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ABSTRACT

Cardiovascular diseases, particularly arrhythmias, remain a major global health challenge,
characterized by high mortality rates and significant morbidity. The increasing prevalence of
these conditions has spurred interest in innovative approaches to cardiac tissue engineering,
aiming to develop functional tissues that can mimic the properties of native cardiac structures.
This dissertation focuses on the development of bioinks designed to replicate the extracellular
matrix (ECM) characteristics of cardiac tissue, specifically targeting conductivity and biocom-
patibility to enhance cardiomyocyte maturation.

The primary objective of this research was to create Gelatin Methacryloyl (GelMA) hydro-
gels incorporated with conductive nanoparticles, facilitating the bioprinting of cardiac tissue
models. These models are intended to emulate the electrical conductivity and anisotropic ar-
chitecture of heart tissue, which are crucial for proper cardiac function. The study emphasizes
the importance of these properties in promoting the growth and differentiation of cardiomy-
ocytes, which are essential for effective tissue regeneration.

Despite the challenges encountered, including the inability to successfully develop an in
vitro model of arrhythmia, the findings contribute valuable insights into the potential of bioink
formulations and bioprinting techniques in cardiac tissue engineering.

In conclusion, while the goal of creating a functional in vitro arrhythmia model was not
achieved, this dissertation lays the groundwork for future studies aimed at advancing cardiac
tissue engineering. The proposed methodologies and materials offer promising avenues for
developing cardiac models that could ultimately aid in drug development and therapeutic
strategies for treating arrhythmias and other cardiovascular diseases.

Keywords: Arrhythmia, Regeneration, GelMA, MXenes, 3D Bioprinting, Cardiomyocytes
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RESUMO

As doencas cardiovasculares, particularmente as arritmias, continuam a ser um grande
desafio para a saude a nivel mundial, caracterizado por elevadas taxas de mortalidade e mor-
bilidade significativa. O aumento da prevaléncia destas condi¢cdes tem estimulado o interesse
em abordagens inovadoras a engenharia de tecidos cardiacos, com o objetivo de desenvolver
tecidos funcionais que possam imitar as propriedades das estruturas cardiacas nativas. Esta
dissertacdo centra-se no desenvolvimento de biotintas concebidas para replicar as carateristi-
cas da matriz extracelular (MEC) do tecido cardiaco, visando especificamente a condutividade
e a biocompatibilidade para melhorar a maturacao dos cardomidcitos.

O principal objetivo desta investigacado foi criar hidrogéis de Gelatina Metacriloil (GelMA)
incorporados com nanoparticulas condutoras, facilitando a bioimpressdo de modelos de te-
cido cardiaco. Estes modelos destinam-se a emular a condutividade eléctrica e a arquitetura
anisotrépica do tecido cardiaco, que sao cruciais para a funcao cardiaca adequada. O estudo
sublinha a importancia destas propriedades na promocao do crescimento e diferenciacdo dos
cardomidcitos, que sdo essenciais para uma regeneracao eficaz dos tecidos.

Apesar dos desafios encontrados, incluindo a incapacidade de desenvolver com sucesso
um modelo in vitro de arritmia, os resultados contribuem com informacdes valiosas sobre o
potencial das formulaces de biotintas e das técnicas de bioimpressao na engenharia de teci-
dos cardiacos.

Em conclusdo, embora o objetivo de criar um modelo funcional de arritmia in vitro ndo
tenha sido alcancado, esta dissertacao estabelece as bases para estudos futuros destinados a
fazer avancar a engenharia de tecidos cardiacos. As metodologias e materiais propostos ofe-
recem vias promissoras para o desenvolvimento de modelos cardiacos que poderdo, em ultima
analise, ajudar no desenvolvimento de medicamentos e estratégias terapéuticas para o trata-

mento de arritmias e outras doencas cardiovasculares.
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INTRODUCTION

1.1 Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading cause of death globally, responsible for
an estimated 17.9 million deaths each year. Among these, arrhythmias are a significant subset,
contributing to the high rates of morbidity and mortality worldwide [1-4]. It manifests in vari-
ous forms, including ischemic disease, arrhythmias, and congenital diseases, which can pro-
gress to heart failure. Robust disease models are essential to better comprehend the mechanics
behind cardiac disease [3][2].

Modern pharmaceutical technology has advanced significantly, leading to significant ad-
vancements in CVD medical care. Nevertheless, there are still certain obstacles that need to be
solved. In addition to having numerous side effects and poor efficacy, most small chemical
compounds used to treat CVD also have low patient compliance. Natural products are becom-
ing increasingly important for novel medications since they are biocompatible, pharmacologi-

cally active, and have low toxicity [2].

1.1.1 Arrhythmia

An arrhythmia is a heartbeat issue where the heartbeat is too fast, too slow, or with an
irregular rhythm. These irregular heartbeats can indicate insufficient blood flow to the body
and disrupt the heart's normal functioning, leading to complications like palpitations, fainting,
and stroke [5][6].

Arrhythmias are classified into tachyarrhythmia (fast heart rates) and bradyarrhythmia
(slow heart rates). Arrhythmias are irregular heartbeats in the atria (upper chambers) or ventri-

cles (lower chambers). They can cause slow, fast, or irregular heartbeats depending on the



affected part of the heart. Bradycardia is a resting heart rate slower than 60 beats per minute,
which may be normal for some people, especially young or physically fit individuals. Tachycar-
dia is a resting heart rate faster than 100 beats per minute and may also have an irregular
heartbeat [6].

The opening to the lower chambers, known as the atria, is where supraventricular ar-
rhythmias begin. The most prevalent kind, atrial fibrillation, causes the heart to pulse faster
than 400 beats per minute. The heart's upper chambers may pulse 250-350 times per minute
because of atrial flutter. An issue with electrical signals that start in the upper chambers and
move to the lower chambers is the cause of paroxysmal supraventricular tachycardia (PSVT),
which results in additional heartbeats. The heart's lower chambers, known as the ventricles, are
where ventricular arrhythmias begin. These arrhythmias are typically serious and necessitate
emergency medical attention. Ventricular tachycardia is characterized by rapid, regular heart-
beats that might extend for several seconds or more. Ventricular tachycardia lasting a few beats
is usually not problematic, but if it persists for longer than a few seconds, it may result in more
severe arrhythmias, like ventricular fibrillation [5-7].

Procedures or medication can be used to treat them. Arrhythmias, however, have the
potential to cause serious illnesses including stroke, heart failure, or cardiac arrest if they are
not addressed. They can also harm the brain, heart, or other organs. Drug therapies, invasive
surgeries, or the use of electronic devices like pacemakers and defibrillators are frequently used
in management. However, these methods have several drawbacks, including being invasive,
having poor efficacy, and causing severe side effects. Consequently, novel approaches are re-

quired to successfully treat and manage arrhythmias [7-11].

1.2 Regenerative Medicine

Regenerative medicine is an interdisciplinary area that uses synthetic biological alterna-
tives or the body's natural healing processes to replace or repair damaged tissues and organs.
It covers a wide range of techniques, such as tissue engineering, gene therapy, and stem cell
therapy. Regenerative medicine aims to repair damaged tissues and organs to their original
state, providing treatment for illnesses that are now incurable or exceedingly difficult to treat.
This area of study makes use of developments in stem cell biology, biomaterials, and bioengi-
neering to create treatments that can, among other things, heal degenerative illnesses, regen-

erate heart tissue, and repair spinal cord injuries [12][13].



1.3 Tissue Engineering

Tissue engineering, a critical component of regenerative medicine, combines principles
of biology, engineering, and materials science to develop biological substitutes that can re-
store, maintain, or improve tissue function [14]. Scaffolds are essential to tissue engineering
because they offer a three-dimensional framework for cell adhesion, proliferation, and differ-
entiation [15].

1.4 Hydrogels

Hydrogels are three-dimensional hydrophilic polymer networks that can swell in water
and grow larger than their initial weight without dissolution. They have tunable physical and
chemical properties that comonomers, crosslink density, and synthetic conditions can alter.
Hydrogels are crucial in biomedical fields like tissue engineering, regenerative medicine, and
drug delivery. Like the natural extracellular matrix, they provide mimetic conditions for in vitro
cell culture. Hydrogels are divided into natural and synthetic types, with natural hydrogels hav-
ing better biocompatibility, contributing to cellular viability, multiplication, differentiation, and
locomotion [16].

Hydrogels, including collagen, gelatin, Matrigel, alginate, fibrin, poly (2-hydroxyethyl
methacrylate) (PHEMA), poly (N-isopropyl acrylamide), and poly(ethylene glycol) (PEG), are
commonly used in cardiac tissue engineering. These substances can be used alone or in com-
bination with cells and can contain growth agents for tissue development [17]. With advance-
ments in material science, hydrogel-based scaffolds have significant potential in tissue engi-
neering [16].

Biopolymers can be used to design biomaterials that mimic the extracellular matrix
(ECM), providing a promising method for 3D tissue engineering and regenerative technologies
in medicine. The ECM of native mammalian tissues is a collagen-based hydrogel with a complex
supramolecular structure [18].

The ideal scaffold for cardiac tissue engineering should combine mechanical and biolog-
ical properties to facilitate cardiomyocyte attachment, growth, alignment, elongation, and flex-
ibility for sustained expansion and contraction cycles, promoting cellular alignment and elon-

gation [19].



1.5 Gelatin Methacryloyl

Gelatin, a naturally occurring hydrophilic polymer, is obtained from native collagen
through denaturation and partial hydrolysis and has many benefits, including biocompatibility,
solubility, degradability, and ease of acquisition. Compared to collagen, it is less antigenic. It
preserves the peptide sequence arginine-glycine-aspartic acid (RGD), which is crucial for the
interaction of cells with the surrounding ECM, stimulating cell adhesion, proliferation, and dif-
ferentiation. Its thermostability is low. Nevertheless, chemical crosslinking may make it less
biocompatible because of potentially toxic crosslinking agents [20][21].

Van Den Bulcke et al. initially presented Gelatin Methacryloyl (GelMA) in 2000. It is a
modified form of gelatin created through a reaction with methacrylic anhydride (MAA), as
shown in Figure 1.1. Methacrylation can be achieved by forming a chemically more stable am-
ide group, while physically gelled gelatin may reduce stability. Because methacryloyl groups
are present, the modified gelatin exhibits photocrosslinking and a temperature-dependent
solid-liquid transition. A water solution of modified gelatin crosslinks under ultraviolet (UV)

light upon adding a photoinitiator, producing GelMA hydrogels with superior thermostability
az— i(
ha \?

GelMA
Figure 1.1 — Gelatin Methacryloyl. Adapted from [116].

and tunable mechanical properties. These hydrogels preserve the arginine-glycine-aspartic
acid (RGD) and matrix metalloproteinase (MMP) sequences and their biocompatibility and deg-
radation characteristics. They are also very adaptable to the demands of different applications
[20-22].



GelMA's biocompatibility makes it suitable for various biomedical applications, including
tissue engineering and regenerative medicine. Its ability to support cell adhesion and prolifer-
ation and its modifiable stiffness and degradation rates make GelMA an ideal candidate for

creating scaffolds for cardiac tissue engineering [23].

1.6 Conductive Materials

Native cardiac tissue possesses the necessary electrophysiological characteristics for suc-
cessful operation. To imitate these qualities, materials must be electroconductive. As a result,
conductive scaffolds can be made by mixing nanocomposites with the hydrogel. MXenes will

be the nanocomposites in this study that provide electrical characteristics [24].

1.6.1 MXenes

Integrating conductive materials into the scaffolds is crucial for successful cardiac tissue
engineering to promote the synchronized contraction of cardiomyocytes, helping to regener-
ate the unhealthy tissues. MXenes are a class of two-dimensional transition metal carbides,
nitrides, and carbonitrides that have gained attention as prospective conductive materials be-
cause of their remarkable mechanical attributes, biocompatibility, and electrical conductivity
[25][26].

