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ABSTRACT

Cancer is one of the most significant challenges humanity faces nowadays. The most com-
monly applied therapies, like chemotherapy, are not specific for tumour cells, causing sys-
temic toxicity. Drug delivery systems are an approach to avoid these effects. Hydrogels, poly-
meric crosslinked matrices, are widely studied for this application due to their advantageous
characteristics, like matrices porosity and swelling capacity. Hydrogels can be processed by
3D bioprinting, a technique to develop layer-by-layer structures through software-controlled
bioink deposition, enabling customized systems for drug delivery applications. Hydrogels
may also be coupled with Superparamagnetic Iron Oxide Nanoparticles (SPIONSs). In a thera-
peutic approach named magnetic hyperthermia, these NPs cause the tumour temperature to
rise when subjected to an Alternating Magnetic Field (AMF). This master thesis developed 3D
bioprinted methacrylate chitosan (ChMA) hydrogels reinforced with Cellulose Nanocrystals
(CNC) with SPIONSs incorporated.

The successful methacrylation process of ChMA was confirmed through chemical char-
acterisation, while thermal analysis indicated a lower decomposition temperature compared
to chitosan. Subsequently, bioink formulations incorporating ChMA, CNC, and Irgacure 2959
as the photoinitiator were developed and assessed rheologically, demonstrating shear-thin-
ning behaviour and increased viscosity with higher ChMA and CNC concentrations. Based on
these findings, two formulations were selected for 3D bioprinting, with one yielding success-
ful outcomes after optimization of printing parameters, UV light exposure, and photopoly-
merization mechanisms. This formulation was used to produce hydrogels using moulds for
characterisation purposes. Mechanical tests on the obtained structures provided insights into
their compression behaviour, while morphological analysis via Scanning Electron Microscopy
(SEM) revealed a porous matrix with homogeneous CNC distribution. PBS absorption tests
indicated rapid phosphate buffered saline uptake followed by stabilization. Despite initial at-
tempts, the addition of SPIONSs to the hydrogels was unsuccessful in achieving photocross-
linked structures. This work represents an early stage in the development of a novel 3D bi-
oprinted system, encompassing material synthesis, bioink formulation, bioprinting processes
and bioink and structure characterisation.

Keywords: 3D bioprinting, chitosan, nanocellulose, photocrosslinking, SPIONs
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RESUMO

O cancro é um dos maiores desafios da atualidade. As terapias mais frequentemente aplicadas,
como a quimioterapia, causam muitas vezes toxicidade sistémica, pela falta de especificidade
para as células tumorais. Os sistemas de administracdo de farmacos podem colmatar estes
efeitos. Os hidrogéis, matrizes poliméricas reticuladas, sdo estudados para esta aplicacdo de-
vido a sua porosidade e capacidade de inchamento. A impressdo 3D, técnica que permite de-
senvolver estruturas através da deposigdo de tinta controlada por software, permite criar hi-
drogeis personalizados para administracdo de farmacos, com possibilidade de incorporacao
de nanoparticulas de 6xido de ferro superparamagnéticas (SPIONs). Estas podem ser utiliza-
das para hipertermia magnética, aumentando a temperatura no local do tumor. Esta disserta-
¢do focou-se em desenvolver hidrogéis de quitosano metacrilato (ChMA) impressos em 3D,
reforgados com nanocristais de celulose (CNC) e com SPIONs incorporados.

O processo de metacrilagdo do ChMA foi confirmado através da caraterizagdo quimica e a
andlise térmica mostrou uma temperatura de decomposigdo deste polimero mais baixa que a
do quitosano. A avaliagdo reoldgica das formulacdes desenvolvidas de tinta de ChMA, CNC
e Irgacure 2959 demonstrou um comportamento aparente de pseudopldstico e um aumento
da viscosidade com o aumento das concentra¢des de ChMA e CNC. Com base nestas conclu-
sdes, foram selecionadas duas formulacgdes para impressdo 3D, com resultados favordveis
numa delas ap6s otimizagado dos pardmetros de impressdo, exposicdo a luz UV e mecanismos
de fotopolimerizagdo. Esta formulagdo foi utilizada para produzir hidrogéis com recurso a
moldes, que foram submetidos a testes mecénicos, aferindo sobre o seu comportamento sob
forgas de compressao. A andlise morfolégica por microscopia eletrénica de varrimento (SEM)
revelou uma matriz porosa com uma distribuigdo homogénea de CNC. Os testes de incha-
mento indicaram uma rdpida absor¢do de PBS seguida de estabilizagdo. A adicao de SPIONs
aos hidrogéis levou a ndo fotopolimerizagdo, quer em impressdo 3D ou hidrogéis em molde.
Este trabalho mostra uma fase inicial no desenvolvimento de um novo sistema impresso em
3D, abrangendo a sintese de materiais, a formulac¢do da tinta, os processos de impressdo e a
caraterizacdo da tinta e da estrutura.

Palavas chave: Impressdo 3D, quitosano, nanocelulose, fotopolimeriza¢do, SPIONs
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1

INTRODUCTION

This chapter provides a framework for the work carried out in this master's thesis, as well as
a description of the system developed and its possible applications. Relevant information on
the materials and techniques used is presented, as well as previous work in which they have
been employed.

1.1 Context and Motivation

The World Health Organization defines cancer as a group of diseases in which abnormal cells
grow out of control, passing their normal limits. This process can start in almost any organ
and spread to adjacent organs or tissues in a process called metastasis, which is the main cause
of death by cancer [1]. This condition is a rising global burden, with 19.98 million new cancer
cases detected in 2022 and about 9.74 million fatalities reported in the same year [2]. By 2045,
it is expected that the number of new cancer cases will reach 32.64 million, an increase of 63%
since 2022, according to GLOBOCAN estimates [3]. In 2019, this condition was the primary or
secondary cause of death in 112 out of 183 countries, with a population under 70 years [4],
constituting a significant challenge to worldwide public health [5]. Chemotherapy is one of
the most chosen therapeutic approaches for cancer treatment and recurrence prevention [6][4].
Chemotherapy agents are administrated in the bloodstream [7] and affect DNA replication
and cell mitosis, which eliminates fast-growing and dividing cells. However, the drug is not
applied exclusively to the tumour cells, leading to systemic toxicity, which results in adverse
effects on healthy tissue. Additionally, since the drug is not focused on the tumour site, a
higher dose is required, which is more harmful to healthy cells and leads to an increase in
multiple drug resistance. Therefore, to overcome these issues, it is necessary to develop sys-
tems that deliver the therapeutic agents directly to the tumour region [6], improving its ther-
apeutic efficacy [8].

One possible solution is drug delivery systems using hydrogels. These structures present a
promising solution to the current drawbacks of drug delivery therapies, mitigating these chal-
lenges and augmenting the therapeutic effects of drugs at targeted sites. Their advantageous
and adjustable characteristics for drug delivery include compatibility with aqueous



conditions, crucial for physiological environments, and a highly porous matrix that can
transport and shield drugs from degradation. Moreover, their ability to swell and shrink ena-
bles control over drug release, maintaining high concentrations at targeted sites since the drug
is loaded in the matrix, being released through diffusion when the aqueous environments con-
tact with the hydrogel mesh. Taking this mechanism into consideration, the tunability of prop-
erties like the hydrogel porosity and swelling degree aids the adaptability of the system in
terms of drug releasing and targeting to the required site [9]. Other useful qualities of hydro-
gels for biomedical applications include their improved biocompatibility due to their soft tex-
ture that resembles many soft biological tissues, which reduces the inflammatory response
[10][11]. Combining hydrogels with 3D bioprinting is promising in drug delivery since it al-
lows the design of systems in terms of shape and dosage, adapting them to the requirements
of the targeted site [9]. The design and development of these customized systems is fast and
avoids the population-centric approach, adapting the system features to each patient’s specific
needs. Besides that, additive manufacturing is more cost-effective since it is cheaper and re-
quires less resources and effort [12].

Hyperthermia is another therapeutic approach for cancer treatment that takes advantage of
the sensitivity of tumour cells to higher temperatures, which either sensitize them to other
therapeutic approaches or kill them. However, it is challenging to efficiently target the tem-
perature increase without damaging surrounding tissues [13]. Superparamagnetic nanoparti-
cles (SPIONS) can generate heat when exposed to an alternating magnetic field (AMF) [14],
having the potential to be used for hyperthermia. By incorporating SPIONs in a hydrogel ma-
trix, it is possible to address the challenge of targeted heat application [13].

This master thesis aims to develop a 3D bioprinted multifunctional hydrogel system that com-
bines the benefits of hydrogels and magnetic hyperthermia. To achieve this goal, a photocross-
linkable methacrylate chitosan (ChMA) hydrogel reinforced with cellulose nanocrystals
(CNCs) and incorporating SPIONs was developed, a combination of materials not yet docu-
mented, to the best of our knowledge. Since the main goal was to be able to 3D bioprint the
developed system, the formulation was optimized by varying the amount of polymer and re-
inforcement nanoparticles, as well as the printing parameters, conditions, and reaction mech-
anisms. This work is organized into four chapters: the first of which explains the theoretical
concepts required to understand this work and provides a bibliographic review of the already
existing work in this field. Next, in the second chapter, the materials used and methods per-
formed in the laboratory are described, including the synthesis of the polymer, the formulation
of the bioinks, the production of hydrogels, and the 3D bioprinting protocol. This is followed
by the assessment of the results obtained from the chemical and thermal analysis of methac-
rylate chitosan, as well as the bioink's rheological behaviour, 3D bioprinting process, morpho-
logic characterisation and mechanical and PBS absorption properties of the hydrogels. Finally,
the conclusions and future perspectives of this work are presented in the last chapter.

The research work described in this dissertation was carried out in accordance with the norms
established in the ethics code of Universidade Nova de Lisboa. The work described and the



material presented in this dissertation, with the exceptions clearly indicated, constitute origi-
nal work carried out by the author.

1.2 Theoretical concepts

1.2.1 Hydrogels

Hydrogels are three-dimensional structures composed of hydrophilic polymeric
chains that have been crosslinked, resulting in stable polymeric networks [11] capable of ab-
sorbing large amounts of water without dissolving [15].

The mechanical and biochemical properties of hydrogels are closely tied to their cross-
linking method. Crosslinking methods are divided into physical crosslinking, in which re-
versible bonds are formed between chains, and chemical crosslinking, which forms stronger,
permanent covalent bonds, resulting in hydrogels with enhanced stability, mechanical prop-
erties, and adjustable degradation. Photocrosslinking is a chemical crosslinking method that
can be triggered by light exposure and requires the presence of acrylate or methacrylate
groups and a photoinitiator. It offers several advantages, including the fact that it is a quick
process that occurs at room temperature in mild conditions [15], precise control over hydrogel
properties through reaction management (e.g., controlling the exposure time or distance to the
light) [16], and targeted reaction areas via selective light exposure [15]. However, drawbacks
of this method include the cytotoxicity of certain photoinitiators and the potential for un-
wanted reactions involving free radicals formed during the process [16].

1.2.2 Chitosan

Chitosan is obtained through partial deacetylation of chitin (degree of deacetylation of 50% or
higher [17]), a natural polysaccharide extracted from crustacean shells [11][18]. Chitosan
chains are formed by N-acetyl-glucosamine and deacetylated D-glucosamine, randomly dis-
tributed and bonded by pB-(1-4)-glycosidic bonds. This distribution produces a structure con-
taining amino groups, positively charged, as well as primary and secondary hydroxyl groups,
also positively charged, making it a cationic polysaccharide capable of interacting with nega-
tively charged biomolecules in the body. This contributes to the many advantageous proper-
ties of this polymer in the biomedical field, such as biocompatibility, biodegradability, anti-
inflammatory properties, and antioxidant effects [19]. Besides that, it is an easy-to-modify pol-
ymer since it has plenty of free amino groups [20]. A disadvantage of this polymer is the ten-
dency of the amino groups to protonate at neutral pH, allowing interaction between them and
the polar part of the molecule, which limits its solubility in water. Biocompatible, flexible, and
hydrophilic hydrogels are obtained from chitosan. They are vastly used in the biomedical field
as drug delivery systems, injectables, 3D bioprinted biomaterials, absorbable sutures, among
others [18].



