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ABSTRACT

Ischemic heart disease and consequent myocardial infarction are a global health emergency. These
conditions are responsible for permanent cell death and the formation of scar tissue. The lack of re-
generative capacity of cardiac muscle cells associated with current therapeutic limitations, leads car-
diac tissue engineering to develop new strategies in this area to mimic the microenvironment of myo-
cardium . Cardiac cells are highly specialized, providing the heart muscle a mechanical and electrical
behavior that is complex to replicate. The anisotropic nature and cell microenvironment become the

greatest challenges in the production of materials capable of supporting cell growth and organization.

In this master thesis it was proposed the manufacture of three dimensional hexagonal polycaprolac-
tone scaffolds using melt electrowriting, an additive manufacturing technique, design to mimic the
mechanical parameters of the myocardium and its anisotropic composition. The scaffolds were man-
ufactured with two pore sizes, where the hexagonal structures had different side length of 400 pm and
600 um with different internal angles (30 °, 45 ° and 60 °). The scaffolds were incubated in Gelatin
Methacryloyl hydrogel with human mesenchymal stem cells to study the alignment and orientation of

the cells in the different geometries.

The melt electrowriting-fabricated scaffolds were subjected to uniaxial tensile tests where they
showed an anisotropic mechanical behavior, a high strength and low stiffness; parameters that can be
made more similar to native tissue by adding fibers to the structure. The cell patches were subjected
to PrestoBlue assays to assess the viability over time, the cell metabolic activity showed to grow over
time in all groups according to the positive control. Finally, cytoskeletal F-actin was labeled with phal-
loidin and observed by confocal microscopy, revealing a greater cell alignment in the scaffolds with

lower internal angle of 30 °.
In addition to the proposed work, it was idealized to place conductive nanoparticles such as MXenes
to the structuresin order to increase cell synchronization and consequently maturation between them.

For this, preliminary tests were initiated in order to understand which strategy ensures a uniform dis-

tribution of MXenes along the fibers.

Keywords: Anisotropy, Cardiomyocyte, Melt electrowriting, Myocardium, Scaffolds
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RESUMO

A doenca isquémica cardiaca e o consequente enfarte do miocardio sdo uma emergéncia de salude
global. Estas condigBes sdo responsaveis pela morte celular permanente e pela formagao de tecido
cicatricial. A falta de capacidade regenerativa das células do musculo cardiaco, associada as limitagdes
terapéuticas atuais, leva a engenharia do tecido cardiaco a desenvolver novas estratégias nesta area
para simular o microambiente do miocardio. As células cardiacas sdo altamente especializadas, pro-
porcionando ao musculo cardiaco um comportamento mecanico e elétrico complexo de replicar. A
natureza anisotropica e o microambiente tornam-se os maiores desafios na producdo de materiais

capazes de suportar o crescimento e organizacgdo celular.

Nesta dissertacdo de mestrado propds-se o fabrico de scaffolds de policaprolactona hexagonal 3D uti-
lizando uma técnica de fabrico aditivo, o melt electrowriting, desenho para mimetizar os parametros
mecanicos do miocardio e a sua composi¢do anisotrdpica. Os scaffolds foram fabricados com dois ta-
manhos de poros, caracterizados por hexdgonos com diferentes tamanho de lado, 400 um and 600
Um, nos quais continham angulos internos diferentes (30 °, 45 ° e 60 °) e, em seguida, foram incubados
em hidrogel de Gelatin Methacryloyl com células estaminais do mesénquimahumanas para estudar o

alinhamento e orientacdo das células nas diferentes geometrias.

Os scaffolds fabricados por melt electrowriting foram submetidos a ensaios de tracdo uniaxiais onde
apresentaram comportamento mecanico anisotrdpico, alta resisténcia e baixa rigidez; parametros que
podem ser tornados mais semelhantes ao tecido nativo, adicionando fibras a estrutura. Os cellular
patches foram submetidos a ensaios PrestoBlue para avaliar a viabilidade ao longo do tempo, a ativi-
dade metabdlica celular mostrou crescer ao longo do tempo em todos os grupos de acordo com o
controle positivo. Finalmente, a F-actina do citoesqueleto foi marcada com phalloidin e observada por
microscopia confocal, revelando um maior alinhamento celular nos scaffolds com um angulo interno
de 30°.