MXenes can be added to hydrogels to form conductive scaffolds or functionalized to
improve their compatibility with biological tissues. Adding MXenes to GelMA hydrogels may
produce a composite material that imitates the naturally conductive characteristics of cardiac
tissue, offering structural support and making electrical signal propagation easier. This com-
posite material, combined with a polymer and cells, may close the gap between unhealthy and
healthy tissues, encouraging the myocardium's ability to regenerate and function [26].

Two-dimensional (2D) materials called MXenes are employed in a variety of industries.
Tissue engineering is among them because of its special mechanical, electrical, and biological
characteristics, chemical stability, wide surface area, and hydrophilicity [27].

It has many functional groups, including -O, -F, and -OH, on the surface and is dispersible
in aqueous solvents without aggregating [24][25] [28-31]. MXenes, whose general chemical
formula is Mn+1Xn, where M is an early transition metal, n is an integer between 1 and 6, and
X is carbon or nitrogen, are composed of transition metal nitrides, carbides, and carbonitrides
[28][32].



These materials are conductive because of the free electrons connected to the transition
metal nitrides, carbides, and carbonitrides. Additionally, MXenes are composed of elements
commonly found in biological systems, including carbon (C), nitrogen (N), hydrogen (H), and
oxygen (O) [25][27].

This substance has already been used in cardiac tissue engineering, with results demon-
strating the alignment of cardiomyocytes derived from human induced pluripotent stem cells,
a notable increase in the gap junction protein CX43 expressed in cardiomyocytes, no cytotox-

icity, and an improvement in conduction velocity and synchronous beating [33].

1.7 Photoinitiators in GelMA Hydrogels

Compounds known as photoinitiators can absorb light and start the polymerization pro-
cess, which is necessary for GeIMA hydrogel production. The photoinitiator selection is crucial
for the hydrogel's mechanical characteristics, biocompatibility, and cross-linking efficiency.
Irgacure 2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), which are acti-
vated by UV and visible light, respectively, are commonly used photoinitiators. These photoin-
itiators allow hydrogels to develop in moderate environments while maintaining the viability
and functionality of cells [34][35].

GelMA hydrogels can be effectively crosslinked by photoinitiators such as LAP (Figure
1.2), which preserve excellent cell viability while supplying the required structural integrity. This
characteristic is especially crucial for cardiac tissue engineering applications, where it is neces-

sary to compromise the scaffold's mechanical stability and the need to support living cells [36].
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Figure 1.2 — LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate)

LAP has been shown to have superior benefits over Irgacure 2959, including higher water
solubility, a faster gelation rate, improved light absorption beyond 400 nm, and insurance cell
viability [37]. It also has 50 times higher molar absorptivity, suggesting higher crosslinking ef-
ficiency. Garcia-Lizarribar et al. found that low concentration (0.1%) LAP is more promising than

higher concentration (0.4%) Irgacure 2959 [38][39]. The photoinitiator absorbs UV light during



the photopolymer crosslinking process, generating free radicals that polymerize the photopol-

ymer to produce the polymer network [37].

1.8 Cardiomyocytes

Since its introduction by Shinya Yamanaka's lab in 2007, human induced pluripotent stem
cell (hiPSC) technology has been a valuable model for studies on human disorders. Stem cells
have revolutionized regenerative medicine because they can differentiate into various types of
cells and repair damaged tissues. Human induced pluripotent stem cells (hiPSCs) are particu-
larly promising as they can be derived from adult cells, providing an ethically acceptable and
unlimited source [40][41]. Human induced pluripotent stem cell-derived cardiomyocytes, or
hiPSC-CMs, are characterized by their same genetic composition, expression of several heart-
specific genes, and essential characteristics of human cardiomyocytes [40][45].

The heart contains several types of cells, including cardiomyocytes and endothelial cells,
which are fundamental in health and disease. Cardiomyocytes, the main cellular component of
the myocardium, are connected by gap junctions, adherents junctions, and desmosomes, fa-
cilitating coordinated contractions [42]. These cells are crucial for generating the force needed
to pump blood. However, pathological conditions such as hypertension or myocardial infarc-
tion can cause hypertrophy, apoptosis, and necrosis in cardiomyocytes, further impairing car-
diac function. The loss of these cells, such as in myocardial infarction and heart failure, impairs
cardiac function and can lead to arrhythmias. Regeneration of functional cardiomyocytes is a
fundamental goal in cardiac tissue engineering [41][45].

Cardiomyocyte regeneration is limited, with an annual renewal rate of around 1%, de-
creasing with age. This low regeneration rate is a significant challenge in the recovery of heart
injury [43][45]. The unique structure and function of cardiomyocytes, including their role in
excitation-contraction coupling, make them essential but difficult to replace when damaged.
hiPSC-derived cardiomyocytes (hiPSC-CMs) offer significant potential in developing personal-
ized therapies. These cells can be derived from the patient's cells, reducing the risk of immune
rejection. In addition, hiPSC-CMs can model patient-specific arrhythmias in vitro, aiding in the

study of disease mechanisms and developing targeted treatments [44].



1.9 In Vitro Models

1.9.1 2D and 3D Models

In vitro, 2D cell culture methods are used to study biological functions, but their simplicity
makes complex structures challenging to simulate. Recent research suggests that 3D tissue
models are superior for mimicking complex tissue or organ architecture due to their resolution
and accuracy [46]. Models involving extracellular matrix proteins in human tissue are increas-
ingly crucial for advanced application-based research, including drug testing and translational
purposes. The extracellular matrix regulates cellular functions through biophysical and bio-
chemical signals. 3D models using cells and proteins recreate native organs, aiding in under-
standing functions and generating personalized drug testing platforms [46]. Organ-on-the-
chip technology simulates organ-level physiology, enabling bioengineering and designing
complex biomimetic tissue for model systems [46][3]. Spheroids and organoids can create 3D
tissue model systems. Still, they lack the vasculature, which is crucial for supplying oxygen and
nutrients to cells and eliminating metabolic waste, a significant drawback in 3D microenviron-
ments [46][3]. As an alternative, a scaffold that resembles the extracellular matrix (ECM) and
features porous structures capable of retaining transcription factors, growth factors, vascula-
ture, and cells is created using techniques such as 3D bioprinting, electrospinning, and solvent
casting/particulate leaching (SCPL). A 3D model replicating tissue-specific conditions can aid
drug testing and study intricate mechanisms in human development and disease progression,
providing a deeper understanding of their significance [46].

Types of three-dimensional (3D) tissue models, each with unique characteristics and ap-

plications, are described in Table 1.1[46]:
Table 1.1 - Characteristics and Applications of different 3D Models.

3D models Characteristics Applications
» Spherical structures formed » Studies on cell activity.
by cell aggregation. » Research on medication
Organoids > Different cell types, such as reactions.
stem cells and cancer cells, » Investigations into tumor
can be used to create them. biology [46][48].




They replicate the cellular
architecture and milieu of
real tissues.

Offer improved cell-cell
communication.

Provide a more native de-
sign compared to traditional
monolayer

[46][48].

techniques

Hydrogel-Based
Models

Act as a supporting matrix
for the development of cells.
Can be customized to have
specific mechanical proper-
ties.

They enable the controlled
release of growth agents
[46].

Used to make scaffolds for
tissue engineering.

Create 3D structures that
resemble the extracellular

matrix (ECM) [46].

Scaffold-Based
Models

Are three-dimensional con-
structs.

Offer a framework for the at-
tachment and development
of cells.

Techniques like electrospin-
ning and 3D printing can be
used to create them [46].

Useful for applications in
tissue engineering and re-
generative medicine be-
cause they may be made
to have mechanical and
porosity characteristics
[46].

Microfluidic
Models (Organ-
on-a-Chip)

Living cells are integrated
into microfluidic devices.
The environment resembles
an organ's physiological pa-
rameters.

These models can study cell
behavior in response to

chemical gradients,

Helpful for comprehend-
ing organ interactions.
Useful for drug testing [46-
49].




mechanical stresses, and
fluid flow [46-49].

Bioprinted Mod-

els

In 3D bioprinting, living cells
and biomaterials are depos-
ited layer by layer to con-
struct sophisticated tissue
architectures.

This method allows precise
control over the arrange-
ment of cells and extracellu-
lar matrix elements in space.
It creates tissues that closely
mimic natural structures

[46].

Promising for transplanta-
tion.
Useful in regenerative

medicine [46].

Tumor Models

Tumor spheroids and organ-
oids are made from cancer
cells.

They are specific 3D models
created to research cancer
biology.

These models provide a
more physiologically appro-

priate setting [46][47].

Understanding tumor
growth.

Studying metastasis.
Investigating therapeutic

responses [46][47].

Co-culture
Models

Different cell types are
grown in the same three-di-
mensional space in co-cul-
ture systems.

This technique allows for the
study of cell connections

and communication [46].

Understanding tissue func-
tion.
Investigating disease

mechanisms [46].

The diversity of 3D models reflects the complexity of human tissues and the need for
more accurate experimental systems in biomedical research. Each model type offers unique

advantages for studying specific biological processes, disease mechanisms, and therapeutic
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responses, making them invaluable tools in drug discovery, tissue engineering, and regenera-

tive medicine.

1.10 3D Bioprinting

Bioprinting is a well-known and popular technique in the field of biofabrication [48]. The
layer-by-layer deposition of cell-rich biomaterials in three dimensions according to a prede-
fined shape is known as three-dimensional bioprinting [49]. Bioprinting is the use of computer-
aided and additive manufacturing methods for the standardization and construction of living
and non-living materials with a predetermined two-dimensional (2D) or 3D architecture to cre-
ate bioengineered structures for regenerative medicine, pharmacology, and fundamental cell
biology studies [48-51].

A key aspect that differentiates 3D bioprinting from traditional biofabrication approaches
(such as pore leaching or gas foaming) is the possibility of incorporating biologically relevant
molecules and cells with high spatial control at the exact moment of scaffold fabrication and
depositing the biomaterial with microscopic precision [48][52].

Three phases are usually included in the manufacturing of 3D bioprinted human tissues:
pre-processing, processing, and post-processing. The pre-processing stage is equivalent to
creating a scaffold model for human cell culture and 3D bioprinting. The objective of the pro-
cessing stage is to use 3D bioprinting to create the loaded architecture of 3D cells. Ultimately,
the post-processing stage entails the synthesis of cell-filled constructs to fortify the creation
of tissue constructs. [53].

The greatest feeding, oxygen supply, and waste management strategies must be used to
maintain the cells' viability and functionality. Above all, cellular activity and the development
of human tissues are greatly influenced by chemical and mechanical signals [49][56][57]. The
ink formulation that enables the printing of cells and growth factors makes up the biomaterial
that is printed, also known as bioink. Choosing the right bioink is crucial to a successful bi-
oprinting process [49].

