss of hydrogels’ material in the PBS medium. Figure 26B

demonstrates the behavior of the hydrogels based on equation 3.

(A)
Ti=21 days

To=0 days
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Figure 26 - Degradation ratio (%) of the gelatin-based hydrogels dried for 15 days. These hydrogels
were tested for 21 days in PBS solution. (A) Visual results of the GEL30, GEL30-GO7.5, GEL30-GO7.5-
HAp2 and GEL30-HAp2 hydrogels at the initial (TO) and final times (Tf), after 21 days. (B) Graph
displaying the behavior of the hydrogels based on equation 3.

The degradation ratio was calculated for all hydrogels with varying drying times (data not
shown) using equation 3. It was verified that only the hydrogels dried for 15 days were able to
withstand the 21-day period. It is important to mention that the longer the drying time was, the

less flexible the hydrogel became [94].

Analyzing the plot, it is important to note that if the values are negative, they indicate that the

hydrogels have not suffered degradation, but rather an increase in volume due to the
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absorption of the solution; if the values are positive, degradation occurs, and their structures
are no longer uniform. It can be observed that all hydrogels experienced degradation after

undergoing 21 days of immersion, regardless of their compositions.

The hydrogels GEL30-HAp2, GEL30-GO7.5, and GEL30-GO7.5-HAp2 effectively absorbed
PBS for 15 days without experiencing any volume loss, unlike GEL30 which rapidly lost its
water-retaining ability on day 1. While GEL30 exhibited a faster degradation rate, the remaining

hydrogels initiated degradation only after 21 days.

The hydrogels containing GO and HAp-NPs showed, as expected, better results in terms of
maintaining their structure up to 21 days. The presence of GO results in increased rigidity and
stability of the hydrogels at 37°C. On the other hand, HAp-NPs increase the hydrogel's
network, enabling it to absorb more solution and increase its volume. The hydrogels containing
GO and GO mixed with Hap exhibited superior performance by displaying stability and
degradation resistance for up to 21 days at 37°C in PBS.

4.3.4. Mechanical Properties
Tensile tests were conducted to investigate the effect of GO and HAp on the mechanical
properties of gelatin-based hydrogels. Figure 27 displays the test specimens, including their
initial state after production (Figure 27A). The beginning of the test is also shown in Figure 27B
and the point of fracture (Figure 27C). The demonstration curves Stress-Distance for each

individual specimen tested are present in Figure 27D.

The Stress-Distance curves reveal that the GEL30-GO7.5 hydrogel exhibited a higher stress
with an ultimate strength of approximately 678KPa compared to the GEL30-HAp2 hydrogel
which only reached a value of 438KPa. The disparity can be attributed to the presence of GO
and HAp-NPs. GO provides greater resistance to the hydrogel owing to its inherent mechanical
properties, whereas HAp-NPs provide greater elasticity to the hydrogel in exchange for greater
resistance to stress. When the GEL30-GO7.5-HAp2 curve is examined, it is evident that the
combination of these two components results in a relatively high ultimate strength compared
to that of the control (GEL30) and is very similar to the hydrogel that only contains GO, which
exhibits an ultimate strength of approximately 610KPa. The hydrogel acquires superior
resistance characteristics after the GO and HAp-NPs are combined but its structure becomes

more elastic as it contains HAp-NPs.

52



(A)

N
<
Te} AN T
~0 2B &
™ i B ~
S“HON B O
Ll o ) O
O [sp] -l 1
ol
ol
o L
©)
800
700 A
600
©
& 500
X
=
3 400
[
]
(72}
300
200
100 A
0 - + + + + _— + + + + +
0 10 20 30 40 50 60 70 80 90 100 110

Distance (mm)

GEL30 GEL30-HAp2 GEL30-GO7.5 GEL30-GO7.5-HAp2

Figure 27 - Tensile testing. (A) Hydrogel specimens after their production. (B-C) The tensile test before
and after fracture, respectively. (D) Stress-Distance curves are representative of all the hydrogels.

The addition of GO in this study aimed to enhance their mechanical properties [95]. Therefore,
this test confirms that GO provides these desirable features to the hydrogels, resulting in

increased rigidity of the hydrogels.

A study by Lee et. al [96] analyzed that by increasing the percentage of GO present in a
structure printed with HAp, the modulus of elasticity decreases [96]. In this case — Figure 27D
— It is not possible to calculate the Young’s Modulus. However, in the presence of HAp, the
modulus value would be expected to decrease when GO is included in the hydrogel (GEL30-
GO7.5-HAp2) compared to when the hydrogel has only GO in its composition (GEL30-GO7.5).