1.2.3 Methacrylate chitosan

To produce photocrosslinkable hydrogels from chitosan, methacrylation of the polymer was
required, achievable through reaction with methacrylic anhydride (MA), for example, which
is an advantageous option in the biomedical field because of its mild solubility in water. How-
ever, it must be employed in small amounts due to its toxicity [18]. Upon reaction with MA’s
methacryloyl groups, chitosan’s amino groups [19] transform into methacrylamide groups,
allowing photocrosslinking in the presence of a photoinitiator [21] such as 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenome (Irgacure 2959), which is well tolerated by various
cell types [15]. This modification also improves chitosan’s solubility in water [22].
Photopolymerization with Irgacure 2959 is triggered by UV light of 365 nm and can proceed
via two mechanisms: chain growth and step growth reactions, both displayed in Figure 1-1. In
chain growth (left panel Figure 1-1), Irgacure 2959 generates free radicals under UV exposure,
initiating the chain reaction by reacting with ChMA's alkene groups, forming a carbon-centred
radical that reacts with other alkene groups, forming growing chains. However, the presence
of oxygen inhibits this mechanism (3¢ schematic reaction). Alternatively, step growth reaction
(right panel Figure 1-1) requires the presence of thiol groups, where the photoinitiator, upon
UV light exposure, forms a radical that reacts with a thiol group, abstracting a proton and
forming a thiyl radical. This agent combines with the alkene group of a ChMA, resulting in a
carbon-centred radical that reacts with another thiol group, abstracting a proton and forming
a new thiyl group as well as a monomer. This monomer will bond with other monomers to
build a crosslinked network. Chain and step growth mechanisms may occur simultaneously
[23].
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Figure 1-1 - Schematic representation of photopolymerization mechanisms of ChMA with the photoinitiator Irgacure 2959.
Adapted from [23].

1.2.4 Cellulose Nanocrystals (CNC)

Methacrylate chitosan hydrogels suffer from a major drawback, this is insufficient mechanical
strength. Incorporating nanofillers or other polymeric materials into their matrix effectively



addresses this issue [24]. Cellulose nanocrystals (CNCs) are a popular reinforcing agent due
to their excellent features, including enhanced mechanical strength, biocompatibility, large
surface area, low toxicity and density, high aspect ratio, and biodegradability [25].

Cellulose is a widely abundant natural polymer consisting of linear chains of cellobiose units
linked by b-1,4-linkages. Individual chains are organized into fibres due to hydrogen bonds
between intermolecular hydroxyl groups and hydrophobic interactions. This results in an or-
ganized, tight-packed polymer, leading to its semicrystalline nature. Because of these aspects,
cellulose has enhanced strength and flexibility. The fibres have crystalline and amorphous re-
gions [26]. Mechanical shear or controlled acid hydrolysis of cellulose leads to the split of fibres
at amorphous points, forming nanocellulose comprising rod-shaped, elongated fibrillar parti-
cles. Depending on the fibre's deconstruction technique and source, different types of nano-
cellulose with variable chemical and physical characteristics are obtained. CNC are obtained
through acid hydrolysis of cellulose, which destroys more amorphous regions of the fibres,
resulting in a very crystalline structure with improved rigidity compared with other types of
nanocellulose [27] [26].

A nanocomposite can be achieved by blending chitosan, a cation, and nanocellulose, an anion,
creating a polyelectrolyte complex due to their opposing charges, in aqueous environments.
The primary interaction between these polymers is strong electrostatic interactions, but hy-
drogen bonding, hydrophobic interactions, dipole interactions, and van der Waals forces also
occur [28].

1.2.5 Superparamagnetic Iron Oxide Nanoparticles (SPIONSs)

The behaviour of magnetic materials is categorized through their magnetic susceptibility,
which is the correlation between the applied magnetic field and the induced magnetization in
the material. Graphically, a hysteresis loop results from this ratio, featuring two main param-
eters: remanence, which is the magnetization that lasts after the exposure to a magnetic field
and its removal; coercivity, which is the magnitude of the magnetic field necessary to reverse
the magnetization saturation of a material to zero [29].

Iron oxide nanoparticles are the most used magnetic nanoparticles in the biomedical field since
they are biocompatible and stable [29]. Magnetite (Fe;O,) is an iron oxide constituted by O*
anions and iron cations in two different valence states, Fe?* and Fe*. When the size of the
magnetite particles is reduced to nanoscale, the most energetically favourable magnetic organ-
ization is the formation of a single domain, uniform in terms of magnetization. When exposed
to a magnetic field, all the magnetic moments of the nanoparticles align with it. When it ceases,
the magnetic properties of the material cease as well, presenting no remanence, hysteresis and
a coercivity of zero. These are typical features of superparamagnetic behaviour [14][29].
When subjected to an alternating magnetic field (AMF), SPIONSs are able to generate heat, a
feature applied in cancer treatment through magnetic hyperthermia. This therapy elevates the
tumour temperature to 39°C - 45°C, potentially destroying or sensitizing tumour cells to other
treatments due to their vulnerability to heat. Tumour cell damage caused by this approach



includes DNA repair interference, cell membrane fluidization, programmed cell death induc-
tion, protein denaturation, and alteration of the tumour microenvironment. A significant ad-
vantage lies in its precise targeting, affecting only the area containing SPIONs exposed to an
AMF, forcing the need for nanoparticles contained delivery systems [14]. One solution in-
volves incorporating nanoparticles into a hydrogel matrix, achieved through permanent
chemical interactions or physical interactions between the hydrogel and the SPIONS, the ap-
proach aimed in this study [30]. The remaining challenges include optimizing structures with
SPIONSs in terms of behaviour under AMF, material selection, size, shape, concentration, bio-
compatibility when not under AMF, achieving tumour site specificity and determining ideal
AMF parameters for effective application [14].

1.2.6 3D bioprinting

3D bioprinting enables the precise fabrication of complex structures layer-by-layer using soft-
ware-controlled bioink deposition [31][32]. Extrusion-based bioprinting involves continuous
filament extrusion from a syringe nozzle under constant extrusion force onto a substrate to
form desired shapes. This technique is widely used because of its cost-effectiveness and ver-
satility, being able to 3D bioprint bioinks featuring a wide range of viscosities as well as bio-
inks containing cells in various concentrations. The path followed by the nozzle is controlled
by the printing software, which creates the digital model with the selected configurations.
Printing parameters such as nozzle diameter, pressure and speed significantly influence the
process. A piston-driven system, applied in this study, employs the rotational movement of a
motor-connected guided screw to linearly push the piston for bioink dispensing [33].

An appropriate bioink is crucial for 3D bioprinting, with suitable biocompatibility, mechanical
properties, printability [33] and rheological behaviour [34]. Hydrogel precursor solutions are
among the materials typically used as bioinks [33]. Fast stabilization and crosslinking of the
layers are desired, preventing bioink flow before crosslinking, gravity, and surface tension-
caused deformation of the bioprinted filaments, leading to differences from the desired design.
This can be achieved using hydrogels with fast crosslinking ability and improved rheological
behaviour, for instance, bioinks with higher viscosities [34], obtaining more structural support.
Additionally, shear-thinning behaviour, where the viscosity decreases with increasing shear
stress in non-Newtonian fluids, aids in smoother bioink extrusion [33]. Photocrosslinking is
popularly used for stabilizing the filaments during or after the bioprinting process, the second
one requiring bioinks with higher shape retention [34].

This crosslinking technique offers several advantages in this process, including the previously
mentioned promptness, mild operating conditions, spatiotemporal and intensity control, and
the ability to manipulate hydrogel properties through reaction management. Besides that,
light can be easy to apply in the bioprinting process. In contrast, methods involving crosslink-
ing via pH or temperature may be reversible under different pH or temperature conditions,
which is typically not the case with light-induced crosslinking [35].



1.3 State of the art

In the last years, several systems featuring the above-mentioned materials have been devel-
oped in the biomedical field, for different applications. Starting with systems for drug deliv-
ery, Bozuyuk et al., describe the development of methacrylamide chitosan microswimmers in-
corporating SPIONs and the phenyl-2,4,6-trimethylbenzoyl-phosphinate (LAP) photoinitiator.
Their double-helicoidal shape was 3D bioprinted through two-photon direct laser writing and
photopolymerized. When exposed to a rotational magnetic field, these structures exhibited
controllable movement, which is advantageous in delivering the drug to the pretended local.
The drug-carrying and releasing were performed through the functionalization of the struc-
tures with a photocleavable group with a model drug attached. When subjected to UV light of
a specific wavelength, these groups undergo cleavage, releasing the drug-functionalized seg-
ment from the backbone structure. This process is controllable by adjusting parameters such
as light intensity, exposure duration, and the targeted area. Limitations of this system included
partial penetration of UV light in skin and water-based systems [21].

The materials employed in the system developed in this work can be applied for drug delivery
applications in other forms besides hydrogels. For instance, Sumitha et al. reported a pH-de-
pendent drug release system by conjugating SPIONs and the model drug Doxorubicin with
another type of nanocellulose, nanofibrilated cellulose (CNFs). This system exhibited the abil-
ity to undergo magnetic hyperthermia when subjected to an Alternating Magnetic Field
(AMF). Notably, it could penetrate cells and release the drug with a higher release rate in acidic
environments. The samples showed high magnetization values, which allows targeted deliv-
ery of the drug when exposed to an external magnetic field, minimizing its dispersion while
ensuring precise dosage application. This was supported by the tendency of the system to
accumulate in and around the cellular membrane, which also facilitated the targeted hyper-
thermia process [36].

In the field of tissue engineering applications, polymeric 3D bioprinted structures allow the
printing of scaffolds for cell adhesion and development of structures with embedded cells.
Taking a look at some examples, in the work of Maturavongsadit ef al. a thermocrosslinkable
cell-encapsulated bioink for 3D bioprinting of scaffolds for bone tissue engineering and regen-
eration was developed. The bioink was constituted of chitosan with incorporated CNC with
B-glycerol phosphate and hydroxyethyl cellulose as the crosslinking agents. p-glycerol phos-
phate promoted post-bioprinting thermocrosslinking at 37 °C while hydroxyethyl cellulose
enabled pre-bioprinting chemical crosslinking, enhancing shape retention of the bioprinted
structures, as illustrated in Figure 1-2. CNC improved the mechanical properties of the bioink
and its viscosity, which was also enhanced by cell presence. The bioprinting process did not
affect cell viability, creating scaffolds that promoted osteogenic differentiation, improved by
CNC presence [37].

Another system destined for tissue engineering was presented in the research conducted by
Shen et al., a ChMA bioink was formulated for 3D bioprinting using a different bioprinting
technique, Digital Light Processing. The photoinitiator LAP was selected taking into



consideration its lower cytotoxicity upon light exposure and faster crosslinking time, which
decreased cytotoxicity as well. ChMA with a higher degree of substitution was used because
it reduced crosslinking time and a lower ChMA concentration to achieve the required lower
viscosity for this bioprinting technique. Well-defined and precisely patterned hydrogels were
developed, with cell viability not affected by the bioprinting and photocrosslinking processes
[38]. Osi et al. developed 3D bioprintable ChMA and methacrylate gelatin hydrogels incorpo-
rating nanohydroxyapatite and the photoinitiator Irgacure 1173, displayed in Figure 1-3A.
Methacrylate gelatin becomes more viscous as temperature increases, so a heated printing
head was utilized to aid extrusion. In the cooler printing bed, each layer thermocrosslinked,
enhancing shape fidelity and structural stabilization. Subsequently, the bioprinted structures,
with photocrosslinking abilities due to the presence of the methacrylate polymers, were ex-
posed to UV light, resulting in improved hydrogel’s mechanical properties. The shape fidelity
of the hydrogels increased with methacrylate gelatin’s concentration, polymer that also influ-
enced the structural stability of the structure, decreased structure degradation in the physio-
logical environment, improved its mechanical properties and contributed to the favourable
environment to cells provided by the scaffolds. Nanohydroxyapatite only had minor contri-
butions to the hydrogels [39]. Lastly, in the work of Tonda-Turo et al., cell-encapsulated ChMA
and B-glycerol phosphate hydrogels featuring LAP as the photoinitiator were 3D bioprinted.
The results can be observed in Figure 1-3B, C. Taking advantage of the thermocrosslinking
ability of the hydrogels due to B-glycerol phosphate presence, in opposition to the previous
work, the printing head had a lower temperature while the printing bed was warmer, facili-
tating a fluid extrusion and thermocrosslinking of each layer directly on the printing bed, in-
creasing the retention of the structure shape. The structure was exposed to UV radiation be-
tween layers to allow photocrosslink, enhancing its stability. The bioprinted hydrogels pro-

moted cellular growth and organization and exhibited high resolution [40].