Even though there is a vast collection of biomaterials available, not all have the gelling
qualities required to preserve the final printed structure's shape; instead, they require modifi-
cations to improve their mechanical strength and their chemical, physical, and biological char-
acteristics. In some cases, photon activation by UV light in the presence of a photoinitiator or
ion crosslinks in the presence of divalent cations are post-processing crosslinking mechanisms

that stabilize bioinks [49]
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1.10.1 Types of 3D bioprinting

The three primary technologies used in 3D bioprinting are extrusion (achieved by screw,
piston, or pneumatic extrusion), inkjet (achieved by thermal or piezoelectric methods), and
laser-assisted. These techniques rely on the way that bioinks, or biomaterials loaded with cells,
are delivered. [49]

1.10.1.1 Extrusion-Based Bioprinting

Extrusion-based bioprinting (EBB) is a technique in which mechanical or pneumatic force
is used to extrude bioink through a nozzle (Figure 1.3) [53]. This process prints cylindrical fila-
ments in three-dimensional structures by combining an automated robotic extrusion system
with a fluid-dispensing system. [68][69]. Compared to inkjet bioprinting, electrohydrodynamic
bioprinting (EBB) has some clear benefits. It prints faster, reduces the risk of clogging, allows
for printing materials that are less viscous, and can achieve higher cell densities [70-72]. How-
ever, it also causes shear stress in cells and has reduced fabrication resolution, which decreases
printing fidelity [56][73]. A biomaterial appropriate for EBB needs to flow steadily until it de-
posits and quickly stabilizes after that [48]. Human tissues, including cardiac constructs with a
high orientation index and blood-vessel-like geometries that facilitate the integration of engi-
neered tissue with the host's vasculature, have been bioprinted using extrusion-based bioprint-

ing [74-88].
Extrusion Bioprinting

Pneumatic / Piston / Screw
4

Figure 1.3 — A main type of bioprinting system: extrusion-based bioprinter. Sourced from [46]

1.10.1.2 Inkjet bioprinting

Also known as drop-on-demand or drop-on-demand bioprinting, it is a contactless

method for 3D printing scaffolds and biomedical devices [56-58]. Piezoelectric inkjet, thermal



inkjet, and electrostatic inkjet bioprinting (Figure 1.4) are the three printing technologies that
can be used to create bioink droplets. [59-61].

It allows the printing of cell-laden droplets at high resolution in microscale (10-75 uM)
at low cost, fast fabrication, and high resolution [53][62-64]. On the other hand, drawbacks
include poor cell density, droplet drying, restricted ability to create in three dimensions, and
nozzle clogging. Extremely viscous bioinks are unsuitable for inkjet bioprinting, and bioink vis-
cosity is a crucial parameter that needs to be regulated [58][62][65-67]. Because of their low
viscosity, the 3D printed structures often have lower mechanical strength than the intended in

vivo tissues [60].
Inkjet Bioprinting

Thermal Piezoelectric

Vapor

Heater Bubble

Actuator

Figure 1.4 — A main type of bioprinting system: inkjet bioprinter. Sourced from [46]

1.10.1.3 Laser-based bioprinting

In laser-based bioprinting (Figure 1.5), cells are transferred from a source and pooled on
a substrate. This process is also known as laser-guided direct or laser-induced cell printing.
Because the refractive indices of cells and cell medium differ, this technique allows for the
selective transfer of cells [53][57][66]. High-cell density bioprinting without clogging is possible
with laser-based bioprinters since they are nozzle-free and can print various viscosities. Addi-
tionally, this method decreases cell stress and viability [53][58]. Laser-based bioprinting has
been employed in biomedical applications, including the fabrication of human osteoprogenitor
cells (HOP) and nano-hydroxyapatite (nHA) without modifying their properties, hence main-

taining their viability, phenotypic, and proliferation, despite its more significant cost [53][81].
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Laser-assisted Bioprinting
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Figure 1.5 — A main type of bioprinting system: laser-based bioprinter. Sourced from [46]

1.10.1.4 Other types of bioprinting

A new technology called Reversible Incorporation of Suspended Hydrogels (FRESH) was
recently used by Mirdamadi et al. [49] to achieve 3D bioprinting in addition to these three
primary and well-known technologies [49]. Using an extrusion-based bioprinter that they had
adapted for the study, the authors added alginate to a support bath that contained gelatin
microparticles floating in a calcium chloride solution [49]. The resolution and low printing fi-
delity of extrusion-based printing can be overcome with the FRESH bioprinting technology. To
completely cure the bioink, it must be extruded within a yield-stress support bath. The bath
contains gelatin microparticles, which serve as a support bath using various cross-linking tech-
niques to gel the various hydrogel types. Additionally, the bath supports embedded hydrogels,
which, in traditional additive manufacturing processes, would collapse during printing and lock
the bioink in place during extrusion. Volumetric patterning is possible since the support bath
is liquified and removed after printing [49][79](80].

Suspended Layer Additive Manufacturing (SLAM), a stable hydrogel with low viscosity,
was developed by Senior et al. by modifying the FRESH bioprinting technique. After removing
the shear strain, they extruded bioinks onto an agarose gel, which restored its structural integ-
rity. Next, the gel included a crosslinker, producing stable structures that were simple to re-
move [49].

Organ printing had previously been accomplished using microgel support baths; how-
ever, a novel method known as sacrificial writing on functional tissue (SWIFT) bioprints a sac-
rificial bioink inside a slurry support bath of cellular spheroids. Using iPSC-derived embryonic
bodies, or organoids, tissue-specific organ building blocks were 3D printed by Skylar-Scott et
al. to create a live matrix. When the sacrificial ink in the matrix is removed, perusable conduits

and branching channels are formed. It isn't easy to control position in 3D space, however.
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Innovative approaches that provide flexibility in regulating variables, including scaffold geom-
etry, printing speed, needle gauge, extrusion pressure, and bioink composition, are being de-

veloped to address these issues [49].

1.11 Rheological and Mechanical Properties

Rheological characteristics significantly influence cell division and proliferation within the
hydrogel matrix. The viscoelastic qualities stand out among these characteristics. The chosen
bioinks' viscoelastic properties are crucial for maintaining the shape integrity of the printed
structure, requiring more force when dispensing the bioink [82]. Bioprinting techniques like
inkjet and extrusion can cause cell damage due to higher shear stress levels, requiring bioinks
to be suitable for extrusion at stress levels that preserve cell integrity [82][83]. Bioinks for inkjet
and extrusion-based bioprinting require non-Newtonian effects like strong shear-thinning
quality to lower ink viscosity, facilitate flow through the nozzle, and maintain reversibility after
printing. This reduces cell damage, keeps the material capacity to stack, and ensures printing
fidelity [83][84-86].

To be suitable for extrusion-based bioprinting, the polymeric material must dissolve in a
volatile solvent with a viscosity range of 30 to > 6x10” MPa [87]. The storage (G') and loss (G")
moduli of bioinks are additional crucial characteristics. The storage modulus of a polymeric
substance establishes its solid-like characteristics [88]. A high storage modulus of a polymer
makes extrusion more challenging due to its difficulty in flow, but it also ensures a stable and
accurate shape after printing. A low storage modulus produces a more liquid-like polymer that
may leak from the nozzle [89]. Because they change inversely, a lower storage modulus also
results in a more significant loss modulus. Conversely, a high storage modulus indicates a low
loss modulus. Because of this, a polymeric material that balances both moduli is appropriate
for 3D bioprinting. To be more precise, a polymer that has a storage modulus greater than its
loss modulus is more suited for this purpose since it can maintain its shape without sacrificing
its extrusion capabilities [88-90]. Bioinks with lower viscosities (between 10Pa and 10000Pa)
and low storage modulus (<1500 Pa) showed more significant cell proliferation and a porous
shape in comparison to materials with higher viscosities [82]. Furthermore, these factors also
dictate the rate at which the polymer will degrade in response to mechanical force [89-90].

Maintaining a steady 3D network after printing is another essential characteristic of the
bioinks. The crosslinking technique significantly influences Bioinks' stability, as it affects the

development of reticulated networks, which can either develop irreversibly or reversibly after
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printing [91]. Hydrogels are the most popular biomaterials for extrusion-based bioprinting
since they form polymers that frequently exhibit essential bioink characteristics [92]. High
shape fidelity is linked to yield stress, a non-Newtonian phenomenon found in colloidal gels,
suspensions, and emulsions, a lower stress threshold at which solid-like materials deform plas-
tically [93-95]. In addition to typically displaying viscoelastic behavior, materials used in bioinks
can also show thixotropy, reversible, time-dependent isothermal decrease in the material's ap-
parent viscosity when subjected to an increasing shear rate [95][96]. Because of their challeng-
ing nature, gel bioinks can exhibit both fluid and soft solid-like material qualities depending
on the applied perturbations. The intricacy of these materials suggests that their rheology can-
not be examined using the framework of Newtonian viscous fluids. The rheological behavior
of optimal bioinks should include the following alternating steps in the printing process: gel
behavior due to the dominance of elasticity over viscous (liquid-like) behavior before extrusion;
structural break-up with liquid-like behavior prevailing during extrusion; complete structural
build-up with a return to the original state upon deposition [97-100].

Mechanical qualities are crucial for creating mature and functional bioprinted cardiac
constructions, as they should resemble native myocardium characteristics to facilitate synchro-
nous beating, force production, and development [82].

Being a dynamic organ, the heart goes through constant cycles of contraction and relax-
ation. As a result, any material used in cardiac tissue engineering must have mechanical char-
acteristics that perfectly mimic or enhance the environment of the original tissue. Young's
Modulus (E), which gauges a material's stiffness, is one of the most essential mechanical pa-
rameters to consider. To maintain the elasticity necessary for regular heart function and to
sustain contractility and cell-matrix interactions, the modulus of cardiac tissue must fall within
a specific range. The stiffness of adult human cardiac tissues typically lies between 10 and 20
kPa (Young's modulus end-systole) and between 200 and 500 kPa (Young's modulus end-di-
astole); Hydrogels must be within this range to accurately replicate the physiological environ-
ment [101]{106-108].
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STATE OF THE ART

Cardiac tissue engineering is an emerging field of biomimetic scaffolds and cell-laden
matrix products that help to facilitate the repairs of damaged cardiac tissues. As the heart can
only regenerate naturally to a limited extent, functional scaffolds are essential for restoring
mechanical, electrical, and biochemical functions. The progress toward recreating artificial
models of cardiac tissue is an evolving field in cardiac tissue engineering. To do this, a biocom-
patible, mechanically sound and electrically conductive material will be required. This is where
the utilization of hydrogels, in particular GelMA, has real potential alongside 2D nanomaterials
like MXenes for developing a conducive biocompatible scaffold that emulates the intricate en-
vironment present within the native heart. Materials of this type have shown promise in con-
structing scaffolds that enhance the biological cues necessary for regenerating heart tissue and
provide mechanical support.

Boularaoui et al. presented a significant advancement in 3D bioprinting, particularly for
skeletal muscle tissue engineering. The authors focus on developing bioinks that combine
GelMA with MXene nanosheets and gold nanoparticles to enhance the printability and biolog-
ical properties of the resulting constructs. The research emphasizes using low-concentration
GelMA hydrogels (<5% w/v), which are biocompatible and allow for high cell viability, elonga-
tion, and migration. However, these hydrogels typically exhibit poor printability. By incorporat-
ing MXene nanosheets and gold nanoparticles, the authors achieved significant improvements
in the electrical conductivity of the bioinks. This enhancement is crucial for the differentiation
of encapsulated myoblasts and overall tissue functionality. The addition of these nanomaterials
also improved the rheological properties of the bioinks, which is essential for maintaining
shape fidelity during the printing process. The optimized bioinks demonstrated enhanced

printability, particularly at lower temperatures (10 °C). The study reported a high cell viability

17



rate (97%) in the printed constructs, indicating that the bioinks support cell survival and pro-
mote myoblasts' differentiation into functional muscle tissue. The findings suggest that the
developed nanocomposite bioinks represent a promising approach for creating 3D conductive
tissue constructs with physiological relevance, paving the way for advancements in regenera-
tive medicine and tissue engineering applications [103].

G. A. Asaro et al. synthesized conductive biohybrid scaffolds by incorporating 2D titanium
carbide (MXene) into collagen-type I-based materials, improving electrical properties and me-
chanical performance up to native tissue. Among the key findings is the excellent biocompat-
ibility of these MXene platforms, which results in enhanced proliferation and spread by fibro-
blasts with substantially limited bacterial attachment (specifically Staphylococcus aureus).
When seeded with neonatal rat cardiomyocytes (nrCMs), human induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) on these substrates exhibited significantly improved cell
spreading and viability over a week relative to collagen controls. This work demonstrates the
promise of MXene-based biohybrid platforms for cardiac tissue repair and suggests its poten-
tial utility in diverse biological applications in which electric conductivity is needed. In summary,
these studies establish a direction for developing next-generation biomaterials that may reg-
ulate electrically sensitive cell maturation for regenerative therapy applications [115].