Além do trabalho proposto, idealizou-se colocar nanoparticulas condutoras, como MXenes, nas estru-
turas, a fim de aumentar a sincronizac¢do celular e, consequentemente, a maturacgdo entre elas. Para
isso, foram iniciados testes preliminares para entender qual estratégia garante uma distribuicdo uni-

forme dos MXenes ao longo das fibras.

Palavras-chave: Anisotropia, Cardiomidcito, Miocardio, Melt electrowriting, Scaffolds
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1.INTRODUCTION

The rise in average life expectancy, coupled to increasingly sedentary lifestyles, announces a potential

increase in cardiovascular diseases (CVDs), which are currently the main cause of mortality worldwide
1

According to the World Health Organization (WHO), even with public health warnings regarding sed-
entary lifestyles, tobacco consumption and unhealthy diets, cardiovascular diseases still represent an
urgent global health problem (Figure 1.), causing approximately 18 million deaths per year 2. In Portu-
gal, ischemic heart disease (IHD) is the first cause of death, in turn in the Netherlands it is the second,
followed by Alzheimer's disease, which corresponds, in both countries, to a large percentage of mor-
tality 3.

Hypertensive heart
diseases

Stroke

Others Cardiovascular

diseases

Ischemic heart
disease

Injuries

Infectious and Malignant
parasitic neoplasms
diseases

Figure 1 Top 7 Causes of Death Globally in 2019. Estimate of the main causes of death in 2019 according to the World
Health Organization, regardless of age and sex. The graph on the left represents the seven main causes of death at the
global level (with emphasis on cardiovascular diseases) and on the right, highlighting the three main cardiovascular

diseases, where 55 % are IHD 3,



IHD is characterized by suppression of blood flow to the cardiac tissue by narrowing or blocking the
coronary arteries, which can result in myocardial infarction (M), commonly called heart attack (HA) 2.
The lack of oxygenation of the myocardial tissue, results in the cellular death of tissue, causing scar
tissue, which associated with the weak regenerative capacity of the cardiac tissue can cause the loss
of the organ's native functions *°.

The heart is one of the most extraordinary organs in our system, besides being the first to be developed
during the development of the embryo ° it is a tissue that is cyclically under mechanical-electrical
stress; it contracts ~ 100.000 times a day ’, propelling oxygen and nutrient-rich blood to remote organs
while returning oxygen-poor blood and waste.

Either in a healthy heart and following cardiac injury, mechanical forces and electrical stimuli are es-
sential for cardiac functioning 8, a clear example of the importance of these factors is the performance
of cardiopulmonary resuscitation (CPR). During CPR, the force that is applied not only allows blood to
circulate through the system, but also stimulates the heart cells. Similarly, the use of defibrillators,
which apply a controlled electrical current, helps restore normal heart rhythm °.

Understanding the organization of the structure responsible for the contractile movement of cardiac
tissue, the myocardium, is essential to understand the sequelae of a Ml and to develop new ap-
proaches for the regeneration of cardiac function through matrices manufactured in vitro. The myo-
cardium is a highly organized tissue composed of cardiac muscle cells (CMs), non-contractile cells, and
an extracellular matrix (ECM) aligned in specific directions characterized by anisotropic behavior. The
effective function of this tissue depends on a coordinated contraction of the CMs and an efficient
transmission of electrical signals, both of which are directly related to the aligned structure of the
tissue.

Owing to the high socioeconomic burden of keeping patients stable after a Ml due to its chronic con-
sequences ', understanding pathophysiology and treating it is a major priority for cardiovascular re-
search. Currently, the most promising treatment that patients undergo is heart transplantation, which
requires surgical intervention, depends on the availability of organs and is still at risk of failure due to
an immunological rejection 1. Despite advances in pharmacological diagnosis and therapy, there is no
effective treatment for the regeneration of necrotic tissue function and structure 2,

Therefore, academic work and technological advances, in Tissue and Biomedical Engineering, have
been investigating other treatment strategies for this condition. This thesis specifically focuses on the
mechanobiological structure of the cardiac muscle, aimed to develop a structure with mechanical pa-
rameters similar to native tissue, through an innovative additive deposition technique — Melt elec-
trowriting (MEW) - which will function as a cellular support. To obtain a tissue with well differentiated
cells capable of adapting to the heart microenvironment without risking any type of rejection; in this
project the mechanical support was tested in different geometries to evaluate its effects on cell organ-
ization, alignment, and proliferation.