STL design CS CS-Cells CS+0.5%CNCs CS+0.5%CNCs-Cells CS+1.5%CNCs CS+1.5%CNCs- Cells

2mm

Figure 1-2 - The various designs of 3D bloprmted hydrogels in [37], with dlfferent formulatlons, and their respectlve
CAD file (in the left side of the panel), for comparison.

A system with potential for both drug delivery and tissue engineering fields was developed
by Ko et al. based on glycol chitosan and oxidized hyaluronate to develop a 3D bioprinted
hydrogel incorporating SPIONs. The crosslinking of this system occurred due to the mix of



glycol chitosan and oxidized hyaluronate, and its self-healing properties allowed a subsequent
bioprinting process without requiring post-crosslinking, as the hydrogel properties recovered
after extrusion. The SPIONs concentration was chosen carefully since the results showed that
higher concentrations could interfere with the crosslinking process. It was possible to modify
the obtained structure when exposed to a magnetic field, with the hydrogel returning to its
original shape when the stimulus ceased, which showed the potential of acting as a magneti-
cally controlled system [41].
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Figure 1-3 — A - hydrogel obtained in [39], after thermocrosslinking and photocrosslinking. B, C - 3D bioprinted
structures obtained in [40] after bioprinting, in which thermocrosslinking occurred in the printing bed. In C, a
zoomed-in view of the structure pores is presented. Scale bars: 1 mm.

Exploring alternative applications of similar hydrogel systems, in the work of Patel et al., 3D
bioprinted, photocrosslinked ChMA hydrogels incorporating spherical nanocellulose, p-glu-
can and LAP as photoinitiator were developed for hydrogel sensor applications. The transpar-
ent nature of the resulting hydrogel facilitated precise sensor placement and enhanced device
aesthetics. It featured adhesive properties, which prevent the need for extra materials to secure
the device. Shape memory, shape recovery and self-healing properties that safeguard against
damage and prolong equipment lifespan were validated. The hydrogel exhibited antimicro-
bial properties, enabling the use of this system in wearable electronic sensors without the need
for antibiotics. The composite hydrogels also demonstrated enhanced conductivity, attributed
to the formation of an efficient pathway for ion conduction within the hydrogel upon the ap-
plication of voltage, which corresponds to an electrical current. This current was verified to
successfully restore in healed zones (after damage) of the hydrogel. In terms of applications of
this system, it was verified that increasing strain on the hydrogel led to increasing resistance
and consequently decreased current on the hydrogel. This resulted in fluctuations of the meas-
ured current when attached to parts of the body that bent and stretched, showing the possi-
bility of application in a real-time motion sensor. Successful incorporation into a writing de-
tection system demonstrated its ability to detect intricate movements. It was also able to detect
temperature. Due to the high hydroxyl group content and porous matrix, the hydrogel was
also able to generate current in moist conditions, increasing with prolonged soaking [24].

In the work of Zhu et al., the potential for wound dressing applications of these systems is
explored, with the development of a pH-responsive ChMA hydrogel featuring Irgacure 2959
as the photoinitiator. The wound healing process has a dynamic pH, which combined with



chitosan’s swelling at decreased pH led to a hydrogel capable of releasing anti-inflammatory
and antibiotic substances in the initial acidic phase, without overgrowth in the following pro-
liferation stage. In this study, the hydrogels were obtained through different photopolymeri-
zation reactions featuring ChMA and Irgacure 2959, chain growth, step growth and a mix of
both. This led to different crosslinking densities, tunable mechanical properties and swelling
ratios as well as different pH sensitivities, demonstrating its ability to respond to different
phases of wound healing. Although hydrogels were biocompatible, cellular adhesion and pro-
liferation were not verified [23].

Innovative methods for 3D printing of structures are still found, like the 3D printed chitosan
and CNC structure method presented in the work of Lin et al. The study showed that by com-
bining polyethylene glycol (PEG) and CNC dispersion with a dextran and chitosan solution,
inherently immiscible, a chitosan-CNC complex forms at the interface between the two solu-
tions. This process occurs rapidly, enabling the fabrication of robust and flexible tubular struc-
tures when printing the chitosan-dextran solution in the CNC-PEG dispersion. Furthermore,
this membrane was verified to successfully remove heavy ions from solutions, adsorbing them
and facilitating their removal [42].

After reviewing previously developed work in this field, it is evident that hydrogel systems
are extensively explored across various branches of the biomedical sector, and the biomaterials
utilized in this study are widely applied. This bibliographic research also indicates that, to the
best of our knowledge, the system presented in this master thesis is a novel approach, featur-
ing a combination of biomaterials and techniques that has not been explored until now. The
following sections will provide a more in-depth examination of the work conducted to de-

velop this innovative system.
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2

MATERIALS AND METHODS

In this chapter, an overview of the used materials is presented, as well as the employed tech-
niques to synthesize the utilized polymer and SPIONs, formulation of the bioinks, 3D bioprint-
ing, production of hydrogels using moulds and characterisation of the obtained polymer, bio-
inks and structures.

2.1 Materials

The synthesis of ChMA was performed using chitosan of low molecular and degree of deacety-
lation 75.5% supplied by Cognis, acetic acid glacial (= 99.8%) from Carlo Erba, methacrylic
anhydride (MA) with 2000 ppm topanol A as inhibitor (=94.0%), was supplied by Aldrich and
polyethylene glycol (PEG) with molecular weight of 35 kDa was purchased from Sigma.

For the synthesis of SPIONSs it was used iron (III) chloride hexahydrate (Fe;O, e 6 H,O), hy-
droxyalamine (HONH,e HCl) and phenanthroline (C;,HsN,) all supplied by Sigma-Aldrich,

iron (II) chloride tetrahydrate 98\ % (FeCl, e 4 H,O) produced by Thermoscientific, ammonium
hydroxide solution (NH,OH), purchased from Honeywell, hydrochloric acid (HCl) 37% pro-
duced by Honeywell Fluka and ammonium acetate (C;H;NO,) produced by Scharlau.

For the bioinks formulation commercial colloidal suspension of CNC from CelluForce NCC
NCV100-NAL90, lot# C1A21029, was used as received, Irgacure 2959 (2-Hydroxy-4'-(2-hy-
droxyethoxy)-2-methylpropiophenone) and DL-Dithiothreitol (DTT), 299.0% from Sigma-Al-
drich were used as well.

2.2 Methods

2.2.1 ChMA synthesis

The following procedure was based on a protocol previously described by Sayyar et al. [43].
400 mL of chitosan solution 1.3% (w/w) in a solution of acetic acid 4% (V/V) was left stirring
overnight at room temperature. Then, 25 mL of methacrylic anhydride (MA) was added drop-
wise under mechanical stirring. The reaction was performed protected from light for 24 hours
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at 60 °C. Finally, the obtained solution was dialysed against type I ultrapure water using a 12-
14 kDa dialysis membrane, supplied by Spectra/Por, for 15 days. The solution was freeze-
dried afterward. This synthesis was done on a larger scale, doubling the used quantities.
Microscopic images of the polymer sample were captured using an Olympus BX51 Optical
Microscope with polarized light and an attached Olympus DP73 camera. The equipment fea-
tured a Scott KL2500 light source, and image acquisition was facilitated by Olympus Stream
Basic 1.9 software. Additionally, macroscopic images of the polymer were acquired using a
Nikon 1 J5 camera.

2.2.2 SPIONs production

2.2.2.1 Synthesis of iron oxide nanoparticles

The following method was described by Soares et al. [29]. First, 1.3515 g of iron (III) chloride
hexahydrate and 0.497 g of iron (II) chloride tetrahydrate 98% were weighted. These salts were
mixed with 100 mL of type II ultrapure water in a round-bottom flask. The stirring was per-
formed mechanically, adding gaseous nitrogen (N,) through a hose in a closed system.

10 mL of ammonium hydroxide solution was added using a syringe. After 5 minutes, the re-
action was stopped. The solution was transferred to a beaker, using water to remove the re-
maining solution from the walls of the flask.

A strong magnet was placed in the bottom of the beaker so the nanoparticles precipitated.
With a syringe, the supernatant liquid was removed. Four washes were performed.

2.2.2.2 Measurement of iron concentration

The phenanthroline method, described by Soares et al. in [29] was used to determine the iron
concentration in the solution. First, a dilution with a ratio of 1:500 was made with the previ-
ously obtained SPIONs suspension. Then, to 40 uL of the dilution were added 20 uL of HCL
Five samples were produced. It sat for 1 hour, at room temperature. Afterwards, 10 mL of
hydroxylamine solution (100 mg mL") was produced through the addition of 1 g of hydroxyl-
amine to 10 mL of HCl; 20 mL of phenanthroline solution 3 mg mL" was made through the
adding of 0.6 g of phenanthroline to 20 mL of HCl and 50 mL of ammonium acetate solution
500 mM were made through the adding of 1.297 g of ammonium acetate to 50 mL of HCL
These solutions were added to each sample in the following quantities: 100 pL of hydroxyla-

mine solution, 500 pL of phenanthroline solution and 1140 uL of ammonium acetate solution.
The absorbance of the samples was measured in the spectrophotometer UV-VIS (T90+ UV / VIS
Spectrometer PG Instruments Ltd), using the solvent of the solutions as a baseline.

2.2.3 Bioink preparation

General procedure: first, the calculated amounts of synthesised ChMA, acetic acid and type I
ultrapure water were mixed and stirred overnight. This mixture was sonicated (Hielscher
UP4005t) until a homogeneous solution was obtained. The CNC suspension was sonicated as
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well, providing 55 kJ /g of CNC to obtain a dispersed suspension. Then, the CNC suspension
was added to the ChMA solution, under vigorous magnetic stirring. The mixture was left stir-
ring until a homogeneous appearance was achieved. Next, the photoinitiator, Irgacure 2959,
was added to the suspension in a proportion first described by Sayaar et al. [43], 12% (w/w)
relative to the ChMA. It underwent magnetic stirring overnight, protected from the light, and
afterwards, the mixture was putin the ultrasonic bath for 5 minutes. Formulations featuring
two different ChMA concentrations, 2% (w/w) and 3% (w/w) were prepared with different
CNC content. The amount of acetic acid, 3% (w/w), was constant. The formulations are pre-
sented in Table 1.

Table 1 - ChMA and CNC concentrations for the different bioink formulations.

ChMA concentration CNC concentration
(w/w) (w/w)
0.0%
1.5%
3.0%
5.0%
0.0%
0.5%
3.0% 1.0%
1.5%
2.0%

2.0%

The addition of DTT was made before each 3D bioprinting or hydrogel production with
moulds session. The amount of DTT added corresponded to 6.7% (w/w) relative to Irgacure
2959. It was added in the dark, with vigorous stirring with a spatula for 20 minutes.

Formulations with SPIONS: the synthesised SPIONSs suspension was added to the bioink in a
proportion of 10% (w/w) relative to ChMA. The mixture was stirred with a spatula for 10

minutes.

2.2.4 3D bioprinting

The 3D bioprinting process was performed in a TissueLabs bioprinter, the TissueStart Model
TSST-V1. The structure’s design was made in Blender, a free open-source 3D modeling soft-
ware, and the projects were extracted in the form of .STL files. A preview of the 3D models
used is illustrated in Figure 4-2 of the Annex A.2. These files were read by the bioprinter soft-
ware and sliced using Slic3r, an online software connected to the bioprinter software. Several
printing parameters were explored, which are explained in the Results section.

The bioink was placed in a 5 mL syringe, isolated from light with black tape, and placed in the
bioprinter holder in a dark environment. The holder was isolated with aluminium foil. A
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Professional Nail Lamp produced by BLUEQUE, model BLUEQUE V7 with LED lamps of 365
and 405 nm, was held with claws and universal supports near the printing plate. The bi-
oprinter was covered with a blackout cloth during the bioprinting process. The structures were
bioprinted on a glass substrate with UV light irradiance. After bioprinting, the structures un-
derwent UV light exposure. To evaluate if the photocrosslinking had occurred, a spatula was
used to assess the rigidity of the structures. Then, the photograph documentation of the struc-
tures was made using a camera Nikon 1 J5. Afterwards, the structures were washed 5 times
using type II ultrapure water and kept in water in polystyrene dishes at room temperature.