X. P. Li et al. showed that the addition of polydopamine-reduced graphene oxide (PDA-
rGO) to Gelatin-Methacryloyl (GelMA) hydrogels results in a conductive, biocompatible matrix
that can replicate some properties of the natural extracellular environment necessary for car-
diac tissue engineering. This hybrid hydrogel enhances the mechanical stiffness and electrical
conductivity required for CMs cell growth and function. We demonstrated that PDA-rGO im-
proves CMs survival, adhesion, and proliferation and enhances synchronous beating behavior
(critical to developing functional cardiac tissue). This novel method is designed to resemble
heart tissue's in vivo extracellular matrix by enhancing critical electrical and mechanical prop-
erties for CMs development. Different concentrations of each reagent were tried to optimize
the hydrogel composition. First, a 6% (w/v) GelMA concentration was chosen as the scaffold
material for further study because it enabled an optimal balance between mechanical proper-
ties required for casting into square hydrogel substrates and cytocompatibility that would sup-
port engineered CMs construct generation. PDA-rGO (1 mg/mL was the optimal concentra-
tion). This amount improved electrical conductivity and mechanical stiffness, leading to con-
siderably higher CMs viability, protein expression, and synchronous beating. To enhance UV
crosslinking, 0.5% w/v LAP was included in the bioinks as a photoinitiator for excellent physical

stability. These optimized amounts of GeIMA, PDA-rGO, and LAP combined to form a hydrogel
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facilitated the improved adhesion, retention, and maturation of cardiomyocytes on this hydro-
gel surface in response to external electrical stimuli. This advance demonstrates excellent po-
tential as a scaffold for different applications in cardiac tissue engineering, disease modeling,
and drug screening [117].

Since there is no recent work combining GelMA with MXenes for Cardiac tissue engi-
neering, specifically for arrhythmia, these three papers were taken as pillars of this thesis work
to help choose the best concentrations of each reagent (GelMA 6%(w/v), MXenes 0.5mg/ml,
and LAP 0.5%(w/Vv)).

To address the challenge of arrhythmia, this project seeks to develop a physiologically
relevant in vitro model of cardiac arrhythmia to facilitate drug development. This includes en-
hancing the maturity and functionality of cardiac tissue constructs, reproducing arrhythmic
behaviors, and modeling diseases to provide insights into arrhythmia treatments. The objec-
tives involve creating a conductive bioink, characterizing its properties, and subsequently con-
ducting in vitro assays to ensure its biocompatibility and non-toxicity, ultimately leading to the

development of the arrhythmic model.
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MATERIALS AND METHODS

3.1 Materials

The materials used were gelatin (Sigma-Aldrich, Gel strength 300 g Bloom, type A from
porcine skin, CAS number: 9000-70-8), phosphate buffer saline - PBS (made by me with salts
purchased from Sigma-Aldrich), methacrylic anhydride (Sigma-Aldrich, contains 2,000 ppm
topanol A as inhibitor, 294%, CAS number: 760-93-0), 14kDa dialysis membrane, filtered de-
onized water. The following equipment was used: BioX6 CELLINK bioprinter (CELLINK, Sweden),
18G polymeric nozzles (CELLINK, Sweden), 3 ml bioprinting syringes (CELLINK, Sweden), and

reusable glass material.

3.2 Synthesis of GelMA and GelMAX

Methacrylate gelatin was synthesized using a previously reported procedure (Figure 3.1)
[18](102].

In summary, 20 ml of PBS and 2.0 g of porcine gelatin were dissolved while stirring at 50
°C. 8 ml of methacrylic anhydride (0.5 ml/s) was added drop by drop until the solution was
noticeably homogenous and 20% (w/v) was reached. For one hour, the mixture was stirred at
the same temperature. Additional PBS was used to create five dilutions (5x20 ml) to sate the
reaction. The resultant solution was stirred at 60 °C for an extra hour. To make a cottony
crystalline foam, the solution was dialyzed for 4 days at 50/60°C, frozen for an additional night,

and finally placed in a freeze dryer for a minimum of 4 days. In the preparation of GelMAX,
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which consists of GelMA with the incorporation of MXenes during the synthesis, a solution was

created using the initial 20 mL of PBS to facilitate the integration of the MXenes into the matrix.
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Figure 3.1 — The process of methacrylate anhydride and gelatin combine chemically to form GelMA. Adapted from
[116].

3.3 Preparation of Bioinks

3 different types of bioinks have been developed:

* 6% (w/v) GelMA, 0.5% (w/v) LAP: GelMA;

* 6% (w/v) GelMA, 0.5mg/ml MXenes, 0.5% (w/v) LAP: GelMA-MX;

* 6% (w/v) GelMAX, 0.5% (w/v) LAP: GelMAX.

The synthesis of the different groups was carried out similarly. First, GelMA was dissolved
in ultrapure water at 50°C, resulting in a final concentration of 6% (w/v). After the solution was
homogenized, the LAP photoinitiator was added in a dark environment and homogenized for
1 hour. Next, the nanoparticles (NPs) were incorporated into the GelMA mixture, with a waiting
period of approximately 30 minutes to ensure that the NPs were evenly distributed throughout
the GelMA solution. The LAP photoinitiator was added again in a dark environment and al-
lowed to homogenize for another hour, Figure 3.2. For the GeIMAX group, since the NPs have
been introduced previously, the LAP photoinitiator is added to the homogenized GelMAXin a

dark environment and allowed to mix for 1 hour, Figure 3.2.
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Figure 3.2 — Preparation of the different bioinks.

3.4 Transfer of bioinks to the printing syringe

Once prepared, the bioinks should be stored in light-protected bottles in the refrigerator.
The day before printing, remove the vial from the refrigerator and gently warm it in a dark
environment. Using a clean syringe, transfer the desired bioink from the vial to the syringe,
ensuring it remains protected from light. If the room temperature is below 23/24°C, the syringe
can be kept at room temperature. However, if the temperature exceeds 23/24°C, it is recom-

mended to store the syringe in the refrigerator, Figure 3.3.

GelMA + MX
GelMA or

GelMAX

Figure 3.3 — Transferring the bioinks to the syringe and storage in a refrigerator.
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3.5 MXenes Solution

Initially, 76 mM of LiF was dissolved in 30 mL of 6 M HCI solution. This step involves
continuous stirring for 10 minutes. After the LiF is completely dissolved, 1.2 g of TizAlC» powder
is added to the mixture solution. This powder contains titanium, aluminum, and carbon. The
mixture is then stirred at 45 °C for 40 hours. During this time, the aluminum element in the
TizAlC, powder is etched away. After the etching process, the suspension is transferred to a
centrifuge tube and centrifuged. The purpose of this step is to separate the MXene material
from the remaining solution. The precipitate is washed several times with deionized (DI) water.
Each washing step involves handshaking and centrifugation at 3000 rpm for 5 minutes. The
washing process is repeated until the pH of the solution reaches a desired level. Once the
washing is complete, the precipitate (which should now contain the MXene material) is dried
at 40 °C for 24 hours in a vacuum. After drying, the MXene material is obtained in the form of
a black powder. To disperse MXenes, it is mixed with a certain amount of a polar solvent (water)
and then sonicated for 1 hour. Sonication helps to disperse the MXene powder evenly in the

solvent. This protocol was carried out by someone with expertise within the field.

3.6 Characterization of the Bioinks

3.6.1 NMR Spectra - Quantification of the degree of methacryla-
tion (DM) of GelMA

The methacrylation of gelatin was shown using 1 H-NMR spectroscopy. 30 mg GelMA
samples were analyzed after being dissolved in 300 pL of deuterium oxide. High-resolution
proton NMR spectra at 500 MHz were acquired using a Bruker Avance 500 spectrometer.
Bruker Topspin 4.1.4 was the data processing software that was utilized. The Degree of Meth-
acrylation refers to the proportion of the amino groups (lysine and hydroxylysine) in gelatin
that is changed in GeIMA. To measure the DM using 1 H-NMR, the spectra were normalized to
the phenylalanine signal (6.9-7.5 ppm), which reflects the gelatin concentration. The lysine
methylene signals (2.8-2.95 ppm) of the gelatin and GelMA spectra were then integrated to
yield the areas [A(lysine methylene of non-modified gelatin) and A(lysine methylene of

GelMA)]. Equation 1 was used to determine the DM of the different GelMA batches.

A(lysine methylene of GelMA)
A(lysine methylene of non—modified gelatin

DMnmregy=(1 —

) x 100 M

The TH-NMR spectrums were conducted by someone with expertise within the field.
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3.6.2 Rheological Tests

Using a plate-to-plate 25mm diameter geometry with a 1T mm gap and an Anton Paar
MCR 502 modular compact rheometer, the rheological characteristics of the non-crosslinked
bioinks were assessed at 10°C. Thixotropy, strain sweep with dynamic amplitude, stress sweep
with dynamic amplitude, and steady-shear viscosity were among the tests conducted. Shear
viscosity measurements were made between 0.001 and 1000 s-1. To evaluate thixotropy, time-
dependent shear rate data were employed. Every sample experienced three distinct shear rate
intervals: 0.1 [1/s] from 10 to 200 seconds, 100 [1/s] from 210 to 500 seconds, and 0.1 [1/s]
from 510 to 700 seconds. These intervals served to test the material's capacity to regain vis-
cosity as well as its reaction to varying shear rates over time. Dynamic stress-sweep experi-
ments, employing a stress range from 0.1 to 1000 Pa at an angular frequency of 1 rad/s, and
strain-sweep experiments with a strain range from 0,1 to 1000 % of deformation at a constant
angular frequency of 1 rad/s, were performed to access the viscoelastic properties. The rheol-

ogy measurements were conducted by someone with expertise within the field.

3.6.3 3D Bioprinting

A CELLINK Bio X 6 printer was used for the 3D printing procedure. The printer program's
software was used to design the structure. A preview of the 3D models used is shown in Figure
A.1. The Results section explains the various printing parameters that were investigated. After
filling a 3 mL syringe with bioink and printing each layer of the structures on a petri dish, they
were subjected to UV light. The stiffness of the structures was measured with a spatula to
determine if the crosslinking had occurred. After that, a phone camera was used to take pic-

tures of the hydrogels.

3.6.3.1 Printability and Printing Accuracy

Every bioprinting experiment was evaluated for printability using a CELLINK bioprinter.
Although the initial experiments were intended to be conducted at cell incubation temperature
(37 °C), this was not feasible due to limitations in the system, therefore they were instead car-
ried out at room temperature (22/24 °C) in the cold months and 10 °C in warmer months. The
selected nozzle gauge 18G (Inner Diameter=0.84 mm) was used in experiments, and printing
parameters (printing speed and flow) were tuned. A petri dish was used as the printing surface

for the printability experiments.
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Using Bio X6's CELLINK software, a single 2x2 (Tmmx1mm) monolayer square net was
created to test the accuracy of printing the ribbon thickness in a single layer. The proof of
concept used in this test is displayed in Figure A.1. Following the printing of a material layer,
the dimensions and printing parameters were computed using the ImageJ software. The wire's

width and length were measured multiple times before being averaged.

3.6.4 Electrical Characterization of the Bioinks

The electrical characterization was conducted through an Inlab 751-4 mm electrode
(METTLER TOLEDO). First, the electrode was calibrated with two conductivity standard solu-
tions: 12.88 mS/cm and 1413 uS/cm. Once calibrated, the measures were registered for the

samples when at room temperature.

3.7 Characterization of the Hydrogels

3.7.1 Swelling

For the swelling study, the crosslinking was made with a nail oven, to simulate as possible
the way was going to be carried out in Section 3.8.1. Following the measurement and recording
of the hydrated scaffold's initial weight, each sample was immersed in PBS at room tempera-
ture and then at 37 °C. Following submersion, the weight of the submerged samples at room
temperature was measured after 10 minutes, on the 1, 3™ and 7" day. After the samples were
at room temperature, they were placed at 37 °C, to simulate the cell culture environment. The
weight was measured on the 1st and 2nd days after being at 37°C. If there were any swelling,
it would be most noticeable these days, as the hydrogels swell the most during this period.
However, these findings will be discussed in section 4.