2. STATE OF THE ART

2.1 Heart Physiology

The heart, the main organ of the cardiovascular system, is composed of contractile muscle tissue re-
sponsible for pumping blood along two circulatory systems, the systemic and the pulmonary, which
are totally independent because of the four chambers separated by valves that guarantee a unidirec-
tional blood flow allowing the distribution of nutrients and oxygen to the cells, as well as the removal
of their metabolic remains 3,

The human heart is located in the thoracic cavity between the second and fifth intercostal spaces in a
zone called the mediastinum (Figure 2.A), protected by the pericardial sac/pericardium that separates
it from the other structures that are inside the thorax ’.

The pericardium, in addition to surrounding the heart muscle, also allows the protection of the main
blood vessels closest to the heart; this is composed of two layers, an outer one, dense and rough fi-
brous layer of connective tissue that protects the heart and maintains its position in the thorax, and
an inner layer that subdivides into the parietal pericardium, joined to the outer layer and the epicar-
dium 7.

In vertebrate living beings, such as Humans, the walls of the heart (Figure 2.B) are defined in three
main layers responsible for different functions crucial to the proper functioning of this organ: the en-
docardium, myocardium and epicardium 4.

The endocardium, the innermost layer, is characterized by a monolayer of endothelial cells that lines
not only the walls of the chambers but also the heart valves, allowing direct contact with the blood
flow 14, the epicardium is the outermost layer and is made up of mesothelial cells **, while the myocar-
dium is the intermediate layer composed mainly of contractile muscle cells - CMs.
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Figure 2 Heart Anatomy. Representation of the anatomical of the thorax as well as the different tissues that make up the
wall of the heart muscle. The figure (A) represents the heart that is located in the mediastinum (dashed line) between the
second and fifth intercostal space. The main blood vessels of the organ are also represented: the vena cava (superior and
inferior), the aorta artery, and the pulmonary arteries. In (B), the different layers of the cardiac wall are distinguished; from
left to right, in shades of pink, is the endocardium, followed by a representation of the myocardium with mono and binu-
cleated CMs and the epicardium; in shades of blue is represented the pericardial cavity, the serous and the pericardium

fibrous. Figure created in Biorender and adapted from 7.

2.2 Myocardium

The myocardium, the middle layer of the heart, is the thickest layer and plays a crucial role in heart
contraction %, It is made up of several cells and fibers that work together to ensure the efficient func-
tioning of the heart .

The main function of this tissue is the contraction of the heart wall **, which is essential for effective
blood flow throughout the body. It is therefore the thickest layer of the heart, with approximately 1.5
cm thickness 7 in its thickest part (located in the left ventricle) since this is responsible for pumping
oxygenated blood throughout the body, requiring a significant contractile force ’.

The myocardium consists of layers of CMs that are aligned, in an anisotropic geometry ’, in relation to
the ECM, which provides them with essential structural and mechanical support for the contraction of
the heart muscle *°.

In addition to CMs, the myocardium contains several non-muscle cells, including endothelial cells, fi-
broblasts, pericytes, and immune cells (T cells, B cells, and macrophages). These cells perform support-
ive and regulatory functions within the heart tissue 6.



2.3 Cardiomyocytes

The CMs are the fundamental unit of the myocardium, responsible for generating the force necessary
for the contraction of the heart muscle, without any external stimulus &7,

Similar to skeletal muscle cells, adjacent cardiac muscle cells are connected by gap junctions, called
intercalated discs, electrically interconnecting them, allowing for synchronized muscle contraction and
relaxation 8, Gap junctions allow the CMs to connect, creating long muscle fibers that work as a single
mechanical and electrochemical syncytium; this allows the cells to function cohesively and coordi-
nately, involuntarily allowing blood to pump through the circulatory system %°.