Gaharwar and his collaborators [91] investigated the effect of various percentages of HAp-NPs
on the mechanical properties of a composite with poly(ethylene glycol) and showed that, as
the percentage of HAp increases, the modulus of elasticity also increases [91]. Based on their
study, it is anticipated that hydrogels containing 2% HAp-NPs will exhibit greater fracture

strength and increased tensile modulus compared to the control hydrogels [91].
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It is possible to conclude that the hydrogel containing both HAp-NPs and GO demonstrates an
increase in resistance and elasticity to the hydrogels, revealing that the mechanical properties

are affected by their presence.

4.4. 3D Printing Process

The 3D printing process requires specific characteristics for optimal functioning. As discussed
earlier, it is essential to optimize the printing speed, pressure, and temperature to achieve the

highest precision possible.

4.4.1. Strand and line tests
Temperature plays a crucial role in the printing process and the required formulations were
identified through prior rheological studies to determine the optimal conditions for efficient
extrusion. To optimize filament temperature, a series of strand tests were conducted until the
proper gelation was achieved. Figure 28 shows the three types of gelation occurred in the

nozzle during extrusion until the ideal temperature was reached for the specific nozzle type.

Over Gelation Proper-Gelation Under gelation

Figure 28 - Strand tests. Different temperatures result in different types of gelation.

Over gelation occurs when the temperature is below the gelation point, and under gelation
occurs when the temperature is well above the gelation point, which is characterized by low
viscosity. The proper-gelation is the right temperature for printing. The prior conducted
rheological tests were critical in determining the appropriate gelling temperature. These tests
provided information on the gelation temperature, which allows the optimal gelation
temperature to be assumed to be always higher than the crossover temperature (G'=G"). The
appropriate temperature can vary depending on the type of nozzle used; nevertheless, the

fundamental principle must remain consistent.

The line test is a crucial evaluation performed prior to the final printing process. It is
fundamental in the process of selecting the correct and appropriate velocity for the print and
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allows the analysis of three different types (10mm/s, 20mm/s and 30mm/s). The analysis
enables the user to compare the nozzle used with the prints obtained, to determine which
velocity has the highest precision. This evaluation measures the width and length of printed

lines to determine which setting provides the greatest accuracy.

The Length Index was used to assess print accuracy [31]. Kang et al. [97] determined, based
on quantitative image analysis, the print accuracy and resolution along the length, width and
height. The principle used was quantifying the print outcome though printing samples
dimensioned. They developed a method to achieve Length Index that compares the theoretical
print to the effective print that allows to categorize the offset in length between the designed
and the printed path [97], demonstrated in equation 4. This index ranged from 0 to 1, where
index of 1 indicated perfect match with no underprinted and overprinted length. In addition,
Kang and his collaborators [97] also investigated the print resolution by defining a
dimensionless variable Width Index to analyze results through the width. The Width Index was
achieved by comparing the average width of the printed path and the nozzle diameter, as

demonstrated in equation 5.

For the Length Index (equation 4), only one point is measured on each line. For the width
measurement (equation 5), three points are measured on each line and the average is divided
by the nozzle diameter. Once the measurements are complete, index results with values equal

to or near 1 determine the correct velocity.

Figure 29 shows the line test for GEL30-GO7.5-HAp2 and the respective Length and Width

Index.

Lenght Index measurements 10mm/s 20mm/s 30mm/s

10mm/s  LenghtIndex (mm) 20mm/s Lenght Index (mm) 30mmis Lenght Index (mm) g
36212 0.905 38572 0.9643 38.994 0975 Width
38992 0975 38573 0964 39.910 0998
39327 0.983 37.728 0943 30414 0985
Mean 38177 0.954 38201 0.957 39.439 0986
Standard Deviation 1710 0.043 0488 0012 0459 0011
Width Index measurements
10mm/s Width Index (mm) 20mm/s Width Index (mm) 30mm/s Width Index (mm)
1.266 2.897 0.758 1735 0.465 1.064

Length

1.095 2.506 1.014 2.320 0.549 1.256
0.842 1.927 1.014 2.320 0.505 1.156
1.263 2.890 0.674 1.542 0.463 1.059
1.432 3.2717 0.758 1.735 0.589 1.348
1274 2915 0.763 1.746 0.379 0.867
1.008 2513 0.595 1.362 0.505 1.156
1.011 2314 0.758 1.735 0.547 1.262
1.095 2.506 0.589 1.348 0.505 1.156
Mean 1.153 2638 0.769 1.760 0.501 1.146
Standard Deviation  0.175 0.400 0.155 0.355 0.061 0.140

hu‘

Figure 29 - Line test. Printed filaments to obtain length and width index measurements.