The Swelling is calculated as in equation (2), getting the relative percentage change:

Value at Time Point — Initial value (Omin)

Relative Change (%)= x 100 2)

Initial Value (0min)

3.7.2 Scanning Electron Microscopy (SEM)

The samples were synthesized as explained in section 3.2 and printed as explained in
section 3.6.3, dried at the desiccator with vacuum at 24 °C, and were cut. Then they were put
on the setup and coated with carbon before being examined under a Hitachi Regulus 8220

Series Scanning Electron Microscope (SEM) operated at an accelerating voltage of 3kV and
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using the secondary electrons detector. The Images were conducted by someone with exper-

tise within the field.

3.7.3 Atomic Force Microscopy (AFM)

As aresult, GeIMA, GelMA+MX, and GelMAX were the three groups on which the analysis
was conducted. During the curve acquisition process, the samples subjected to atomic force
microscopy (AFM) measurements were initially immobilized within a fluid cell and kept sub-
merged in MilliQ water, Figure A.2. Using an Asylum Research MFP-3D Standalone AFM system
(Oxford Instruments, UK), pre-calibrated nitride AFM probes with a 5 ym tip radius (SAA-SPH-
5UM; Bruker, USA) were employed. Each sample has at least 392 force-displacement curves
created in at least three distinct locations. Young's modulus, which was calculated by applying
Hertz's contact model for spherical indenters to evaluate the retraction curve, indicates the
elasticity of the material. The AFM measurements were conducted by someone with expertise

within the field.

3.8 Cellular Assays

3.8.1 Cell Culture

Human induced pluripotent stem cell-derived cardiomyocytes were embedded in the
scaffolds. The bioink samples were mixed with cells; in each well 200 uL of the bioink with
approximately 2.5 x 10° cells per construct was placed. After placing them, we proceed with
the crosslinking using a nail oven for 60 seconds and 2 minutes. Once the constructs were
crosslinked, 2ml and Tml of medium with antibiotic were placed. The medium was changed

every two days until day 7.

3.8.2 Live/Dead Staining

On day 7, the cell viability was assessed using a viability/toxicity kit from Invitrogen by
Thermo Fisher Scientific. For each well, 10 uL of ethidium homodimer-1 and 2.5 pL of calcein
AM were mixed with 5 ml of PBS, and then 200 pL of this mixture was added. The images of
the cells were captured using a microscope from Carl Zeiss Microscopy GmbH, 30 minutes after
the viability assay was performed. Cell viability was calculated using equation 3, where Alc
represents the area of live cells and Adc represents the area of dead cells. In a separate cell

culture, 10 ulL of ethidium homodimer-1 and 20 pL of calcein AM were mixed with 5 ml of PBS.
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Then, 500 pL of this mixture was added per well, and the images were captured 30 minutes
after the viability assay was performed. This was carried out at Nova Medical School by some-

one with expertise in the field.

Cell Viability (%) = C>< 100% 3)

c
Adc + Al

3.8.3 Presto Blue Assay

To assess the metabolic activity of cells, the Presto Blue assay was used. Each well-re-
ceived 50 plL of the Invitrogen by Thermo Fisher Scientific Cell Viability Reagent was applied
and incubated for 15 minutes at 37 °C. The medium was 500 uL in each well. Next, 150 uL was
removed from every well and placed in each well of a 96-well plate, ensuring that each sample
was duplicated. Using Softmax Pro software, the 96-well plate was placed in a SpectraMax i3x
Multi-Mode Microplate Reader to measure fluorescence. Following fluorescence measure-
ment, the medium was replaced and incubated at 37 °C. On day seven, the assay was run on
two samples with cells from each group and one sample without cells. This was carried out at

Nova Medical School by someone with expertise in the field.

3.8.4 Immunofluorescence

The sample was fixed in 4% (w/v) paraformaldehyde. Subsequently, the sample was
rinsed with a 0.1% (w/v) Triton X-100 solution for permeabilization. 100 uL of a solution with 1
ml of PBS, 200 nM of Phalloidin Alexa 555, and 1 ug/ml of DAPI was placed in the scaffold well,
followed by another three washes in PBS. The confocal microscope model Zeiss was used for

the images. The Images were conducted by someone with expertise within the field.

3.8.5 Scanning Electron Microscopy (SEM) after Cell Culture

SEM imaging of the samples was utilized to study cell morphology. For 30 minutes, they
were fixed in a 4% (w/v) paraformaldehyde solution. After that, it was Immersed two times in a
PBS bath. The samples were dehydrated using a graduated ethanol bath, which included 50%
ethanol at first, 70% ethanol at next, 80% ethanol at next, 90% ethanol at last, and 100% ethanol
at last. Waited 5 minutes between each bath. The 100% ethanol bath was made 2 times; the
second time was refrigerated it overnight. Following room temperature drying, the samples

were sliced and placed on a vacuum desiccator, then subjected to a carbon coating and
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scrutinized using a Hitachi Regulus 8220 Series SEM. The Images were conducted by someone

with expertise within the field.

3.8.6 Atomic Force Microscopy (AFM) after Cell Culture

The synthesis of the samples followed the instructions in section 3.2 also but went to cell
culture as in section 3.8.1 before AFM measurements. As a result, GelMA+Cells,
GelMA+MX+Cells, and GelMAX+Cells were the three groups on which the analysis was con-
ducted. The rest was carried out the same way as in section 3.7.3. The AFM measurements were

conducted by someone with expertise within the field.

3.8.7 Statistical Analysis

All results are presented as mean + standard deviation. Statistical analysis was performed
with the software GraphPad Prism 9.5.1. The values were compared using either a two-way
ANOVA or a one-way ANOVA with Tukey's multiple comparisons test. The level of significance
accepted was p<0.05.
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RESULTS AND DISCUSSION

4.1 Quantification of the degree of methacrylation (DM) of
GelMA - NMR Spectrums

The material was created by reacting methacrylic anhydride with porcine gelatin. The
extent of conversion of free amine groups in the initial material was determined by TH-NMR
analysis, confirming the successful methacrylation. The TH-NMR spectra of unmodified porcine
gelatin, GelMA, and GelMAX (see Figure A.3) show new signals detected between 5.3 and 6.4
ppm, indicating the presence of the acrylic protons of the methacrylic functions. The rates of
derivatization are 81.35%, 61%, and 86.44% (as shown in Figure A.3 B1, B2, and C), based on
the reduction in the integration of the methylene lysine signal at 2.9 ppm, normalized with the
phenylalanine protons. Findings are consistent with those of Hoch et al.[18][102]. Figure A.3
shows that the novel approach of integrating the MXenes nanoparticles when the synthesis is
occurring does not affect the methylation process.

These hydrogels maintain gelatin's enzymatic degradability, thermosensitivity, and cell

adhesion domains thanks to the functionalization of its primary amine groups [102].

4.2 Bioinks Characterization

4.2.1 Rheological Testing

The scientific literature covers a variety of methods for determining a bioink's printability,
ranging from straightforward observations to quantification. The initial assessment of bioink
printability includes fiber formation and layer stacking. However, rheological measurements
and characterization result in more comprehensive information. This work evaluated bioinks'
shear-thinning and viscoelastic behaviors and their recoverability after low-high strain levels,
as shown in Figure 4.1 and Figure 4.2.

These experiments were conducted at 10°C on each group listed in section 3.3.
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Viscosity is a measure of how quickly a fluid's layers move about one another. To see
how the fluid's resistance to flow varies when it is sheared more quickly, see Figure 4.1A graph,
which displays viscosity against shear rate. All three have shear-thinning behavior, a require-
ment for 3D printing. Even though GelMAX+LAP exhibits a relatively high viscosity compared
with the other two samples that exhibit shear-thinning behavior as well, they have a flow more
easily right out of the nozzle because of their significantly lower viscosity than the
GelMAX+LAP. Gels and pastes frequently exhibit shear-thinning, which is the ability to reduce

viscosity when applied or mixed and increase handleability. [103]
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Figure 4.1 — Rheological characterization of GelMA, GeIMA+MX, and GelMAX Bioinks. (A) Viscosity graph and (B)
Thixotropy graph

Thixotropy is the property of some gels or fluids that, while thick (viscous) under ordinary
circumstances, gradually lose their viscosity when disturbed or subjected to other stresses. In
Figure 4.1B viscosity, a gauge of a fluid's resistance to flow, is plotted for three separate sam-
ples over time. All the samples appear to have a rapid viscosity recovery after a high cutting
rate. This test shows that the material recovers its molecular structure quickly to hold the next
layer that will be deposited on it after printing. This can be seen here with the viscosity recovery
time. The viscosities are comparatively steady over time, indicating that these materials exhibit
stable thixotropic behavior that is, their resistance to flow does not alter significantly over time.
This means good performance by the bioinks when used to print since all showed a quick
ability to recover after applying pressure to print. [103]

Strain Sweep quantifies how material structure (G" and G” moduli) responds to increasing
strain or deformation. There are two components of the way the material behaves: how elastic
or solid it is (represented by Storage Modulus (G')) and how viscous or liquid-like it is repre-
sented by Loss Modulus(G"). As the value of G' drops below G", this crossing point reflects

where the material behaves more like a liquid than a solid (Figure 4.2A and B). All the samples
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exhibit similar behavior. The Ge[MAX+LAP shows an earlier G'=G" crossover, but all maintain
the required elastic structure for 3D printing (Fig. 4.3 A) [103].

Stress Sweep is where stress (applied force) varies, and the response is observed. Figure
4.2 B GelMAX+LAP sustains high G' values under a flow curve up to even higher stresses, which
indicate solid-like properties that Improve with increasing forces applied in the stress region
of the yield point. GelIMA+LAP and GelMA+MX+LAP have lower G" and G", thus indicating that
these samples begin to flow or degrade when deformed under load. Yield stress, the point
where G'=G", is a crucial aspect of bioinks since it is the point at which the material is thick
enough to sustain suspended cells, while above that stress, it will behave as a liquid flow [103].
The addition of MXene increased the yield stress of GelMA, and the highest yield strength
among the bioinks was observed for the bioink with MXene, indicating better filament produc-
tion and retention. However, the highest yield stress is for GeIMAX+LAP.

All tests indicate that GelMAX+LAP acts appreciably tougher and more solid-like, there-
fore possessing superior resistance against flowability and deformation than the other samples.
At the state of stress, GelMA+LAP and GelMA+MX+LAP show less resistance to flow and de-
formation, so these states are more like liquid. Besides every bioink print well, the one that was
easier to handle when printing was the GeIMA+MX+LAP, as can be seen in the next section,
4.2.2).
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Figure 4.2 — Rheological characterization of GelMA, GelMA+MX, and GelMAX Bioinks. (A) Strain Sweep graph and
(B) Stress Sweep graph

4.2.2 Printability and Printing Accuracy

A 3 ml syringe of each sample was produced to carry out these tests. As is well known,
GelMA is a temperature-sensitive polymer. In the cold months, the bioinks became more vis-
cous at room temperature, behaving like gels. However, in warmer months, the same bioinks

remained liquid at the same room temperature. This highlights GelMA's sensitivity to
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environmental conditions, affecting its gelation behavior. It was necessary to adjust the tem-
perature using a proper chamber and a tip with cooling capacity to enable printing. In this
case, a printability temperature of 10°C was found to be consistent with the research by S.
Boularaoui et al.[103]. To speed up the process of reaching the desired temperature of 10°C,
the syringe filled with the bioink was placed in the fridge the day before it was to be used. This
step was necessary because, without cooling, the bioink would be too liquid, and even light
pressure would cause it to flow out of the syringe, making printing difficult. Pressure was the

only parameter adjusted during the process, while other settings remained constant: layer

Figure 4.3 — Design printed with the 3 different bioinks; Top view of 3D printed grids; The image on the left is
GelMA+LAP; The middle image is GelMA+MX; The image on the right is GelMAX+LAP

height 0.84 mm, first layer height at 100%, grid infill pattern, 25% infill density, 18-gauge noz-
zle, print speed of 5.0 mm/s, UV wavelength 405 nm, 60 seconds of exposure time per layer.
Three layers were printed for each sample.