2.2.5 Production of hydrogels using moulds

The bioink placement in the syringe was performed similarly to the 3D bioprinting procedure.
The bioink was placed in a transparent acrylic mould with cylindrical holes, previously glued
to a plastic substrate and exposed to UV light. Aiming to assess the occurrence of photocross-
linking, the rigidity of the structures was evaluated using a spatula. The photocrosslinked hy-
drogels were removed from the mould and washed 5 times in type II ultrapure water. Then,
they were placed in polystyrene dishes and kept at room temperature.

2.2.6 Characterisation

Several characterisation techniques were employed to characterise ChMA, the bioink formu-
lations and the hydrogels produced with moulds. For the ChMA chemical and structural anal-
ysis, fourier-transformed infrared with attenuated total reflectance (FTIR-ATR) and scanning
calorimetry with thermogravimetric analysis (DSC-TG) were performed. All bioink formula-
tions were subjected to rheologic characterisation and the hydrogels produced with moulds
underwent PBS absorption and mechanical tests. Scanning electron microscopy (SEM) analy-
sis was conducted to assess the morphology of the hydrogels. Additional in-depth details re-
garding the techniques executed, experimental parameters, equipment employed, and sample
preparations are available in Annex A.1.
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3

RESULTS

This section presents the obtained results and their subsequent discussion. Initially, the occur-
rence of the methacrylation process is confirmed through the chemical characterisation of the
polymer, alongside an assessment of its thermal behaviour. Subsequently, observations made
during the synthesis, bioink formulation, SPIONs production, and bioink formulation are an-
alysed. This is followed by an evaluation of the flow behaviour of the bioinks via rheological
assessment. The printing parameters and their influence on this study are then delineated,
succeeded by the characterisation of hydrogels derived from the selected bioink formulation.
This involves mechanical and PBS absorption tests, as well as morphological analysis using
SEM, marking the preliminary steps in the characterisation of this innovative system.

3.1 ChMA synthesis

The presented ChMA had an optimization path during this work. A first version was imple-
mented based on the procedure described by Maiz-Ferndndez et al [20]. The procedure was
similar to the one explained in the section Materials and methods, however, the reaction pro-
ceed at a lower temperature, 40 °C instead of 60 °C; the dissolution of chitosan was made in an
acetic acid solution of lower concentration, 0.5% (V/V) instead of 4% (V/V), and the amount
of methacrylic anhydride (MA) added was much superior, a ratio of 1:20 (Ch:MA) instead of
1:5 (Ch:MA). The obtained result was a non-homogeneous solution, with a white aggregate
floating, which could be attributed to incomplete methacrylation of the chitosan backbone,
leading to aggregates of MA since it only presented a mild solubility in water. This solution
was dialysed and freeze-dried. The obtained polymer did not have the expected cloudy ap-
pearance and exhibited a solid smell to MA. The further dissolution of this product was very
difficult, even with the addition of acetic acid, which typically dissolves non-functionalized
chitosan. This was not the expected outcome since the methacrylation process was supposed
to increase chitosan’s dissolution at neutral pH [44]. The obtained outcome is possibly due to
an uneffective methacrylation process, leading to unreacted MA present in the obtained poly-
mer. This would explain the strong MA smell and the difficulty in dissolving the polymer.
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An alternative to freeze-drying was also tried due to the low availability of the equipment and
the high concentration of MA in the first version of the synthesis, which could damage the
equipment. This approach aimed to create a highly concentrated ChMA solution out of the
product solution, after dialysis. To achieve this, the membrane containing the solution was
immersed in a PEG aqueous solution (~20% w/w), which has higher water affinity and can
remove water from solutions. However, if the membrane was left too long on PEG, some parts
would concentrate more and form solid aggregates of ChMA sticking to the membrane being
impossible to remove. Therefore, the desired high concentration could not be obtained with
this procedure alone. To solve this problem, from PEG the solution was placed in a rotary
evaporator. However, this approach also failed to produce a solution with a high concentra-
tion of ChMA, as well as having several problems such as being impractical, time-consuming
and difficult to control. Thus, this approach was abandoned.

Some adjustments were made to obtain the final procedure based on Sayyar et al. [43]. The
reaction temperature was increased to 60 °C, chitosan was dissolved in a solution with a higher
concentration of acetic acid, 4% (w/w), and the added MA was substantially reduced to a ratio
of 1:5 (Ch:MA). The problems mentioned above were eliminated with these changes, resulting
in a cloudy, shiny, odourless polymer after dialysis and freeze-drying. Its solubility in water
was also increased. Figure 3-1A illustrates the result show a photograph of the solid ChMA.
Microscopic images can also be seen in Figure 3-1B, showing the birefringence of the fibers,
characterised by varying refractive indices along different light propagation directions. This
property is a sign of organization of the polymeric chains [45], however, in previous works, it
was observed that the crystallinity of chitosan is decreased in the methacrylation process
[43][46]. Therefore, further evaluation of the obtained polymer crystallinity is required. Fur-
thermore, this property may be worth exploring since it is common to one of the predominant
constituents of biological tissues: collagen [46].

Figure 3-1 - A - Macroscopic view of synthesised ChMA Scale bar: 20 mm. B — Optical microscope image with
crossed linear polarisers of synthesised ChMA. Scale bar: 100 pm.
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3.2 Chemical and thermal characterisation of ChMA

3.2.1 Fourier-transformed infrared with attenuated total reflectance
(FTIR-ATR)

The chemical analysis of chitosan and ChMA was conducted utilizing FTIR-ATR spectros-
copy. The method identifies specific functional groups inside substances using their charac-
teristic absorption bands. This is particularly significant in this context as it enables the confir-
mation of the occurrence of the methacrylation process. The spectra of both chitosan and meth-
acrylate chitosan are presented in Figure 3-2, with the common bands between them high-
lighted. Figure 4-1, in Annex A.2, displays the FTIR-ATR spectra of chitosan, presented in two
zoomed-in images, where chitosan’s typical absorption bands can be observed. The band at
3357 cm! corresponds to the overlapping of O-H and N-H stretching, followed by the band at
2875 cm™, originated from the C-H stretching. The absorbance bands at 1646 cm™ and 1587 cm
lare attributed to amide II, to acetyl group C-O stretching and N-H bending, respectively.
Next, it is possible to observe the band associated with -CH, at 1416 cm™, asymmetrical C-H
bending of the CH, group at 1374 cm™ and amide III at 1318 cm™’. The bands associated with
the C-O-C bridge, its asymmetrical stretch, the skeleton vibrations implying C-O-C stretching
bands, and C-O-C stretching of the glycosidic bond, are respectively at 1149 cm?, 1026 cm™,
and 892 cm™. The band at 1061 cm™ is due to the C-N stretching vibration mode [29].
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Figure 3-2 - FTIR-ATR spectra of chitosan (black line) and methacrylate chitosan (blue line). The common bands,
the typical bands of chitosan, are connected and identified.

Clearly, in ChMA spectra, new characteristic bands can be identified. A zoomed-in view of
ChMA spectra is presented in Figure 3-3, allowing the identification of a band at 3104 cm?,
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typical of CONH group [44]. Subsequently, three new bands emerge at 2959 cm™, 2918 cm™,
and 2850 cm™, attributed to the increased presence of methyl groups [43]. At 1621 cm™ it is
possible to observe a band associated with the C-N of amide I from acetyl group [44] while at
1615 cm™, a band linked to C=C bond is evident [20]. Furthermore, the band at 1543 cm™ is due
to the two amide N-H bonds [43] and the one at 1405 is associated with methyl groups [27].
Finally, at 801 cm™ the band correspondent to C=CH, is present [44]. All these new bands are
related to the methacrylation process, attesting that chitosan was successfully methacrylated.
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Figure 3-3 - FTIR-ATR of ChMA, divided in two zoomed-in images.

3.2.2 Scanning calorimetry with thermogravimetric analysis (DSC-TG)

TGA was performed to evaluate the thermal stability and degradation temperature of chitosan
and ChMA. Figure 3-4A and B shows the TGA curves and their derivative, DTG, of chitosan
and ChMA, respectively. Two distinct moments can be identified in the TGA curves of both
polymers. The first moment occurs between 30 °C and 120 °C, in which the samples lose
weight due to water loss [47][43]. In chitosan, the mass was reduced by 3.54% and in ChMA
by 3.65%.

The next moment occurs between 270 °C - 535 °C for chitosan and 225 °C - 535 °C for ChMA,
with an abrupt reduction in sample weight. This indicates the occurrence of pyrolysis in pol-
ysaccharides, which begins with the random breakage of glycosidic bonds and culminates
with the production of acetic, butyric, and lower fatty acids [48]. At this stage, chitosan had a
weight loss of 67.29% and a ChMA of 71.86%. The decomposition temperature of ChMA is
225 °C, lower than chitosan’s decomposition temperature of 270 °C. Therefore, it is possible to
conclude that ChMA has lower thermal stability than chitosan, as verified in [49]. At the end
of the curves, it is possible to assess the residual weight of the samples, with ChMA having a
residual weight of 32%, while chitosan had a higher value of 38.8%.
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Figure 3-4 - A - TGA and DTG of chitosan. B - TGA and DTG of ChMA.

The chemical and thermal characterisation of ChMA allowed to conclude the methacry-
lation process was successful. In addition to these techniques, it would be appropriate to use
the nuclear magnetic resonance (‘H-NMR) to confirm the methacrylation process and deter-
mine the methacrylation degree of the polymer. However, it was not possible to apply this
technique within the timeframe of this work.

3.3 SPIONSs production

In order to determine the concentration of nanoparticles in the obtained SPIONs suspension,
the method described by Soares et al. [29] was followed. Using Equation 1
Abs = 3.5228[Fe] + 0.0583 (Equation 1)

With Abs representing the average of the 5 samples absorbance and [Fe] the iron concentra-
tion, was applied to obtain the iron concentration. This equation is an updated version of the
one used in the referenced work. A concentration of 24.60 mg mL" was obtained. Next, the
nanoparticle concentration was obtained through Equation 2

[Fe] = 0.7[NP] (Equation 2)

In which [NP] represents the concentration of nanoparticles. The achieved value was
35.14 mg mL.

3.4 Bioink Formulation

To develop different bioink formulations, the dissolution of the obtained polymer was first
studied. Due to the difficulty of dissolving the polymer exclusively in water, a solution of 1.5%
(w/w) of ChMA was made using a 0.5% (w/w) acetic acid solution, inspired by the protocol
followed by Sayyar et al. [43]. However, after stirring overnight, the solution was not homo-
geneous.
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Aiming to calculate the required acetic acid concentration to dissolute ChMA, the amount
added to the mixture was gradually increased to 2% (w/w). It was still possible to observe
some particles in the solution, even after 3 days of stirring. Therefore, the acetic acid concen-
tration was increased to 3% (w/w), which allowed total and faster dissolution overnight. This
increased difficulty in dissolution is not in accordance with [43], which can happen due to the
lower degree of substitution of the obtained ChMA, which would lead to non-functionalized
chitosan in the solution. Since chitosan requires acidic environments to dissolve, an increased
acetic acid concentration to dissolve the polymer would be expected, as mentioned in [50].

3.5 Rheological assessment

The viscosity of each formulated bioink was evaluated since it must have enough viscosity to
form a continuous filament and hold the bioprinted structure but not be too viscous that it
clogs the nozzle. Besides that, this study also aimed to evaluate the influence of CNC concen-
tration on the flow behaviour of the bioinks. The results are illustrated in Figure 3-5. Firstly,
by the analysis of the viscosity curves, it is possible to conclude that all formulations contain-
ing CNC present shear thinning behaviour; this is, as the shear rate increases the viscosity
decreases. This is positive for extrusion-based 3D bioprinting, as mentioned in the Theoretical
concepts section, since the bioink suffers higher shear rate when extruded from the nozzle,
leading to a lower viscosity which aids extrusion. When the bioink is deposited in the printing
plate, suffers lower shear rate which leads to increased viscosity [34]. This behaviour is not
observed for the solutions of ChMA, where an almost constant viscosity is obtained for all
shear rates, approaching the behaviour of an idealized Newtonian fluid. In Table 2 the flow
behaviour at lower and higher shear rates of the different formulations is displayed. The re-
sults showed that viscosity can be tuned by means of increasing ChMA and CNC content.
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Figure 3-5 — Viscosity curves in function of shear rate of A — the bioinks with 2% ChMA; B — the bioinks with 3%
ChMA.