The study demonstrates that the optimal speed for this formulation type, using the 25G white
nozzle, is 30mm/s. This speed resulted in a Length Index of 0.986mm and a Width Index of

1.146mm.
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4.4.2. 3D Printed Constructs

All the multimaterial formulations were printed with three layers with the same angles
orientation with the parameters enumerated in Table 3. The formulations with HAp-NPs were
printed as gum patches and the others as squares, in order to distinguish and diversify the

geometry. Figure 30 shows all the printed structures.

GEL30 GEL30-HAp2 GEL30-GO7.5 GEL30-GO7.5-HAp2

Figure 30 - 3D printed constructs of all the formulations in two different geometries.

It can be concluded that GEL30, GEL30-HAp2, GEL30-GO7.5 and GEL30-GO7.5-HAp2 were
effectively printed, and their porosity is evident in all hydrogels, as can be seen in Figure 30.
Incorporating nanoparticles and GO into the gelatin base did not impact printing accuracy. All
multimaterial formulations can be printed by adjusting the parameters according to previously
studied rheological properties. This was confirmed by the line test on the GO and HAp mixture

formulation, displaying expected precision under these conditions.

A composite hydrogel system is a valuable method for incorporating and blending diverse
hydrogel functions and characteristics that cannot be accomplished with a single hydrogel. By

utilizing 3D printing, it is achievable to develop a structure with increased capabilities [98].

Wist et al. [99] incorporated HAp-NPs into a hydrogel system consisting of gelatin and alginate
for the purpose of enhancing the printability and mechanical stability of bone tissue
engineering. Gelatin, whose crosslinking behavior is temperature-dependent, provided initial
viscosity and stability for 3D printing, while the ionic crosslinking of alginate achieved long-
term stability. Using a heatable cartridge-equipped 3D-bioplotter, the team successfully printed
structures with superior printability at 40°C. The incorporation of 8% w/v HAp nanoparticles
resulted in a substantial increase in Young's modulus over a three-day incubation span. They
concluded that the inclusion of HAp also favors the use of bioink for bone tissue engineering

applications.

Li and his collaborators [100] developed a 3D printable GO based bio-ink for cell support and
tissue engineering. Rheology studies demonstrated that adding GO [0.1% or 0.5% (w/w)],
provided higher storage modulus than loss modulus to the dispersion, indicating that the
addition of GO up to 0.5% (w/w) does not influence printability. The scaffolds were printed with
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different GO concentrations and with multi-angle design. The results showed that 0.05% (w/w)
and 0.1% (w/w) GO content inks exhibited improved resolution due to improved storage
modulus to retain strut structure after extrusion and flowability during extrusion. It was
concluded that the incorporation of 0.05%—-0.1% (w/w) GO in an Alginate/Gel hydrogel
improves 3D printability of the gel, including printing resolution. The addition of GO also proved
to improve cell-affinity of bioinert biomaterials by providing more bioactive moieties on the

scaffold surface.

4.4.2.1. Porosity measurements

Porosity is crucial in the treatment of periodontitis by facilitating the diffusion of nutrients and
oxygen, as well as cell infiltration, promoting cell growth and new tissue formation; preventing
bacterial invasion, promoting a sterilized environment for regeneration without infectious
complications; and, most importantly, tissue accommodation itself, which allows the hydrogel
to adapt to the periodontal space, providing physical and structural support for tissue growth
[101, 102]. Porosity was achieved by producing three layers of hydrogel at different angles,
which was confirmed by microscopic images by GEL30-HAp2 and GEL30-GO7.5-HAp2
(Figure 31). The porosity is visible to the naked eye, but a more precise analysis of the different

layers can be achieved with the aid of either a magnifying glass or a microscope.

GEL30-HAp2

GEL30-GO7.5-HAp?2

Figure 31 - GEL30-HAp2 and GEL30-GO7.5-HAp2 gum patches with 30x and 100x magnification,
respectively.

At a magnification of 400x, Figure 32 exhibits the diverse layers of GEL30-GO7.5-HAp2
containing all the compounds. This microscopic view shows different clusters of nanoparticles
that may belong to HAp-NPs or GO. This analysis does not enable the precise identification of
which elements are present in the clusters. A few particles derived from the GO suspension

are also visible, as can be seen by the circles in Figure 32.
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The area of the pores identified through black arrows was calculated using ImageJ. The values

for the area of each pore are shown in Figure 32 and Table 7.