The optimal pressure ranges found were:

- GelMA: 80kPa-90kPa. Starting at 80kPa, the pressure gradually decreased over time,
requiring adjustments to maintain the flow.

- GeIMA+MX: 70-80kPa, slightly lower than GelMA due to differences in viscosity.

- GelMAX: 100-115kPa, requiring higher pressure because of its more solid-like proper-
ties.

These results align with the rheology data, where GelMAX presents a more solid-like
behavior, and the other bioinks present a liquid-like behavior.

Figure 4.3 shows that for the three bioinks, viscosity and crosslinking rate are ideal for
the nozzle size and printing conditions, as seen by its excellent printability, which formed
straight grid lines with little spreading. In the GelMA+MX, the clusters of MXenes show bioink

heterogeneity; in GelMAX, the clusters of MXenes don't exist; the sample is homogeneous. The
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Image of GelMAX was taken days after being printed, showing an aspect of dryness, but when
printed, it was as bright and soft as the others.

Regarding printing accuracy, using Image J, it was possible to confirm that the angles
were 90° and that the square's length and width were very close to the one in the design (1x1
cm). For GelMA, it was 1.06 cm * 0.03; for GeIMA+MX, it was 1.04 cm + 0.06; and for GelMAX,
it was 1.05 cm + 0.05.

Ng et al. classified the final printing results into three categories: incomplete printing
(discontinuous filaments), ideal printing parameters (desired outcome), and excessive material
deposition (fused filaments, closed pores). Studies have shown that printing conditions leading
to broken or discontinuous filaments are considered poor printability, as they can cause fila-
ment breakage [113]. With these, it can be concluded that the bioinks, as shown in Figure 4.3,
have good printability since they present the desired design and maintain the structure after

printing and UV curing.

4.2.3 Electrical Characterization

Tissues like muscle, neurons, lungs, and cardiac tissues have low electrical conductivity.
Purkinje fibers help reduce electrical conduction in the native myocardium. The conductivity
values of these tissues range between 0.03 and 0.6 S/m, the exact conductivity value for the
myocardium is 0.1 S/m [110-112].

To conduct these tests, 3 ml of each sample was prepared, as in section 3.3. Despite our
efforts to control the laboratory temperature, the bioinks remained liquid at room temperature.
Figure 4.4 shows that all three bioinks are in the range of the native tissues with low electrical
conductivity, indicating that all are suited for cardiac tissue engineering. Furthermore, the one
that suits the best is the GeIMAX group because the native myocardium's direct current con-
ductivity is 0.1 S/m [112], and the GeIMAX presents the conductivity more closely to this value.
The conductivity of GeIMAX may be affected by its slightly higher viscosity compared to the
other samples when measuring conductivity at room temperature. Additionally, the other sam-
ples (GelMA and GeIMA+MX) are completely liquid when measuring conductivity at room tem-
perature, indicating that incorporating MXenes into the synthesis of GelMA increases its vis-
cosity. The more viscous it is, the closer it is to the conductivity of the myocardium.

The GelMA+MX group may still be suitable for cardiac tissue engineering despite having
a conductivity higher than 0.1 S/m. The higher conductivity may be due to the bioink being

liquid at the measurement time. Additionally, the heterogeneously distributed MXenes
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between the porous plates of the electrode could have led to a more significant accumulation

in certain areas, thereby increasing the measured conductivity.

0.20
| mm GelMA + LAP
E g15d = = GelMA + MX + LAP
2 mE GelMAX + LAP
= -
'S 0.10-
5
2
G 0.054
(@]
0.00-

Figure 4.4 — Graph of conductivity of the Bioinks in the study, GelMA, GelMA+MX and GelMAX, *** p<0.0006

Comparing the two bioinks that were liquid (GeIMA and GelMA+MX) when conductivity
was measured with the electrode, MXenes effectively improved the conductive properties of
GelMA without MXenes. The GelMA+MX formulation is more promising for reproducing the
electrical properties of native heart tissue than the GelMA.

It would be imperative in the future to conduct conductivity tests after these are cross-
linked to see if there was any change in the conductivity caused by the crosslinking and at 37°C

to see if there is any change in conductivity when the hydrogel is in a cell culture environment.

4.3 Hydrogels Characterization

4.3.1 Swelling

These tests were carried out to simulate the cellular environment and evaluate the swell-
ing behavior of the hydrogels. The first cell test reflected a high swelling capacity of the hydro-
gel (Figure 4.5), which is why pre-cell swelling tests were carried out in the second cell test to
prove the hydrogel's retention effectiveness. The UV lamp (365 nm+405 nm) was used for the
swelling tests to be the most similar to cell culture since the bioprinter couldn’t be taken to the
facility where the cell culture was carried out.

To see what was causing the swelling, the following parameters were considered: tem-
perature (room temperature and 37 °C) and time (60 s and 99 s) of exposure to the UV lamp
(photocrosslinking) since the UV lamp being used was not the one that was supposed to be
(UV lamp from the bioprinter - 405 nm). At room temperature, the hydrogel was submerged

in PBS over 7 days, and the weight was registered at 10 min after being immersed in PBS on
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Figure 4.5 — First Cell Culture; The samples with a yellow tone color are the group of GeIMA+LAP+Cells; The other sam-

ples with black dots are the group of GelMA+MX+LAP+Cells; Both were exposed for 60s.
days 3 and 7 (Figure 4.6). These time points were considered because, in a cell culture environ-
ment, the medium was changed with that frequency up to day seven (on the 3™ and 7" days).
The measurements were taken at 10 minutes and 1 day because the anticipated behavior of a
hydrogel is to swell the most and reach its maximum capacity within the first few minutes or

hours. The total capacity can then be seen because the weight typically stabilizes. For better

=

Figure 4.6 — On the left the UV lamp crosslinking the samples; One the right all the samples that were carried on
the swelling test.

handling of the samples, they were placed on coverslips before exposure to UV light.

Swelling is crucial in tissue engineering, improving cell infiltration, pore size, and poros-
ity. The physical properties of the hydrogels were assessed through expansion ratios, as shown
in Figure 4.7 and Figure 4.8. GeIMA+MX and GelMAX show the highest swelling due to their
hydrophilic nature and large surface area facilitated by functional groups that increase water
entry into the construction. The inclusion of nanomaterials in the gels can increase the osmo-

larity, resulting in higher osmotic pressure and attracting more water molecules.
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Both Figure 4.7 and Figure 4.8 illustrate that none of the groups has a high swelling
compared to its initial state at room temperature, which may be due to the handling of the
coverslips and the drying of excess PBS for weighing. Some of the coverslips broke at the cor-
ners, which reduced their final weight. The weight of the coverslip without hydrogel was sub-
tracted from the one measured, even with them broken, to make the calculations. The corners
were the only places without samples to avoid damaging them. However, when handling the
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Figure 4.7 — Percentage of relative change in weight at room temperature (0 day - 7" day) in the groups with a
60 s exposure time to the UV lamp; 37°C (7" day - 9th day)

tweezers, the absence of these corners caused small fragments of the samples to accidentally
be removed by the fine tips of the tweezers. One factor that impacted the weight was the
challenge of achieving uniform drying of the surface coverslip without causing any damage to
the hydrogels. It can be inferred that measurements would be more precise at room tempera-
ture if there were no errors, and if the swelling did not occur or remained stable at a lower
weight. On the 7™ day, when the samples are exposed to a temperature of 37 °C, we observe
a significant difference in swelling. This temperature increase replicates the conditions of the
human body, leading to increased water absorption. In Figure 4.7, GeIMA+MX exhibits more
linear swelling compared to the other groups, where swelling is non-linear. The substantial
difference in weight is particularly noticeable at 37 °C. We hypothesize that these changes are
due to gel network alterations and water interactions. This includes the disruption of some
intra- and intermolecular interactions within the gelatin matrix, changes in network density,
and the amount of crosslinking. When the polymer chains are more flexible and loosely packed,
there is more room for the gel to expand and absorb water. One possible explanation for the
weight gain in the samples at 37 °C compared to the samples at room temperature is that
when the samples were weighed, it was noticeable that they detached from the coverslip, mak-
ing it challenging to grab them and weigh them accurately. In order to solve this issue, we used

a small spoon to assist in picking up the swollen sample. This allowed us to weigh a bit of water
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with the sample, as it was impossible to dry it without damaging or completely ruining the
sample.In Figure 4.8, swelling increases significantly, particularly after being placed at 37°C.
GelMA+MX absorbs a significant amount of water compared to its crosslinking time of 60
seconds. GelMAX absorbs water but not as much as GelMA+MX. GelMA swells less than the
other two, indicating it is more stable under these circumstances. Regarding other studies pub-
lished, the expected behavior is to swell less with the increase of exposure time to UV light
[104], which does not happen with the 99 s of exposure for GelMA+MX but happens to GelMAX
and GelMA. Comparing the graphs of 99 s with the 60 s, it is visible that there was a decrease
in swelling of the GeIMAX and GelMA+MX, but this not only due to the density of crosslinking
but also since the samples also detached from the coverslip and when handled to weight them

one of them broke trying to take It out, and the others that stayed intact when weighted, water

99s crosslinking

400
_ & GelMA + LAP
S = GelMA + MX + LAP
(]
=y o GelMAX + LAP
8
(&)
Q
>
s
[]
(24

-100- Days

Figure 4.8 — Percentage of relative change in weight at room temperature (0 day - 7th day) in the groups with a 99s
exposure time to the UV lamp; 37°C (7th day - 9th day)

was weighted with them because It wasn't possible to dry properly like explored in the 60s
samples at 37°C.

It would be beneficial to repeat the swelling tests with a lamp with only one wavelength
because it can be more efficient than using one with a combination of wavelengths. It cannot
be efficient in crosslinking all the networks because when printing in the bioprinter and using
only one type of wavelength, the resulting structure has more of a hydrogel texture than the
other. The sample crosslinked with the combinations of wavelength is softer and always has
around the structure some water, which can be residues of GeIMA and LAP that did not poly-
merize.

Other times of UV exposure were tested for 2, 3, and 4 minutes with the nail lamp, all
incubated at 37°C to simulate where they swell the most in the previous tests because they

would be used in a cell culture environment. These were qualitative tests because the time was
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insufficient to register things properly, and the hydrogels did not have the same shape, initial
weight, and height. The tests were conducted to determine which would best suit the second
experiment involving cell culture. Figure A.4 represents some of the groups in the study, and
the hydrogels did not show evident swell from day 1 to day 2. The hydrogels seemed more

stable with high crosslinking times, as demonstrated by Shie et al. [101].

4.3.2 Scanning Electron Microscopy (SEM)

SEM was used to analyze the morphology of scaffolds. The scaffolds were dehydrated
and sliced for this purpose. Figure 4.9 illustrates the cross-sections of each hydrogel. In Figure
4.9A, there are numerous interconnected pores, which give it an uneven and rough morphol-
ogy. This structure may indicate good porosity, which is necessary for cell attachment and
nutrition delivery in biological applications.