Cardiac muscle (Figure 3.A) cells are characterized by the presence of myofibrils inside, which are long

filaments, composed of sarcomeres, arranged in series. Sarcomeres (Figure 3.B) are the unit responsi-
ble for the process of contracting CMs, composed of two main proteins: Myosin and Actin 2922,

A Intercaled Discs

Sarcomeres

Figure 3 Cardiomyocytes. Representation (A) of individuals cardiomyocytes interacting with themselves through the
intercalated discs and interacting with the ECM. In (B) the sarcomeres are represented, which consist of actomyosin
structures (cross-bridges) responsible for the process of contraction of the CMs. Figure created in Biorender and adap-
ted from 2021,

Actin filaments, also called thin filaments, are composed of actin, the main protein, tropomyosin and
troponin, whose activity regulates the interaction of actin with myosin. In turn, myosin, or thick fila-
ments, have a mobile zone that interacts with actin during cell contractions to form cross-bridges 2°.

The synchronized process of cell contraction occurs when an electrical signal generated in the sino-

atrial node propagates in the form of an action potential through gap junctions, this potential causes

the depolarization of the membrane, opening the calcium channels and allowing the binding of these

ions to troponin. The binding of Ca2+, from the sarcoplasmic reticulum to this fine filament regulatory

protein, displaces tropomyosin, creating the possibility of binding between actin and the mobile zone
5



of myosin, forming cross-bridges; cardiac muscle contraction occurs when myosin shifts actin toward
the center of the sarcomeres through a process of Adenosine Triphosphate (ATP) hydrolysis %.

In addition to this major process, the inner layer of the cardiac wall, the endocardium that connects to
the myocardium through connective tissue, is also shown to play a role in the contractile activity of
the cardiac muscle by secreting vasoconstrictors, the endothelin, which regulate ionic concentrations
in the surrounding fluid 7.

Despite the high physiological regulation associated with CMs, the contractile function of the cardiac
muscle is highly dependent on the ECM that mechanically supports this tissue and the anisotropic be-
havior that is inherent to it .

2.4 Anisotropic Structure

2.4.1 Cardiac Motion

The movement of the heart muscle is naturally continuous, coordinated, and cyclical, where the organ
is contracted and deformed, in a synchronized way, to create a torsional movement, that is, a rotation
around the longitudinal axis, optimizing the pumping of blood in the blood system. This coordinated
cycle depends essentially on two main reasons, the cellular and mechanical environment in the myo-

cardial tissue and the anisotropic behavior that this tissue exhibits 2223,

2.4.2 Extracellular Matrix Properties

Endothelial cells (ECs) and cardiac fibroblasts (cFBs) are the most numerous non-myocyte cell types in
cardiac muscle; ECs are responsible for tissue nutrition through the capillary network that character-
izes them and cFBs are the fundamental unit of the cardiac extracellular matrix °.

The cardiac ECM is a complex and dynamic structure that confers fundamental mechanical properties
to cardiovascular tissues, in response to different stimuli being one of the components responsible for
myocardial contraction and electrical conductivity 2%

ECM is composed of a mixture of fibrillar proteins (collagen) and non-fibrillar components (sheet-form-
ing protein polymers) 2% such as glycoproteins and proteoglycans, which provide structural support to
myocardial cells and maintain a favorable cellular environment for the transmission of electrical signals
and coordination of CMs contraction, %2 further facilitated by the presence of blood capillaries and

nerve fibers connected to the matrix.

The complex glycoprotein network is then converted into myocardium-specific mechanical properties,

essential to the cardiac cycle, resulting in a Young's modulus of the myocardium of approximately

200-500 kPa at end-diastole with a strain between 15-22 %, about 10-20 kPa at end-systole with a
6



strain inferior a 10 %, and about 3-15 kPa at tensile strength, which corresponds to the stress limit

that the tissue withstands before deforming 1622,

Although the ECM plays a crucial role in the contraction of the heart muscle, the cardiac cycle is also
dependent on its anisotropic behavior, derived from its alignment and the orientation of the cells °,

2.4.3 Anisotropic Behavior

Anisotropic behavior is defined by the variation of properties according to the established direction,
promoting different mechanical qualities 6. The myocardium, at the macroscopic level (Figure 4.A) has
layers oriented at specific angles, organized anisotropically, which allow different parts of the myocar-
dium to contract in a coordinated way, generating efficient forces for its contraction 2’. At the cellular
level (Figure 4.B), the way in which CMs are connected and form muscle fibers through intercalated
discs also has an anisotropic orientation, in relation to ECs and cFBs 27:%8,