20



Starting with the analysis of the control bioinks, it is possible to conclude that higher concen-
trations of ChMA lead to higher viscosities. This conclusion is supported by Shen et al. [38],
although the flow behaviour values obtained in this study are superior to those obtained in
the study by Shen et al., for the same concentrations.

Table 2 - Viscosity values at lower and higher shear rates of each formulation

. Viscosity at lower shear . .
Formulation Viscosity at 100 s™ (Pa.s)
rates (Pa.s)

2% ChMA 0.08 0.08

2% ChMA + 1.5% CNC 6.17 0.13
2% ChMA + 3% CNC 224.76 1.01
2% ChMA + 5% CNC 504.67 2.48
3% ChMA 0.37 0.34

3% ChMA + 0.5% CNC 1.70 0.50
3% ChMA + 1% CNC 52.60 0.73
3% ChMA + 1.5% CNC 314.38 1.17
3% ChMA + 2% CNC 606.29 1.46

Regarding the formulations containing CNC, through the analysis of the values shown in Ta-
ble 2 and the graphs displayed in Figure 3-5, it is possible to deduce that CNC actuates as a
viscosity enhancer in bioinks, with higher CNC content leading to higher viscosities. This con-
clusion is in accordance with the literature, as verified by Maturavongsadit et al. [37], with
chitosan bioinks reinforced with CNC. Besides that, in the work of Patel et al. [24], the enhance-
ment of the flow behaviour of ChMA with the increasing addition of nanocellulose was also
verified. Higher values for viscosity were obtained in this work, however a direct comparison
is difficult since the authors used a different formulation, this is, higher content of ChMA, a
different type of nanocellulose (spherical nanocellulose) and p-glucan.

3.6 3D bioprinting

The bioinks were chosen considering the viscosity and the appearance of the formulated mix-
ture: an adequate bioink should not be too viscous, which can lead to aggregates and nozzle
clogging, but should not be too fluid or else it will not offer suitable structural support to
maintain the bioprinted shape without deformation. So, the bioink with 5% (w/w) CNC was
excluded since with time tend to present to aggregates. Therefore, printing tests were per-
formed with two formulations, 3% (w/w) of ChMA with 2% (w/w) of CNC, and 2% (w/w)
of ChMA with 3% (w/w) of CNC. The printability of bioinks was assessed on the bioprinter
by extruding a small amount and verifying the formation of a continuous and fluid extrusion
for both bioinks, as described in [34], indicating good printability.
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Various printing parameters were changed during the 3D bioprinting process to find the op-
timal printing conditions for this system. These parameters include printing flow, number of
layers of the structure, printing velocity, nozzle size and layer height.

3.6.1 Preliminary 3D bioprinting of the bioink 3% (w/w) of ChMA with
2% (w/w) of CNC

First, the 3% (w/w) of ChMA with 2% (w/w) of CNC bioink without photocrosslinking was
tested to assess the behaviour of the bioinks in these conditions. The first 3D bioprinted design
was a straight line. The applied printing parameters were:

e Printing flows of 20% and 200%.

e The number of layers varied between 3 and 5 for each printing flow.

¢ A printing velocity of 0.5 mm s, the minimum available on the bioprinter, was

employed, taking into consideration future bioprinting involving simultaneous

photocrosslinking, where sufficient time for layer crosslinking is imperative

[51]. A decreased velocity leads to a longer printing time, allowing the photo-

crosslinking process to occur.

e Nozzle with a size of 22 G, similar to the one used in other 3D bioprinting works

[24][40]
By analysis of Figure 3-6, it is possible to observe that the increase in printing flow led to in-
creased thickness of the structures, as shown in Figure 3-6B, D and G. It is also possible to
conclude that the flow of 20% is too low for this bioink due to the accumulation points visible
in the structures represented in Figure 3-6A, C and E. The variation in the number of layers
revealed a thickening effect on the bioprinted structure, similar to flow: more layers lead to
thicker structures. Besides that, it is possible to observe that the structures’ height is not uni-
form, forming ramp-shaped deformations on the edges. The best parameter in this case, which
decreased these deformations, is the printing flow of 200% despite the number of layers, which
effect is not as visible in the structures (Figure 3-6B and F). Further bibliographic research re-
vealed that the observed deformations in the bioprinted structures occurred due to the lack of
support of the lower layers to the rest of the structure since they did not stabilize, which im-
plies they did not cease flowing after deposition [34]. This caused bioink dragging during the
bioprinting process, accumulating in the structure's centre. Schwab et al. [34] presented two
viable approaches for this situation: using bioinks with enough viscosity to support the struc-
ture or crosslinking during the bioprinting process to enhance the stabilization of the layers.
So, it was opted to take the second approach.
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Figure 3-6 - Side view of the 3D bioprinted structures of the 3% ChMA with 2% CNC, formulation without Irgacure
2959. The printing velocity was 0.5 mm s, the layer’s height was 0.2 mm, and the 22 G nozzle was used. A- printing
flow of 20% and 3 layers. B — printing flow of 200%, 3 layers; C - printing flow of 20%, 4 layers; D — printing flow of
200%, 4 layers; E — printing flow of 20%, 5 layers; F — printing flow of 200%, 5 layers. Scale bar: 2 mm.

3.6.2 3D bioprinting of the bioink 3% (w/w) of ChMA with 2% (w/w) of
CNC with photocrosslinking during and after the bioprinting pro-
cess

In this approach, the effect of photocrosslinking during and after the 3D bioprinting process
on the structures was studied, aiming to reduce the “ramp” deformations previously ob-
served.
Due to the previously observed results, a printing flow of 200% was used to bioprint a 5-lay-
ered structure, one of the combinations that minimizes the “ramp” deformation. A wider noz-
zle of 20 G was used to avoid the verified clogging of the end of the 22 G nozzle exposed to
light, and the 0.5 mm s printing velocity was maintained. The bioprinting process took 5
minutes and 29 seconds and occurred under UV light. After this time, it could be observed
that the structure was not completely crosslinked, so an additional UV light exposure was
required. Before photocrosslinking occurred, the hydrogels dried, possibly due to the heat
generated by the UV lamp and a reduction in the structure thickness was observed.
To avoid premature structure drying, a new attempt was made with different printing param-
eters:
e An 8-layered structure was bioprinted since it was previously verified that in-
creasing the number of layers increases the structure’s thickness.
e The printing flow was decreased to 100% due to the increased number of layers
to maintain the structural integrity of the structure.

e The printing velocity remained 0.5 mm s™ as well as the nozzle of 20 G.

e The printing process took 8 minutes and 17 seconds, with UV light exposure,
and an additional 15 minutes of UV light exposure was required.
Although it was possible to bioprint and photocrosslink hydrogels, the previously observed
“ramp” deformations were substituted by dried regions in the edges of the hydrogels and
photocrosslinked accumulation zones in the centre. This is illustrated in Figure 3-7A. To avoid
this effect, new adjustments to printing parameters were performed:



e Layer height increased from 0.2 mm in Figure 3-7A to 0.4 mm in Figure 3-7B
and 0.6 mm in Figure 3-7C to increase the thickness of the layers and, subse-
quently, the thickness of the edges.

e Printing velocity was increased to 1 mm s to avoid drying the lower layers
through a shorter UV light exposure before the deposition of the next layers.
This also aimed to increase the thickness of the edges.
A slight elongation of the crosslinked zone occurred with the higher layer height, as can be
seen in Figure 3-7C. The same slight elongation is verified in Figure 3-7D, with the increased
printing velocity. These results allow one to conclude that a higher printing speed and layer
height are beneficial for the bioprinting process. However, the dry parts on the edges are still
a major problem since they decrease the shape fidelity of the structure [47].

Figure 3-7 - Side view of 3D bioprinted hydrogels of 3% ChMA and 2% CNC, with UV light exposure of 8 minutes
and 17 seconds during bioprinting and 15 minutes after bioprinting. A fixed printing flow of 100% and 20 G nozzle
were used, as well as a fixed number of layers of 8. A —layer height of 0.2 mm and printing velocity of 0.5 mm s™.
B - layer height of 0.4 mm and printing velocity of 0.5 mm s™. C — layer height of 0.6 mm and printing velocity of
0.5 mm s. D - layer height of 0.2 mm and printing velocity of 1 mm s™. Scale bar: 2 mm.

A different design was bioprinted following this protocol, using the 3D model presented in
Figure 4-2 of Annex A.3. The frame design was implemented to enable the evaluation of an
additional aspect concerning shape fidelity within a single structure: assessing the geometry
of the pores formed within the inner region of the frame [34].The printing parameters applied
include:
e Variable printing flow of 10%, 20%, and 100% to assess the best values for this
design.
e Contrary to the previous conclusions, the printing velocity was maintained at
0.5 mm s for a longer printing process to promote the photocrosslinking of the
layers, as mentioned in [51].
e The number of layers was maintained at 8, as well as the 20 G nozzle.

e Despite the previous improvements with the increase in layer height, it was
kept at 0.2 mm since this was the recommended layer height in the printing
software.



¢ Thebioprinting process took 10 minutes and 54 seconds, with simultaneous UV
light exposure, and an additional 15 minutes of UV light exposure was re-
quired.
Through the observation of Figure 3-8A and B, it is possible to see their increased geometric
accuracy when compared to Figure 3-8C. Between 10% and 20%, however, the difference is
minimal. In conclusion, in this attempt, the lower flows showed better outcomes, contrary to
the previously observed in the last design. The dried zones remained in this design, rounding
the outer corners of the structure. The inner corners have a rounded shape as well.

Figure 3-8 - Top view of 3D bioprinted frame structures of 3% ChMA with 2% CNC hydrogels with Irgacure 2959,
with photocrosslinking during (10 minutes and 54 seconds) and after (15 minutes) the bioprinting process. A print-
ing velocity of 0.5 mm s, 0.2 mm of layer height, and 20 G nozzle were used, as well as a fixed number of layers of
8. A - printing flow of 10%; B — printing flow of 20%; C — printing flow of 100%. Scale bar: 2 mm.

Aiming to reduce the dried regions, the same protocol was followed with a change: to start
the exposure to UV light later in the bioprinting process, this is, in the deposition of the third
layer. This approach was a second attempt to reduce the exposure time of the lower layers, the
most exposed to UV light regions, as mentioned above. These hydrogels were compared to
hydrogels only exposed to UV light after bioprinting. The applied printing parameters were
the following;:

e Two printing flows were tested, 50% and 100%.

e The printing velocity remained 0.5 mm s™.

e The layers of the structure were increased to 12 to assess the effect of more lay-
ers in this design.

¢ The nozzle remained the same, 20 G, and the layer height 0.2 mm.

e The UV light exposure during bioprinting took 16 minutes and 15 seconds, and
after bioprinting 15 minutes were necessary.

Through the observation of Figure 3-9, thicker structures highly deviated from frames were
obtained. The difference between the hydrogels with UV light exposure exclusively after bi-
oprinting and UV light exposure during and after bioprinting is minimal. The higher printing
flow led to a thicker structure, supporting the previous conclusions. Between the two flows,
as previously concluded, the best one is the lower, 50%. The increased number of layers re-
sulted in hydrogels with visible structural collapse. The dried edges remained.
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Figure 3-9 - Top view of 3% ChMA with 2% CNC hydrogels with Irgacure 2959. A printing velocity of 0.5 mm s?,
0.2 mm of layer height, and a 20 G nozzle were used, as well as a fixed number of layers of 12. A — printing flow of
100%, only post-bioprinting UV light exposure (15 minutes). B — printing flow of 100%, UV light exposure during
(16 minutes and 15 seconds) and post-bioprinting (15 minutes). C — printing flow of 50%, only post-bioprinting UV
light exposure (15 minutes). D — printing flow of 50%, UV light exposure during (16 minutes and 15 seconds) and
post-bioprinting (15 minutes). Scale bar: 2 mm.

Lastly, the effect of the reduction on the nozzle size was assessed, carefully isolated with black
opaque tape, to avoid clogging. In terms of printing parameters:
¢ Due to the conclusions mentioned above, the lowest flow possible was applied,
30%, higher than the used in Figure 3A due to the nozzle’s decreased size.