In Figure 4.9B can be seen the presence of some porous and verify that the presence of
the MXenes doesn't alter the structure already established by the GelMA and LAP (Figure 4.9
A); this probably happens because the MXenes are in clusters. The surface is more complex

and may indicate the presence of larger pore-like structures and possibly a more layered or
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A - SEM image of a sample of GeIMA+LAP B - SEM image of a sample of GelMA+MX+LAP
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C - SEM image of a sample of GelMAX+LAP D - SEM image of a MXene in GelMA+MX+LAP

Figure 4.9 — SEM Images of each group's sample (A-C); C - MXenes are homogeneous in this group; D - MXenes are
heterogenous in this group more likely to be in clusters
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folded morphology. When the MXenes are more clearly homogeneous in the sample, their
presence modifies the structure. Figure 4.9 C shows a more stratified and smoother morphol-
ogy than the other two. The stratified morphology is due to the MXenes being integrated into
the synthesis of the GelMA; they get to be much more homogeneous, giving that morphology
to the sample. The MXenes have stratified morphology as a characteristic of themselves, like
in Figure 4.9 C. Figure 4.9 D represented another way that the MXenes can present themselves,
in this case, was seen when the MXenes were heterogenous and not integrated into the syn-
thesis.

The SEM images presented in Figure 4.9 A and B demonstrate the existence of an iso-
tropic structure, which is typified by randomly dispersed pores that lack a defined orientation
within the hydrogel matrix. The materials in these samples appear favorable to uniform diffu-
sion and cell infiltration in all directions based on the disordered porosity. On the other hand,
Figure 4.9C shows an anisotropic structure with unidirectionally ordered pores. This directed
configuration implies a more organized internal structure that could offer enhanced mechani-

cal properties or specific guidance for cell movement and nutrient transport along the aligned
pathways [105].

4.3.3 Atomic Force Microscopy (AFM)

The Young's modulus of three different types of hydrogels was measured using Atomic
Force Microscopy (AFM), as shown in Figure 4.10.

The results indicate that Young's modulus of GelMA hydrogel is significantly higher when
compared with the other hydrogels. GelMA+LAP is a stiff hydrogel with a wide range of mod-
ulus values, indicating that it may be too inflexible for certain cardiac applications. The cardiac
tissue needs to strike a balance between elasticity for contraction and relaxation, and stiffness
for structural support. If materials are overly rigid, they can hinder the movement of heart cells.
While the stiffness may need to be adjusted for cardiac patches or scaffolds, it might be suita-
ble for applications that prioritize mechanical strength [106-108].

GelMA+MX hydrogel, with Young's modulus of 10 kPa, is suitable for cardiac applications
due to its resemblance to the heart's natural mechanical environment. This decreased stiffness
facilitates better cell spreading, migration, and contraction, making it an ideal choice for cardiac
tissue engineering due to its flexibility and intended stiffness range [106-108].

GelMAX has a moderate Young's modulus, ranging from 15 to 20 kPa. This number falls
within the stiffness range of the heart tissue. The intermediate stiffness suggests a balance

between rigidity and flexibility for heart tissue scaffolds. This hydrogel might enable the
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required tissue movement while offering sufficient structural support. Because GelMAX pro-
vides an excellent balance between stiffness and flexibility, it is a promising material for cardiac
tissue engineering. It may sustain mechanical and cellular functions such as contraction [106-
108].
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Figure 4.10 — Graphic of Young's modulus measured with Atomic Force Microscopy for hydrogels before be-
ing in cell culture, **** p<0.0001

MXene nanoparticles significantly improve the mechanical properties of hydrogels uti-
lized in cardiac tissue engineering. Renowned for their exceptional electrical conductivity and
mechanical strength, MXenes have been integrated into GelMA+MX and GelMAX hydrogels
to enhance their performance, particularly in promoting electrical signaling among cardiomy-

ocytes.

Although GelMA, which does not contain MXenes, exhibits the highest Young's modulus,
its stiffness surpasses the natural range found in heart tissue, thereby limiting its suitability. In
contrast, GeIMA+MX presents a lower Young's modulus, aligning more closely with the stiff-
ness of healthy cardiac tissue, which enhances both flexibility and mechanical support. The
electrical conductivity of MXenes further facilitates the synchronized beating of cardiomyo-

cytes, an essential factor in tissue regeneration.

GelMAX provides an intermediate stiffness, striking a balance between rigidity and flexi-
bility, making it potentially appropriate for cardiac applications that require additional mechan-
ical support. Overall, GelMA+MX and GelMAX are more flexible hydrogels that better mimic
the soft nature of the heart and promote critical cellular behaviors such as migration and dif-

ferentiation.
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4.4 Cellular Assays

4.41 Cell Culture

Once the scaffold has been characterized, it is critical to evaluate its biocompatibility and
how it interacts with cells. The tests aim to assess its suitability as structural support for tissue
formation and cell adhesion.

In the first experiment involving cell culture, the groups studied were GelMA and
GelMA+MX; GeIMAX was not included due to its synthesis, which was not yet ready at the time.
In a well plate of 12 wells, 8 were coated with 0.5ml of bioink+cells, 4 of each available sample,
and then each well was crosslinked with the nails lamp (365 nm + 405 nm) for 60 s (Figure 4.6).

In the second experiment, cell culture was made in a 24-well plate to reduce the amount
of material used, the swelling, and because the swelling tests were done with less amount of
material. 15 wells with coverslips were coated with 200 pL of bioink+cells, and 5 of each group
including the Gel[MAX group. The crosslinking time chosen for this cell culture was 2 minutes
in each well since the swelling visual test this time and above was more stable (Figure 4.11).

Human fibroblasts were used as a cost-effective alternative to hiPSCs for the third time

doing cell culture, given the high cost associated with hiPSC cell lines. Fibroblasts, in addition

Figure 4.11 — Second Cell Culture; The samples with white color are the group of GelIMA+LAP+Cells; The other
samples with black dots are the group of GeIMA+MX+LAP+Cells; GelMAX+LAP+Cells are the black samples with-

out dots. All of them were exposed for 2min.

to being more cost-effective, are also found in human heart tissue. The cell culture was made
on a 12-well plate. 3 wells with coverslips were coated with 200 pL of the bioink available at
the time (GelMAX) and 1x10° cells. Then they were crosslinked with a UV lamp (365 nm) for 5

min, 9 min, and 12 min, to see if a UV lamp with only one wavelength and increasing the
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crosslinking time would make a difference in the cell viability. After being crosslinked and be-

fore placing the medium in the well, the scaffolds were washed with PBS.

4.4.2 Live/Dead Staining

A viability/toxicity kit was used to assess the scaffolds' viability with cells. When the live
cells were stained with calcein, they emitted a green fluorescence; when the DNA of the dead
cells was bound to the ethidium-1 homodimer, it emitted a red fluorescence. It is essential to
highlight that the cells were incorporated into the scaffolds to minimize the loss of cells that
might otherwise adhere to the culture medium or the well instead of attaching to the scaffold
if they were merely seeded. This has been a challenge that others in the department have
encountered in the past.

In the first experiment involving cell culture, the unexpected swelling of the scaffolds
(Figure 4.6) led to the "disappearance” of the cells. This swelling led to poor cell-bioink inter-
action. Supporting the fact that the cells could not attach themselves to the material and re-
mained in the culture medium. By staying in the culture medium, they were aspirated when it
was changed, so there was no fluorescence signal from calcein or ethidium homodimer-1 when
the Live/Death test was carried out (Figure A.5).

Afterward, the bioinks were improved, and the swelling tests and a new culture with car-
diomyocytes were carried out. When the images were obtained, no signal was visible. However,
the signal was weak, and both green and red signals overlapped. This may be due to the thick-
ness of the hydrogel, which may need more time for the proper fluorophores’ penetration. In
addition, the lack of signal detection by the microscope and the high hydrogels' thickness may
caused issues in observing all planes to obtain a signal (Figure A.5).

One of the hypotheses as to why the cells were not detected may be that the groups in
GelMA were not functionalized by the groups in the LAP photoinitiator; these non-crosslinked
groups may promote cells' toxicity over the culture time, resulting in cell death. These non-
functionalized groups may also have contributed to some cells not adhering and proliferating
in the scaffold. Whenever the culture medium was changed, the cells that had not managed to
adhere to and proliferate in the scaffold remained in the culture medium and consequently
ended up disappearing, thus reducing the number of cells present at the end of the 7 days of
cell culture. Leaving only those who managed to adhere and were not affected by the non-
functionalized groups [114].

This leads us to believe that a longer exposure time to UV light would be necessary to

reduce the likelihood of these groups becoming free because they are not functionalized, or
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instead of increasing the exposure time after crosslinking, washing the scaffolds with PBS
would remove some of the non-functionalized groups and thus reduce the chance of cell
death, which would consequently help their adhesion and proliferation [114].

Nguyen et al. found that non-functionalized LAP groups produce reactive oxygen species
(ROS), potentially causing membrane poration in bioprinting with photopolymers. The photo-
sensitization screening method showed increased LAP concentrations increased photocatalytic
potential, suggesting membrane poration. Increased ultraviolet exposure has diminished the
photocatalytic potential. [114].

For the third time doing cell culture, this time in fibroblasts, and having the crosslinking
time more optimized (5min, 9min, and 12min) helped to prevent the swelling as in the first
experiment and minimize the ROS of the LAP. The live dead performed in the samples available
show some Live/Dead signals but not a clear one (Figure A.6). This suggests that the protocol
needs to be adjusted to these hydrogels, and the cell-bioink interaction needs to be improved
to not be cytotoxic to the cells. Because the thickness of the hydrogels doesn't allow the mi-
croscope to penetrate all the planes to obtain a signal, samples could be cut to help have better
images for live/dead. Therefore, equation 3 mentioned in section 3.8.2 cannot be used to de-

termine cell viability.

4.4.3 Presto Blue Assay

This assay has the purpose of evaluating the metabolic activity in the 3 groups (GelMA,
GelMA+MX, and GelMAX). Since the first cell culture showed no sign in life/death, the presto
blue also showed no metabolic activity, for the same reason. The cells have died from the ROS
created by the LAP photoinitiator. From the graph presented in Figure 4.12, we can conclude
that the increased exposure to UV light led to an improvement in metabolic activity, compared
to the first cell culture which showed no metabolic activity. However, this metabolic activity
was reduced in the groups with cells compared to the positive control (Medium+Cells). The
groups without cells (GeIMA+Medium and GelMAX+Medium) showed slightly higher meta-
bolic activity than the groups with cells (GeIMA+Cells and GelMAX+Cells). This suggests a poor
interaction between the cells and the bioink materials, leading to a reduction in metabolic
performance. Concerning the GelMA+MX+Cells group, it shows metabolic activity because it
is higher than the GeIMA+MX+Medium group without cells, which leads us to believe that
there was better interaction between the cells and the bioink materials, but even so there was
some poor interaction between the cells and the bioink materials because otherwise the met-

abolic activity values of the GeIMA+MX+Cells group would be closer to those of the positive
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control (Medium+Cells). Figure 4.12 is a result of the active trying to resolve the problem con-
fronted in the previous cell cultures, by increasing the time exposure, and the amount of cells

per well and decreasing the volume of hydrogel used in each well. Although the results can be
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Figure 4.12 — Graphic of the relative fluorescent units for the 7th day of the second cell culture, resulting from the

Presto Blue assay

considered successful, there is room for improvement. Increasing the exposure time could help
reduce ROS production from LAP, and washing the hydrogels after crosslinking would likely
enhance metabolic activity. Relatively to the third time the cell culture was made, presto blue
was performed but didn't show any metabolic activity, suggesting that the protocol needs to

be optimized.