Although the images are to scale, the pores may not be fully visible, so these values can only

be considered characteristic of what is observed in the figure.

Figure 32 - Porosity of GEL30-GO7.5-HAp2 at 400x magnification.

Table 7 - Area average and standard deviation of the pores presented in Figure 32.

Porel Pore2 Pore3 Mean Standard Deviation
Area(mm?) 118.71 101.04 157.52 125.76 28.89

After evaluating the different hydrogels, it can be inferred that the hydrogel with the most
advantageous characteristics and the most beneficial properties for the purpose of the study
is GEL30-GO7.5-HAp2. This hydrogel contains study-proven components with both anti-
microbial and osteoinductive properties: HAp and GO. These characteristics establish it as an
exceptional candidate for application in periodontal diseases. Not only is it the most complete
hydrogel in terms of its composition, but it also showed a good degradation rate (up to 21 days
in PBS) and its mechanical properties offered good resistance to stress and elasticity, which
may be beneficial given the area where it will be applied. To determine whether the study was
successful, 3D printing proved that it is possible to print this hydrogel effectively, accurately,
and reproducibly.
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Chapter 5 - Conclusion and Future Work

5.1. Conclusion

The results of this study demonstrated that it is possible to develop gelatin-based multimaterial
membranes functionalized with nanoparticles with antibacterial, anti-inflammatory and

osteoinductive properties using 3D printing.

The HAp synthesis process proved to be successful, producing nanoparticles with the

expected nanorod shape.

The rheological analysis showed that the balance between the viscous and elastic moduli was
crucial for achieving stable and precise 3D printed structures. Furthermore, the addition of GO
significantly increased the elastic behavior of the formulations. However, excessive quantities
of GO (37.5%) were found to be detrimental to 3D printing, leading to an adjustment of the
formulations by reducing GO content, increasing HAp, and the addition of glycerin. The
optimized multimaterial formulations exhibited similar rheological behavior and gelling
temperatures. The viscosity values increased at lower temperatures, which is critical for stable

3D printing.

The ATR-FTIR analysis enabled the identification of different bands present in the hydrogel to
understand the effect of HAp on its composition, identifying characteristic bands of gelatin,
PVA, TA, and GO.

SEM images confirmed uniform distributions of GO and HAp, while EDS analysis established

the existence of HAp in the hydrogel compositions.

Water stability tests revealed that water absorption capacities were temperature-dependent,
with GO-containing hydrogels demonstrating superior performance attributed to their specific
interactions with water molecules. Degradation studies highlighted the significance of drying
time, showing that hydrogels containing GO and HAp with 15 days of drying possessed stability

over 21 days.

Moreover, tensile tests demonstrated that GO enhanced hydrogel strength and improved the
mechanical properties. The integration of GO and HAp resulted in well-balanced mechanical
performance. The 3D printing process achieved success, with optimized speeds identified
through strand and line tests. Porosity measurements have shown that it is possible to

fabricate porous structures with controlled pore sizes through different angles.
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In conclusion, the main goals of this work were achieved. The final formulation chosen (GEL30-
GO7.5-HAp2) allowed the development of gelatin-based multimaterial hydrogels, exhibiting
promising rheological properties, structural stability, mechanical strength, and 3D printing
capabilities with great printability and reproducible results. The incorporation of GO and HAp
presents a flexible platform for biomedical uses such as tissue engineering, with precise control
over material properties and structure being imperative in such application. Further research
could investigate targeted applications and customize formulations for specific functionalities,

particularly in the context of the different stages of periodontal disease.

5.2. Future work

Although the main goals of the proposed work have been achieved, there is always room for

improvement.

An important aspect for hydrogels is their ability to absorb water, swell and withstand
degradation. Finding an alternative method to accelerate drying of the hydrogels would
improve their overall performance. To obtain a more thorough comprehension of the water
absorption capacity, it is vital to conduct a detailed examination of the expansion ratio and
water content in the 3D constructs developed. Additionally, the same procedures should be

performed on the 3D printed structures, to determine if their structure is modified.

Another valuable approach would be to further study the interaction of these hydrogels with
cells and biological tissues. Gaining a better comprehension of the mechanisms by which
these materials interact within the biological environment could offer important insights for
clinical and therapeutic purposes. It is crucial to conduct extended testing of these hydrogels

in vivo.
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