¢ The printing velocity remained low, at 0.5 mm s?, to allow the photocrosslink-
ing of the layers [51].

e The number of layers of the structure is 8, since increasing its number was
shown not to be viable.

o The layer height remained the lowest, at 0.2 mm, since it is recommended by
the printing software.

e The 22 G nozzle was tested.

¢ The bioprinting process took 10 minutes and 54 seconds, with UV light expo-
sure, and an additional 15 minutes of UV light exposure was required.

The results are illustrated in Figure 3-10. A structure with thinner side widths was obtained.
The rounded corners are slightly improved. In general, the geometric accuracy of the structure
shows slight improvements when compared to the one obtained in Figure 3-8A and B, the
better results obtained until this point. This shows that the 22 G nozzle can lead to better results
than the 20 G nozzle.
After all these attempts, the problems presented before photocrosslinking during and after
bioprinting still existed: the dried-out regions due to the thinner zones created in the structure
because of bioink dragging coupled with high UV exposure time; the structural collapse be-
cause of the poor stability offered by the lower layers, leading to rounded corners. Further
research allowed us to conclude that the remanence of these effects is due to the slow photo-
crosslinking process, which did not allow photocrosslinking and subsequent stabilization of
the layers during the 3D bioprinting process, even with the lower printing speed. Therefore,
the efficacy of UV exposure during bioprinting was low [34]. This is supported by the fact that
all structures, with or without UV light exposure during bioprinting, required 15 minutes of
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post-bioprinting exposure to photocrosslink. Manipulating the bioprinting process was not
enough to solve the problem.

Figure 3-10 - Top view of a 3D bioprinted hydrogel from 3% ChMA with 2% CNC with Irgacure 2959 photocross-
linking during (10 minutes and 54 seconds) and after (15 minutes) the bioprinting process, printing flow 30%, print-
ing velocity of 0.5 mm s7, 8 layers with layer height of 0.2 mm, bioprinted with a 22 G nozzle. Scale bar: 2mm.

The results obtained are not consistent with previously developed work in this area, in which
complementary crosslinking methods and higher UV light intensity are frequently used,
avoiding the effects of slower photocrosslinking processes in the bioprinted structures — which
is not applied in this work until this point. Looking at concrete examples, in the work of Patel
et al. [24], the developed 3D bioprinted ChMA hydrogels with B-glucan, spherical nanocellu-
lose and LAP as the photoinitiator did not present any dried zones after the photocrosslinking
process. In the bioprinted structures, however, it is possible to observe rounded corners, typi-
cal of filament collapse, like the obtained hydrogels in this work. In the 3D bioprinted ChMA
hydrogels with B-glycerol phosphate and LAP developed by Tonda-Turo et al. [40], dried
zones did not exist as well, after the photocrosslinking process. However, it is not possible to
establish a direct comparison regarding the shape fidelity due to the different formulations of
the bioinks used in these works and the fact that a pre-bioprinting crosslinking method was
applied, especially considering the different types of crosslinking used. The lack of dried zones
but the presence of rounded pores was also verified in the 3D bioprinted ChMA, methacrylate
gelatine, hydroxyapatite and Irgacure 1173 hydrogels produced by Osi et al. [39]. A direct com-
parison of the crosslinking time and shape fidelity with the obtained hydrogels is not possible
since different formulations and a complementary crosslinking method were applied besides
photocrosslinking.

3.6.3 3D bioprinting of the bioink 3% (w/w) of ChMA with 2% (w/w) of
CNC with pre-bioprinting photocrosslinking

As previously mentioned, Schwab et al. [34] presented two methods to decrease the observed
deformations: crosslinking during bioprinting and bioinks with increased viscosity. The sec-
ond approach was explored due to the unsuccessful application of the first one.
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To achieve an increased viscosity, a method of photocrosslinking pre-bioprinting was applied,
inspired by the method followed by Tonda-Turo et al. [40]. As a first attempt, the bioink was
placed in a flask and exposed to UV light. Notably, 2 mL of bioink were crosslinked in 2
minutes, very different from the 15 minutes required to photocrosslink the bioprinted struc-
tures with a much smaller bioink volume. This observation will be explored further in this
section.
Pre-bioprinting photocrosslinking of 30, 35, 43, and 45 seconds in a flask with subsequent
transference to a syringe was tested. At 45 seconds, the hydrogel presented several aggregates,
so bioprinting was not possible. The printing parameters were the same as applied to the last
presented hydrogel:
¢ Printing flow 30% coupled with the 22 G nozzle, due to the better shape fidelity
obtained in the last structure.
¢ Printing velocity remained 0.5 mm s, 8-layered structures with a layer height
of 0.2 mm.
e The bioprinting process took 10 minutes and 54 seconds, with UV light expo-
sure, and an additional 15 minutes of UV light exposure was required.
The results of this approach, presented in Figure 3-11, present the same dried edges and
rounded pores of the hydrogel in Figure 3-10. No improvements were verified, and therefore
this approach was abandoned.
As previously mentioned, when exposed to UV light inside a flask, this mixture exhibited a
photocrosslinking time much lower than required to photocrosslink the 3D bioprinted struc-
tures. To understand this event, deeper research on methacrylate chitosan and Irgacure 2959
reaction mechanism details was conducted. This brought to light that chain growth polymer-
ization, the mechanism used to photocrosslink the hydrogels, explained in the section Theo-
retical concepts, is inhibited by oxygen [23]. This explains why the hydrogel crosslinks so
much faster in a container in which air exposure is limited.
To achieve the desired photocrosslinking and stabilization of the lower layers of the structure
during 3D bioprinting, leading to a reduction in dried regions and better shape of the hydro-
gels, decreasing the crosslinking time is crucial [34]. Two approaches were considered to solve
this problem: the removal of oxygen or limitation of exposure to it during the crosslinking
process, which is difficult due to the bioprinting process; switching the crosslinking reaction
mechanism to step growth photopolymerization, which is not inhibited by oxygen, by the ad-
dition of thiol groups to the reaction [23]. This reaction mechanism is explained in the section
Theoretical concepts.

3.6.4 3D bioprinting of the bioink 2% (w/w) of ChMA 3% (w/w) of
CNC with photocrosslinking during and after the bioprinting pro-
cess, with thiol groups

Dithiothreitol (DTT) was added to the mixture of 2% ChMA + 3% CNC, to include thiol groups
in the reaction inserting step growth polymerization in the system, not dependent on the
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oxygen presence [23]. This aimed to decrease the photocrosslinking time, as previously men-
tioned. The protocol followed to add this compound to the mixture was based on the proce-
dure described in [23]. DTT was added to the mixture in a ratio of 1:5, as described in [23], to
Irgacure 2959 and manually stirred for 20 minutes to ensure the fastest dissolution of the com-
pound. It was left to degas in the fridge overnight.

Figure 3-11 - Top view of 3% ChMA with 2% CNC hydrogels with Irgacure 2959 with photocrosslinking during (10
minutes and 54 seconds) and after (15 minutes) the bioprinting process, printing flow of 30%, printing velocity of
0.5 mm s, 8 layers of 0.2 mm, bioprinted with 22 G nozzle. A — pre-bioprinting photocrosslinking of 35 seconds in
a flask. B — pre-bioprinting photocrosslinking of 40 seconds in a flask. C — pre-bioprinting photocrosslinking of 43
seconds in a flask. Scale bar: 2 mm.

First, to determine if the oxygen exposure affected the photocrosslinking time, two structures
were 3D bioprinted with two different printing velocities, attempting to decrease oxygen ex-
posure and UV light exposure only after bioprinting. In both structures, the crosslinking time
successfully decreased to 2 minutes and 30 seconds, showing that the printing speed used did
not have a relevant role in this process.
The efficacy of photocrosslinking during bioprinting was assessed. The printing parameters
were the following:

e The printing flow was 100%, a pre-determined suitable flow for the new for-

mulation.

¢ Since the printing velocity did not affect the post-bioprinting photocrosslinking
time, 2 mm s was chosen, as a balance between printing duration and printing
speed to allow the photocrosslinking of the structure. Due to the reduction of
the photocrosslinking time, a faster bioprinting process could be applied [51].

e The nozzle of 22 G, layer height of 0.2 mm and 8 layers were maintained, since
they were previously used in the best structure obtained, represented in Figure
3-10.

e The structure with only post-bioprinting UV exposure required 2 minutes and
30 seconds to photocrosslinking and the one with UV exposure during bioprint-
ing (for 2 minutes and 53 seconds) required 2 additional minutes of post-cross-
linking UV light exposure.
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The results are illustrated in Figure 3-12. The hydrogel that underwent photocrosslinking dur-
ing and after the bioprinting process, in Figure 3-12C and D, presents a decreased side width
and higher and homogenous height compared to the hydrogel of Figure 3-12A and B, only
photocrosslinking after bioprinting. The dried areas are substantially decreased in both hy-
drogels.

Figure 3-12 - 3D bioprinted hydrogels of 2% ChMA with 3% CNC, with printing flow of 100%, printing speed of
2 mm s, 8 layers of height 0.2 mm and 22 G nozzle used. A, B - top and side view, respectively, of hydrogels with
UV exposure only after bioprinting for 2 minutes and 30 seconds. C, D — top and side view, respectively, of hydro-
gels with UV exposure for 2 minutes and 53 seconds and after bioprinting of 2 minutes.

The width and height of the hydrogel that underwent photocrosslinking during the 3D bi-
oprinting process reveal the lower spreading of the bioink and better layer stacking of the
structure, respectively. These are signs of successful photocrosslinking of the layers during 3D
bioprinting [34]. Besides that, photographs also showed that the dried regions are decreased
as well.

When put in water, it was possible to see some hydrogel particles floating after washing. Alt-
hough this formulation leads to an increased shape fidelity of the 3D bioprinted structures,
the presence of CNCs might inhibit the crosslinking between the ChMA and Irgacure. This
might reveal the low stability of the matrix of the hydrogels prepared from this formulation,
probably due to the high CNC percentage when compared to ChMA. To prove this hypothesis,
tests using the mixture featuring 3% ChMA with 2% CNC were also performed.

3.6.5 3D bioprinting of the bioink 3% (w/w) of ChMA with 2% (w/w) of
CNC with photocrosslinking during and after the bioprinting pro-
cess, with thiol groups

The same procedure was followed, and the same printing parameters were applied as de-
scribed in the section above, with UV light exposure during and post-bioprinting. The photo-
crosslinking post-bioprinting time decreased to 1 minute and 30 seconds. After washing, the
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number of particles in water was minimal compared with the last scenario, which might be a
good indication that the problem was indeed due to the poor stability of the matrix. However,
replicating this process was not possible due to the high sensibility of the mixture to the light,
which made it impossible to bioprint the mixture because it underwent photocrosslinking in-
side the syringe, clogging it. These effects were not seen previously with the mixture of 2%
ChMA with 3% CNC because, in 3% ChMA with 2% CNC, the higher percentage of ChMA,
Irgacure 2959 and DTT led to more photoreactive groups in the solution. Therefore, the reac-
tion rate increased, which is also shown by the above-mentioned decrease in photocrosslink-
ing post-bioprinting time.

To solve this problem, and since the hydrogels of 2% ChMA with 3% CNC were not stable,
the DTT amount was reduced to a ratio of 1:15 to Irgacure 2959 to decrease the reaction rate,
lowing its sensibility to the UV light exposure. The same bioprinting preparation protocol was
followed, with new precautions to avoid the previous events. All the processes of DTT addi-
tion and preparation of the syringe were performed in a dark room; a) before the bioprinting
process, the syringe with the mixture was placed in the fridge for 30 minutes, to slow the
crosslinking process caused by some residual light exposure; b) the placement of the syringe,
isolated with black tape, in the bioprinter holder, was also made in the dark and this region
was isolated with aluminium foil before exposure to the light required to perform the bioprint-
ing. Besides that, the bioprinting process was performed as fast as possible, so the crosslinking
process that could occur due to light reaching the syringe holder does not affect the bioprinting
process. The printing parameters were:

e The printing flow was varied from 60% to 140% to assess the best value.

e The printing velocity was decreased to 1 mm s, increasing the printing time to

ensure the photocrosslinking of the layers with the lower reaction rate [34] [51].

e The nozzle 22 G, 8 layers and layer height of 0.2 mm were maintained, for the
above-mentioned reasons.

e The printing took 5 minutes and 30 seconds with simultaneous UV exposure,
and the post-bioprinting UV exposure took 2 minutes and 30 seconds.