4.4.4 Immunofluorescence

DAPI and Phalloidin are used in immunofluorescence staining to simultaneously visualize
the nucleus (with DAPI) and the cytoskeleton (with Phalloidin). The first experiment involving
cell culture immunofluorescence assay was performed, and there was no signal transmission
from the fluorophores. The second experiment involving cell culture immunofluorescence
analysis was also carried out, but only for 2 of the 3 groups once the GeIMAX samples had
broken up into very small pieces making it impossible to see the fluorophore signal in the
confocal technique. Immunofluorescence was carried out on the remaining groups (GelMA and
GelMA+MX) and as well as in the previous experiments with cell culture, none of the fluoro-
phores transmitted a significant signal. This indicates poor penetration of the fluorophores into
the samples. To avoid this limitation, in the third experiment involving cell culture, the fluoro-
phores were left to act for longer to ensure their total penetration into the samples. Even
though some signal was detected, only reasonable images were obtained from Phalloidin since
unviable images were sourced from DAPI. Due to the specifications of the samples, there were

different penetrations of DAPI in each plane, which made it challenging to observe with the
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confocal microscope. Figure A.7 shows that the cells are present, and their cytoskeleton is
marked with phalloidin. The cells seem to have managed to penetrate and sustain themselves
on the scaffolds. The cells on the scaffold exposed to UV for 5 minutes appear to be more
clustered than the cells present on the other scaffolds with more time of UV exposure, 9
minutes and 12 minutes. With the images present in Figure A.7, it can be concluded that the
9min and 12min of exposure times are promising to test/use on hiPSCs without cell death
occurring. To be certain of the exact exposure time that the biotin no longer interacts nega-
tively with the cells, more tests need to be carried out with a cell culture that is less expensive

than the hiPSC culture, such as the human-derived fibroblast culture.

4.4.5 Scanning Electron Microscopy after Cell Culture

Considering that the tests carried out so far, such as Live/Dead, Presto Blue, and Immunofluo-
rescence did not show any signs of cell viability, metabolic activity, DNA marking, or cytoskel-
eton. SEM was performed to ensure whether the scaffolds showed any cell morphology, which
could be present or have been present in them, (Figure 4.13 and Figure 4.14). SEM was only
carried out on the samples from the first cell culture, containing only the GelMA and
GelMA+MX groups. The GelMAX group remained to be seen in the SEM. In the second exper-
iment involving cell culture, it was not possible to make the group that remained because the
GelMAX samples were too small to dry with ethanol and prevent them from being aspirated
during the change of dilutions. Therefore, only the GeIMA and GelMA+MX groups were ana-
lyzed by SEM. Cross-section images are presented in Figure 4.13 and Figure 4.14.

In Figure 4.13, there are changes to the surface compared to Figure 4.9A, where there

are no cells. It is possible to see various clusters of cells and extracellular matrix, which leaves
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Figure 4.13 — SEM images of a transversal cut of Gel[MA+LAP+Cells

the surface with a different type of roughness as shown in Figure 4.9A. This may indicate that
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the cells were either present during the SEM analysis or had detached due to swelling and
weak cell-bioink Interaction. Another feature that can be seen in Figure 4.13 and Figure 4.14 is
the fact that the cells are protected by the hydrogel as if they had a cover around them. This is
because the cells are embedded in the hydrogel and not seeded as in recent studies. The image
on the right side of Figure 4.13 shows a more elongated type of cell, suggesting it is a hiPSC-
derived cardiomyocyte. This is because of its more elongated structure, and despite having a
layer of hydrogel on top, some characteristic sarcomere bands of cardiomyocytes [109].

The left-hand image in Figure 4.14 also shows clusters and extracellular material, similar
to Figure 4.13, but also highlights an intermediate phase between differentiated and undiffer-
entiated cells. These cells exhibit an oval, flattened morphology (indicated by arrows), in con-
trast to the more spherical or elongated shapes seen previously. The right-hand image in Fig-
ure 4.14 shows both agglomerated and non-agglomerated human induced pluripotent stem
cells. Additionally, the surface layer covering the cells displays a more sinuous texture com-
pared to the images in Figure 4.13, possibly due to the presence of MXenes in the sample.
Although no titanium was detected via EDS analysis, the MXenes are visibly present, as evi-
denced by the color change from white to a grey tone in the GeIMA+MX samples and the

visible clusters of MXene flakes.

Regulus 1.5kV 9.2mm x5.00k SE(L)

Figure 4.14 — SEM images of a transversal cut of GeIMA+MX+LAP+Cells
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4.4.6 AFM after Cell Culture

AFM was performed on the samples after cell culture to assess any changes in the me-
chanical properties. As visible in Figure 4.15 the stiffness of the hydrogels drastically reduced
to <1 kPa, indicating a substantial decrease from the initial modulus shown in Figure 4.10 where
the samples were subjected to the same mechanical test after being in the cell culture. GeIMAX
could not be evaluated after the cell culture because was too degraded, leaving Insufficient

material for analysis.
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Figure 4.15 — Graphic of Young's modulus measured with Atomic Force Microscopy for hydrogels after being in
cell culture, **** p<0.0001

The observed decrease in Young's modulus indicates that the presence of cells, along

with potential degradation of the hydrogel over time, leads to a softening of the matrix. As
previously discussed, incomplete activation of the photoinitiator (LAP) and methacrylate
groups in GelMA—likely due to insufficient exposure time or inadequate lamp intensity—may
have resulted in unreacted groups. This lack of complete reaction could contribute to cell tox-
icity, further accelerating the degradation of the hydrogel and resulting in its softening. The
graph in Figure 4.15 illustrates how this softening reflects the dynamic interaction between the

cells and the hydrogel matrix.

4.5 In vitro Model

Unfortunately, due to time constraints and poor cell-bioink interaction, the project was
not ready to progress on to the next phase - the development of an in vitro arrhythmia model.
While cell-material interactions had been successfully tested in 2D, the transition to 3D proved
to be challenging. The insufficient interaction between the cells and the materials made it im-
possible to proceed with the arrhythmia model and its electrical stimulation. The use of 3D
culture is critical, as it is more accurate it essential for creating a realistic cardiac model. Further

improvements in the 3D environment are required to achieve this goal.
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CONCLUSIONS AND FUTURE WORK

By constructing a 3D support that resembles the extracellular matrix of the heart, the
dissertation research hopes to accelerate the maturation of cardiomyocytes. Despite its theo-
retically low conductivity, GelMA, a biodegradable polymer, is utilized in tissue engineering
applications. The choice of MXenes was driven by their biocompatibility and conductive prop-
erties, which demonstrate significant potential for cardiac tissue engineering (CTE). Given that
the scaffold's structure closely resembles that of native heart tissue, biomaterials with adjusta-
ble properties are essential. The incorporation of MXenes enhances the stability and mechan-
ical attributes of the structure. To ascertain non-toxicity and porosity, it is necessary to charac-
terize the structures in terms of their physicochemical properties. A viability study is essential
to verify the biocompatibility of the scaffold, assess its positive effects on cardiac cells, and
ensure its effectiveness in tissue engineering.

Analysis of the hydrogels using Scanning Electron Microscopy (SEM) revealed aligned
unidirectional pores, consistent with the anisotropic architecture of GelMAX, attributed to the
incorporation of MXenes during GelMA synthesis. In contrast, the other samples, GelMA and
GelMA+MX, exhibited an isotropic structure devoid of pore alignment. It was crucial to evalu-
ate the electrical conductivity of these structures, given the conductive nature of the heart's
extracellular matrix. Conductivity measurements indicated that GelMA and GelMA+MX had a
higher conductivity (approximately 0.2 S/m) compared to GeIMAX (0.1 S/m); however, GeMAX
demonstrated conductivity levels that were closest to that of heart tissue (0.1 S/m). Further
conductivity tests are necessary, particularly after the hydrogel has been cross-linked, to de-
termine if there are significant changes in conductivity between the initial bioink and the final
hydrogel.

It is well established that the contractility and rhythmic behavior of cardiomyocytes (CMs)
diminish with increasing values of Young's modulus, which are regarded in the literature as
overly rigid for cardiac tissue engineering. Among the tested materials, GeIMA exhibited the
highest Young's modulus, while GelMAX and GelMA+MX demonstrated lower values that fall

within the optimal range for cardiac tissue applications. To characterize the nanoparticles (NPs)
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used in these constructs, the solutions were analyzed using scanning electron microscopy
(SEM). This analysis revealed that the integration of MXenes into the solutions interacts dis-
tinctly with GelMA, resulting in entirely different architectures. Additionally, the SEM findings
suggest that achieving a homogeneous sample of MXenes is more straightforward in GelMAX,
where the MXenes form an anisotropic architecture and are layered on top of one another. In
contrast, with GelMA+MYX; identifying the small clusters of MXenes presents a greater chal-
lenge.

Additionally, swelling—a characteristic associated with cell penetration—was evaluated.
As anticipated and supported by the research findings, swelling decreases with increased ex-
posure duration to the UV lamp. Alongside this, metabolic activity exhibited an upward trend
with longer UV exposure times. Notably, the GelMA+MX+Cells group demonstrated that
MXenes do not interfere with the cells' interaction with the substance; this group recorded
higher metabolic activity values compared to the GeIMA+MX+Medium group.

This dissertation indicates that the groups containing nanoparticles exhibit mechanical
properties similar to those of the heart's extracellular matrix (ECM). Despite the need for further
optimizations, nanoparticle bioinks show great promise for facilitating cardiomyocyte matura-
tion.

Without optimizations pertaining to UV lamp exposure time, the cell viability protocol,
and metabolic activity assessments, advancing to the arrhythmia model phase was not feasible
due to the risks of cell death and insufficient maturation. Several setbacks contributed to this
situation, including a two-month delay caused by initial bureaucratic processes and another
two-month setback due to contamination in the cell laboratory. These delays limited the time
available to thoroughly investigate and implement meaningful modifications to the cell-bioink
interaction. Without a robust cell-bioink interaction, progressing to the subsequent step—the
arrhythmia model and its electrical stimulation—was impractical.

To enhance this research, future efforts will need to focus on optimizing the placement
of cells within the created scaffolds, alongside conducting tests on arrhythmic behavior in-
duced by methyl- 8 -cyclodextrin (MBCD) and electrical stimulation to monitor the maturation
of cardiac cells. Additionally, it will be crucial to establish a consensus on the optimal UV ex-
posure time that balances safety with cardiomyocyte maturation, especially given the promis-
ing results observed with fibroblasts. Furthermore, it would be crucial to reduce the concen-
tration of materials related to the formulation of bioinks to minimize waste, based on the con-

centrations suggested by S. Boularaoui et al. [103] for skeletal muscle tissues.
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ANNEX

A.1 3D Printing

The printed design is modeled at the software of CELLINK BIOX6 and is presented in

Figure 3.4. The design is 4x4 cm in terms of length and width. Each square has 1x1 cm.

Figure A.1 — Design used for printability and printing accuracy tests.



A2 AFM - sample placement

Placement of the sample for the AFM measurements.

Figure A.2 — Hydrogel placement for AFM measurements

A.3 NMR Spectrum
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Figure A.3 — NMR Spectrums. A-NMR Spectrum of porcine Gelatin, gelatin unmodified; B1&B2 — NMR Spectrum of GelMA,
gelatin modified; C — NMR Spectrum of GelMAX, gelatin modified with the nanoparticles Integrated In the synthesis



A4 Swelling

Other times of UV exposure were tested for 2, 3, and 4 minutes with the UV lamp.

g

Figure A4 — Visual swelling tests in some of the hydrogel groups. A and C 1st day at 37°C; B and D 2nd day at 37°C.

A5 Live/Dead Signal
-

Figure A.5 — Some of the images taken of the Live/Dead Signal of the first experiment involving cell cul-
ture (A and B); A - Red signal of GelMA+MX; B - Green signal of GelMA+MX; Figures A and B show that
there is no sign of any kind, either live or dead;

Live/Dead Signal of the second experiment involving cell culture (C and D); C - Red signal of GelMA; D -
Green signal of GelMA; In Figures, C and D are visible that the Dead and Live signal are both in the same

spots;



Figure A.6.1 — Image taken of the Live/Dead Signal of the third experiment involving cell culture (fibro-
blasts); Is visible some of live signal (green)

A.6 Phalloidin In Human Derived Fibroblasts

..

Figure A.7 — Images of Human Derived Fibroblasts containing Phalloidin. The image on the left had a 5 min of crosslinking time;

the image in the middle had 9 min of crosslinking time; and the image on the right had 12 min of crosslinking time.
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