By analysis of Figure 3-13A, B, C and D, it is possible to observe bioink accumulation points
along the structure in hydrogels bioprinted with a printing flow of 60% and 80%. On the other
hand, in Figure 3-13E to J, it is possible to observe the homogeneous height, reduced amount
of dried zones and slightly rounded pores of the structures originated by printing flows 100%,
120% and 140%.
The obtained results allowed the exclusion of printing flows 60% and 80% in the choice of the
best printing flow. Flows 100%, 120% and 140% present an improved geometric accuracy and
lower collapse of the layers, showing the successful photocrosslinking and stabilization of the
layers. The post-bioprinting photocrosslinking time was higher than the previous hydrogels
due to the reduction in the reaction rate caused by the decreased DTT amount.
To assess the best printing flow among printing flows 100%, 120%, and 140%, the analysis of
shape fidelity was made. The measures to assess the shape fidelity were obtained from the
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bioprinted hydrogel photographs with the software Image J. The methods applied were a
quantitative analysis inspired by Webb ef al. [52], through a comparison of the measurements
of the obtained hydrogels with the 3D model dimensions and methods described in [34], layer
stacking and pore geometry.

Figure 3-13 - 3D bioprinted 3% ChMA with 2% CNC hydrogels, with photocrosslinking during (5 minutes and 30
seconds) and after (2 minutes and 30 seconds) bioprinting, printing speed of 1 mm s, 8 layers of height 0.2 mm
and 22 G nozzle used. A, B — top view and side view, respectively, of printing flow 60%. C, D — top view and side
view, respectively, of printing flow 80%. E, F — top view and side view, respectively, of printing flow 100%. G, H -
top view and side view, respectively, of printing flow 120%. I, ] — top view and side view, respectively, of printing
flow 140%.

Measurements of the width (a, b, ¢, d in Figure 3-14), the total width of the hydrogel (e, indi-
cated in Figure 3-14) and the hydrogel thickness were obtained from three replicas. These
measurements, in the 3D model, are 0.600 mm for a, b, c and d; 10,0 mm for e and 1.64 mm for
thickness. A 3D model preview is presented in Figure 4-2 of Annex A.2.

la

[b

Figure 3-14 - Scheme of the performed measurements in the hydrogels to assess their shape fidelity.

Each measurement of the hydrogel was subtracted from the respective measure of the 3D
model, obtaining their deviations, as observed in Equation 3:

Deviation = M3p printed structure — M3D model (Equation 3)
In which msp pioprinted structare Fepresents the measures performed in the 3D bioprinted structure
and Msp meder the respective measure in the 3D model. The average deviation of the three rep-
licas was calculated for a, b, ¢, d,e and thickness. Using this value, the relative percentage error
was calculated, according to the following equation:

Deviation average

Relative percentage error (%) = x 100 (Equation 4)

M3D model
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In which msp moqei represents the respective measure in the 3D model, as in the equation above.

The results are presented in Table 3.

Positive deviation values mean that the bioprinted structures are larger than the 3D model in

that measurement, as large as the deviation value. On the other hand, negative values mean

that the structures are smaller than the 3D model, as smaller as the deviation value. The rela-

tive percentage error shows how different from the 3D model the measures obtained are in

percentage. The bigger the value of the relative percentage error, the more different from the

3D model that measure is.

Table 3 - Measurements to assess shape fidelity.

Printing flow 100%
a b C d e Thickness
Deviation
average |0.807 +0.418 | 0.823 +£0.470 | 0.890 £ 0.502 | 0.607 + 0.306 | 0.540 + 0.390 | -0.982 + 0.027
(mm)
Relative
percentage 134 137 148 101 5.40 59.9
error (%)
Printing flow 120%
a b C d e Thickness
Deviation
average |0.973+0.486 |0.890 £0.410 | 1.01 £0.523 | 0.823 £0.349 | 0.683 + 0.527 | -0.954 +0.043
(mm)
Relative
percentage 162 148 169 137 6.83 58.3
error (%)
Printing flow 140%
a b C d e Thickness
Deviation
average |0.837+0.295|0.923 £0.253 | 0.950 £ 0.289 | 0.797 £ 0.232 | 0.570 + 0.161 | -0.865 +0.155
(mm)
Relative
percentage 139 154 158 133 5.70 52.7
error (%)

Given these data and analysing the deviations, it is possible to conclude that all bioprinted

structures presented wider sides than the 3D model (a, b, ¢, d in Figure 3-14) and larger struc-
ture width (e in Figure 3-14). On the other hand, the thickness of all hydrogels was smaller

than the 3D model. This is a signal of poor layer stacking, indicating spreading to the lower
layers [34], which leads to lower thickness and higher width.
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Regarding relative percentage errors, it is possible to conclude that the lower values, that cor-
respond to lower differences to the 3D model dimensions, are obtained from printing flow
100%, except in thickness, which has the higher value. However, for most measures, printing
flow 100% presents the most approximate dimensions compared to the 3D model. This indi-
cates the superior geometric precision of the structure, making it the most successful bioprint-
ing [52]. Therefore, 100% was considered the best tested printing flow for this bioink, when
coupled with the other printing parameters used: printing velocity of 1 mm s, layer height
0.2 mm and nozzle of 22 G.

Besides the quantitative analysis, by analysing the pore shape, it is also possible to infer on the
quality of the bioprinting process. The rounded corners of the pore support the conclusion that
the collapsing of the lower layers was still observed, although reduced [34].

To better assess the shape fidelity of the best printing flow, a grid design was successfully
bioprinted, with the printing parameters mentioned above. However, an increase in UV light
exposure during bioprinting was necessary due to the higher printing time (8 minutes and 6
seconds). Results are presented in Figure 3-15. The above-mentioned rounded pores are obvi-
ous in the more intricate details of the grid, and irregular height is caused by the collapse of
filaments [34].

Figure 3-15 - 3D bioprinted grid-shaped 3% ChMA with 2% CNC hydrogel with photocrosslinking during (8
minutes and 6 seconds) and after (2 minutes and 30 seconds) bioprinting, printing flow 100% and printing velocity
1 mm s, printing speed of 1 mm s, 8 layers of height 0.2 mm and 22 G nozzle used. A — top view. B —side view.

Finally, the mixture of 3% ChMA with 2% CNC incorporating SPIONs was bioprinted, with
the best printing flow and the same lastly described printing parameters:

e Printing flow of 100% and printing velocity of 1 mm s™.
e 8layers and a layer height of 0.2 mm.
e The nozzle of 22 G.

e DPrinting duration of 5 minutes and 30 seconds for the frame design and 8
minutes and 6 seconds for the grid design with simultaneous UV exposure and
the post-bioprinting UV exposure of 2 minutes and 30 seconds.

However, when exposed to UV light, these hydrogels were not photocrosslinked. The struc-
tures were exposed to 12 minutes of post-bioprinting UV light exposure. By the end of this
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time, the structures were dried or if not completely dried, the remaining hydrated parts were
not crosslinked, as one can observe in Figure 3-16A and B. Possible causes for this include the
inhibition of the photocrosslinking reaction due to the concentration of SPIONS in the bioink,
which may absorb the applied 365 nm UV light, as SPIONs have an absorbance peak at 400
nm [53]. Additionally, the inhibition of photocrosslinking may occur due to the bonding of the
OH groups of SPIONs to ChMA. The negative impact of SPIONs on the crosslinking process
of hydrogels was previously reported in the literature by Ko et al. [41]. They found that higher
concentrations of SPIONs inhibited the crosslinking reaction between glycol chitosan and ox-
idized hyaluronate. The authors attributed this inhibition to the interference of the anionic
nature of SPIONSs in the reaction.

Besides that, another problem verified in the obtained structures was the aggregation of SPI-
ONss, which can be observed in Figure 3-16C. However, this was the first attempt at incorpo-
rating SPIONSs in this system and, within the time of this dissertation, could not be further
developed.

A

— —
Figure 3-16 - 3D bioprinted hydrogels with 3% ChMA, 2% CNC and SPIONS, printing flow 100% and printing
velocity 1 mm s7, 8 layers of height 0.2 mm and 22 G nozzle used. A - frame design, completely dried, with UV
exposure during (5 minutes and 30 seconds) and after (12 minutes) bioprinting. B — grid design, with UV exposure
during (8 minutes and 6 seconds) and after (12 minutes) bioprinting. It is possible to see the dried and fluid parts,
which are not crosslinked. C — zoom-in of A. Scale bar: 2 mm for A and B; 0.5 mm for C.

3.7 Production of hydrogels using moulds

To characterise the system described in this master thesis, hydrogels were produced by using
moulds, using the pre-determined better formulation for 3D bioprinting, 3% (w/w) ChMA
with 2% (w/w) CNC, Irgacure 2959 and DTT. The photocrosslinking time of the hydrogels
was increased to 5 minutes and 30 seconds, due to the higher volume of formulation used, in
the preparation of each structure, compared with the 3D bioprinted structures.

The hydrogels without SPIONs were fully crosslinked and stable after the above-mentioned
crosslinking time. However, as expected, due to the 3D bioprinting results, the hydrogels fea-
turing SPIONSs did not photocrosslink. Due to this problem, it was impossible to characterise
the system featuring SPIONSs in this master thesis.
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3.8 Mechanical tests

The assessment of the mechanical properties of a hydrogel destined for 3D bioprinting is im-
portant since it must have enhanced strength to support the bioprinted structure. The mechan-
ical properties of hydrogels made of the chosen formulation for 3D bioprinting were evaluated
using a universal testing machine in compression mode. A stress/strain curve of one of the
five samples evaluated is illustrated in Figure 3-17A. It is possible to observe a linear elastic
region at low stresses, followed by a plastic deformation associated with plastic buckling col-
lapse, characterised by the collapse of the structure’s pores. Then, a sudden rise in the graph
reveals a densification stage [54].

The compressive modulus was obtained by determining the slope of the linear elastic region.
The application of this procedure for the presented curve is shown in Figure 3-17B.
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Figure 3-17 - Stress/strain curve of a hydrogel of 3% ChMA with 2% CNC, with Irgacure 2959 as the photoinitiator
and DTT. The purple rectangle highlights the linear elastic region. B — The linear elastic region of graph A. A linear
fit was applied to calculate its slope, which is the value of the compressive modulus.

The obtained value after the assessment of all samples was 70.82 + 11.67 kPa. When compared
with the compressive modulus reported in other studies within the field of 3D bioprinting,
this value is relatively high, indicating good mechanical properties for this application [24]
[39] [55]. Much lower values of compressive modulus were presented by Zhu et al. in [23] for
hydrogels featuring 1.5% (w/w) ChMA with Irgacure 2959 and DTT, with the same reaction
mechanism. In this study, the obtained hydrogels are reported to feature a compressive mod-
ulus below 10 kPa. It is possible to infer that this lower value relative to the obtained values in
this study can be due to the lower ChMA concentration employed, as well as the lack of rein-
forcing agent CNC, already seen to improve mechanical properties when applied in chitosan
hydrogels by Maturavongsadit et al.in [37]. Specifically, in this study, it was verified that in
hydrogels containing 2% (w/w) chitosan, the compressive modulus increased from 85.12 Pa
in chitosan-only bioinks to 122.12 Pa and 132.40 Pa in formulations with 0.5% (w/w) and 1.5%
(w/w) CNC, respectively.
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3.9 PBS absorption test

PBS absorption tests were carried out in freeze-dried hydrogels containing 3% ChMA and 2%
CNC, together with Irgacure 2959 and DTT. The goal was to test the photocrosslinked hydro-
gels' ability to absorb and hold phosphate-buffered saline (PBS), which mimics physiological
environment. To do this, the weight swelling ratio (S) was calculated using the Equation 5
[56]:

Sy = % x 100 (Equation 5)

0

With the w, representing the weight of the hydrogel each time interval and w, the dried hy-
drogels weight. Seven samples were evaluated, and the result is illustrated in Figure 3-18.

By the analysis of the graph, it is possible to conclude that the higher PBS uptake, of 2493 +
329 %, was verified after 5 hours. It is also worth noting that the swelling in hydrogels seems
to be instantaneous, followed by a period of stabilization during the remainder of the test,
where no further increase is observed, reaching the maximum PBS uptake. Comparing the
obtained results with previous works, in the study conducted by Zhu et al., hydrogels with
1.5% (w/w) of ChMA, Irgacure 2959 and DTT with a S,, of 2750% after 2 days of immersion
were reported [23]. This value is close to the obtained in this study, with a slight reduction
which can be associated with the presence of CNC.
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Figure 3-18 - Variations in the swelling ratio of hydrogels of 3% ChMA with 2% CNC, with Irgacure 2959 and DTT
measure at specific time intervals during 5 hours in PBS (pH =7.4).

3.10 Morphological analysis

Scanning electron microscopy (SEM) was the chosen technique to evaluate the microstructure
of the hydrogels. Figure 3-19A illustrates a cross-section of the hydrogel, a close-up of the wall
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of one of the pores can be found in Figure 3-19B and D, and the surface of the hydrogel in
Figure 3-19C.

Regulus 3.0kV 8.2mm x35.0k SE(U)

Regulus 3.0kV 8.3mm x50.0k SE(U) g Regulus 3.0kV 8.3mm x120k SE(U)

Figure 3-19 - SEM images of 3% ChMA with 2% CNC hydrogel, with Irgacure as the photoinitiator and DTT. A —
cross-section of the hydrogel. B, D — close up of the wall of a pore, with CNC visible and signed with an arrow in
B. C - Top view of the hydrogel, with CNC visible and signed with an arrow.

Analysing Figure 3-19A, one can observe the microstructure of the hydrogel, which shows the
presence of irregularly shaped and sized porous. This is consistent with the work of Shen et al.
[38], in which ChMA hydrogels were developed, and with the porous surface of the composite
hydrogels composed of ChMA, spherical nanocellulose and B-glucan presented by Patel et al.
[24]. A highly porous matrix is an advantage in hydrogels destined for drug delivery since it
allows the transport and gradual release of the carried drug [9]. Besides that, in Figure 3-19B
it is possible to observe the wall of a pore, providing the view of the fibrous content of the
structure, pointed with an arrow. Regarding the pore walls, it is also clear in this image that
they are made up of several planes stacked on each other. In Figure 3-19C, the CNC content
can be observed on the surface of the hydrogel, appearing as small, brighter spherical particles
indicated by an arrow in the image. The homogeneous dispersion of these particles is evident.
Measurements of the thickness of a wall of a pore on Figure 3-19D returns a value around 30
nm, while Figure 3-19B show thicker walls.
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4

CONCLUSIONS AND
FUTURE PERSPECTIVES

4.1 Conclusions

This master thesis aimed to develop a novel system of photocrosslinkable 3D bioprinted
ChMA hydrogels, reinforced with CNC and using Irgacure 2959 as the photoinitiator, with
SPIONSs incorporated. In this subject several advances were made, in the study of bioink for-
mulations to develop one suitable for 3D bioprinting and studying the printing parameters,
manipulating the 3D bioprinting protocol and the photocrosslinking process to obtain 3D bi-
oprinted hydrogels. Besides that, the first steps in characterising a non-documented system
that combines ChMA, CNC, Irgacure 2959 and DTT in a hydrogel were made.

Through the observation of the obtained FTIR-ATR spectra, one can verify the successful
methacrylation of the chitosan, due to the appearance of bands associated with chitosan and
the methacrylation process. DSC-TG analysis allowed us to conclude that the degradation of
ChMA with high temperatures occurs in a two-staged process similar to chitosan. However,
the lower thermal stability of ChMA was verified due to its lower degradation temperature of
225 °C when compared to the degradation temperature of chitosan, 270 °C.

The rheological assessment of the bioink formulations was performed, showing that CNC ac-
tuates as viscosity enhancers in the bioinks. Besides that, it is also possible to conclude that the
bioinks with higher viscosity at lower shear rates were 3% (w/w) ChMA with 2% (w/w) CNC,
2% (w/w) ChMA with 3% (w/w) CNC and 2% (w/w) ChMA with 5% (w/w) CNC with vis-
cosities of 606.29 Pa.s, 224.76 Pa.s and 504.67 Pa.s, respectively. This supports the choice of
bioinks for 3D bioprinting since the chosen bioinks are viscous to hold the structure shape but
not too viscous that form aggregates, such as in the case of the formulation 2% (w/w) ChMA
with 5% (w/w) CNC. This test also showed the shear thinning behaviour of all bioinks, ap-
propriate for 3D bioprinting.
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On the 3D bioprinting process, the two bioink formulations, 3% (w/w) ChMA with 2% (w/w)
CNC and 2% (w/w) ChMA with 3% (w/w) CNC, both showed good printability due to their
continuous extrusion. The 3D bioprinting of the 3% (w/w) ChMA with 2% (w/w) CNC bioink
was tested first, without photocrosslinking during bioprinting, leading to a deformed shape.
This allowed us to understand that the lower layers of the bioprinted structure did not provide
enough support to the rest of the structure due to their lack of stabilization after extrusion.
This led to bioink dragging during bioprinting, which deformed the structure. UV exposure
was provided during bioprinting so the layers could photocrosslink, to increase their stabili-
zation. However, the chain growth mechanism activated when ChMA and Irgacure 2959 are
mixed and exposed to UV light is inhibited by oxygen, which makes the photocrosslinking
process very slow. Therefore, it was concluded that the photocrosslinking during bioprinting
was still not enough to stabilize the layers, leading to the same deformed structures. This de-
formation was enhanced by the required long UV exposure to photocrosslink the structures,
which led to dried zones. Several unsuccessful attempts were made to reduce this effect by
manipulating the printing parameters and exposure to UV light. A switch in the reaction
mechanism was then tested in the bioink, 2% (w/w) ChMA with 3% (w/w) CNC, by adding
DTT to the mixture, which activated the step growth photopolymerization, not affected by
oxygen. The results were positive, with a substantial decrease in the photocrosslinking time
and subsequent improvement in the shape fidelity. When washed and kept in water, these
hydrogels showed signs of wear, which showed us this formulation did not lead to stable hy-
drogels.

The bioink that featured 3% (w/w) ChMA with 2% (w/w) CNC was tested in this new ap-
proach. A reduction in the amount of DTT was necessary due to the increased light sensitivity
of this bioink, which prevented 3D bioprinting. This heightened sensitivity resulted from the
higher concentration of photosensitive groups within this formulation. Very positive results
were obtained, with decreased photocrosslinking time and better shape fidelity.

After all these tests, the best printing parameters were determined for this formulation and
the frame design by observation and quantitative measurements, which were a printing flow
of 100%, a printing velocity of 1 mm s, 22 G nozzle, and a layer height of 0.2 mm. The obtained
bioprinted structures evolved quite positively, leading to a structure with various similarities
to the 3D model used. Quantitively, a decreased thickness and a larger width of the sides of
the structure compared to the 3D model, coupled with the rounded pore, still verified a ten-
dency of spreading of the filaments to the lower layers. Nonetheless, it's apparent that this
tendency markedly decreased as the bioprinting process progressed, leading to a structure
with good shape fidelity. For the grid design, however, the presented shape fidelity was lower,
due to the higher complexity of the structure. This reveals the requirement of revaluation of
the ideal printing parameters for this design.

Using these parameters and a formulation that included SPIONSs it was not possible to obtain
photocrosslinked structures due to the inability to crosslink this formulation, also observed in
the production of hydrogels with moulds.
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Hydrogels were produced using moulds with the best formulation for 3D bioprinting, to char-
acterise the structures. Mechanical tests allowed the determination of the compressive modu-
lus of the hydrogels, 70.82 + 11.67 kPa, and assess their behaviour under compressive forces.
PBS absorption tests permitted the determination of the higher PBS uptake of the hydrogels,

2493 + 329 %, which occurred after 5 h. The verified instantaneous PBS absorption and stabili-
zation afterwards are also worth mentioning. SEM images revealed the porous structure of the
hydrogel, a positive feature for drug delivery applications, and the homogenous distribution
of CNC on the structure. The images of the pore walls also revealed their layered structure.

4.2 Future Perspectives

The developments of this system in this work revealed its potential for 3D bioprinting and
drug delivery applications. However, work towards the development of non-explored char-
acteristics, assessment of the real applicability of the hydrogels and characterisation of this
new system remains undone.

The exploration of SPIONSs incorporation in the hydrogel must be conducted, since the first
attempt at including them in the matrix did not allow photocrosslinking. The effect of SPIONs
concentrations on the hydrogel and on the photocrosslinking process must be studied. The
inclusion of coated SPIONs could also be an interesting approach. The success of SPIONSs in-
corporation in the hydrogel could open the door to magnetic hyperthermia applications,
which would be an asset in the treatment of cancer.

A deeper study of the effects of DTT concentration on the photocrosslinking time of the hy-
drogels would also be interesting since this compound is the key to the further improvement
of the shape fidelity of these structures. 3D bioprinted structures with satisfactory shape fidel-
ity including this component were successfully produced. However, further enhancements
could be achieved through a study to determine the optimal concentration of this component
in the hydrogel, that permits the shortest photocrosslinking time possible while preventing
nozzle clogging, thus offering potential for further improvements.

The characterisation of this system must be developed as well. The nuclear magnetic resonance
("H-NMR) in the characterisation of ChMA is required to confirm the methacrylation process
and determine the degree of methacrylation of the polymer. This is essential for drawing con-
clusions regarding the efficacy of the methacrylation process, which correlates with the diffi-
culties observed in dissolving the polymer in a neutral environment. The characterisation of
more developed formulations must be performed as well, to assess the effect of each compo-
nent on the characteristics of the hydrogel. Additionally, the characterisation of 3D bioprinted
structures is necessary to evaluate the effect of the 3D bioprinting process on the hydrogel’s
characteristics.

Drug release tests would also be interesting to evaluate the applicability of these hydrogels in
drug delivery. Finally, the study of the hydrogels' cytotoxicity must be performed to assess
the possibility of their application in the biomedical field.
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By combining the results achieved in this work with the aforementioned steps, the future of
this technology appears optimistic and full of potential for developing innovative, customized
and multifunctional drug delivery systems.
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‘ A
ANNEXES

A.1 Characterisation methods

Fourier-transformed infrared (FTIR-ATR) was obtained through an attenuated total reflec-
tance (ATR) sampling accessory (Smart iTR) featuring a single bounce diamond crystal on a
Thermo Nicolet 6700 spectrometer. The data was recorded at room temperature, in the range
of 500 cm™ to 4000 cm™, with 45° of incident angle and 4 cm™ resolution. Regarding scanning
calorimetry with thermogravimetric analysis (DSC-TG), the analysis was performed using a
Netzsch 449 F3 Jupiter® simultaneous thermal analyzer. The samples were heated until
550 °C, with increments of 10 °C min, in an inert atmosphere.

Rheologic characterisation was performed using a Anton Par MCR 502 rotational rheometer
at 25 °C. A plate-plate geometry was used, with 25 mm of diameter and 1 mm gap size. The
shear rate was increased from 0.1 s to 100 s™.

For PBS absorption tests, 7 samples were freeze-dried and immersed in phosphate-buffered
saline (PBS) for 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3h, 4 h and 5 h. The PBS was prepared
following standard protocols and had a pH of 7.4. The hydrogel mass was registered after
removing the PBS excess, and the PBS was changed between measurements. The mechanical
tests were performed in a Rheometric Scientific uniaxial machine operated with Minimat soft-
ware in compression mode. The maximum load was 19 N and the measurements were per-
formed at room temperature.

Scanning electron microscopy (SEM) analysis was conducted using a Hitachi Regulus SU8220.
The hydrogel underwent freeze-drying, followed by immersion in liquid nitrogen at -196 °C
and sectioned using a bistoury, enabling observation of the cross-sectional area. Subsequently,
a 15 nm gold layer was deposited onto the samples using a Q150T ES Quorum Sputter Coater.
This process enabled the acquisition of both cross-sectional and top-view images of the sam-
ples.
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A.2 Fourier-Transformed Infrared with Attenuated Total Re-

flectance (FTIR-ATR)
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Figure 4-1 - FTIR-ATR of chitosan, divided into two zoomed-in images.
A.3 3D printing

The bioprinted designs were modeled at software Blender and are presented in Figure 4-2.
Both designs have 10x10x1.638 mm in terms of length, width, and thickness.

Figure 4-2 — 3D models used in the 3D printer software to obtain the bioprinted hydrogels. Grid: 1 mm.
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