Heart cells are dispersed swirl and spiral around the chambers of the heart, in a helical pattern’, mainly
due to the alignment of the ECM, which builds different orientations in the layers of the heart wall,
this factor is responsible for the torsional movement that occurs during the heartbeat. Bray et al, show
that cardiomyocytes are highly influenced by the external environment in which they are found, espe-
cially by ECM. Through the culture of neonatal CMs with different fibronectin concentrations; sarco-
meres and myofibrils exhibited a greater degree of alignment in cultures with higher concentrations.
Fibronectin, as one of the glycoproteins most present in the ECM and responsible for cell adhesion,

thus reveals that the CMs are aligned by geometric stimuli 2223,

Intercaled Discs Cardiac fibroblasts

e - e

Macroscopic Level

Figure 4 Anisotropic Structure of the Heart. Representation of the anisotropic structure of the heart. (A) represents the dif-
ferent orientations of the myocardial fibers along the cardiac wall and (B) represents the cell alignment along the ECM. Figure
created in Biorender and adapted from 2122,



The anisotropy present in cardiomyocytes directly affects their functions; by changing the size and
shape of the intracellular cytoplasm, which ends up directly influencing the alignment of the sarco-
meres along a unidirectional axis 22.

In addition, this anisotropic organization significantly influences the transmission of electrical signals
by the cells, the gap junctions are thus polarized to the ends of the cells, thus increasing the connection

between them, which in turn is essential for the coordinated contraction of the muscle 2%,

The impact of cardiac anisotropy function on contracting and pumping blood efficiently is therefore
connected to vast factors from the internal structure of cells and their adherence to the ECM, to the
macroscopic geometric characteristics of the entire cardiac muscle 212227,

The detailed knowledge of this structure and consequently its effect on the functions of cardiac bio-

mechanics, can be very useful for the design of functional biomaterials capable of mechanically replac-
ing the necessary support for cardiac tissue in case of loss of function due to M.

2.5 Pathophysiology Myocardial Infarction
The clinical diagnosis of a Ml is complex because it requires several tests, such as electrocardiograms,
visualization of tissue images and the detection of specific biomarkers for proteins related to the death

of cardiomyocytes .

At pathological level, this condition is defined by the death of CMs resulting from a lack of oxygenation
and nutrient supply due to an ischemic insult (Figure 5.) *°.

Lipid Plaques

Necrotic Tissue

Figure 5 Myocardial infarction. Representation of a heart with necrotic tissue after an Ml due to a blockage of blood

flow as a consequence of the accumulation of lipid plaques derived from atherosclerosis. Figure created in Biorender.

IHD is a condition characterized by reduced and/or interrupted blood flow to the heart muscle, due to

blockage of the coronary arteries, that supply oxygen and nutrients to the cardiac tissue. Stopping this

flow can result in chest pain (angina), heart attacks, such as myocardial infarction, and other long-term

heart problems, such as heart failure. The blockage of the arteries, in most cases, is a consequence of

atherosclerosis; this is a chronic and progressive condition that involves the accumulation of lipid
8



plaques, inflammatory and smooth muscle cells, as well as necrotic cell debris, in the inner endothelial
layers of the arteries 2°.

The CMs, from mammalian animals, when suffering from ischemic disease, are able to maintain their
contractile capacity thanks to the phosphate reserves they have stored. However, the generation of
inorganic phosphate and intracellular acidosis decrease the binding of calcium to contractile proteins,
thereby activating functional depression mechanisms, which can lead to impaired contractility and
long-term weakening of myocardial cells. If blood flow is restored within the first 5 minutes, the pos-
sibility of recovery from the full damage is highly likely; however, tissue damage after an average of 20
minutes may be permanent .

Some consequences of the delay in restoring blood flow may be reversible, such as the oxidation of
contractile proteins through reactive oxygen species (ROS) and the functioning of these proteins by
the dysregulation of calcium channels; however, prolonged oxygen deprivation on CMs can also lead
to cell death, damaging myocardial tissue in proportion to the number of dead cells .

The death of CMs after infarction occurs mainly in the first 24 hours due to necrosis, an unscheduled
cell death characterized by breaking the integrity of cell membranes and triggering pro-inflammatory
processes in the surrounding area, also cellular hypoxia and cellular-biomechanical tension activates
intrinsic and extrinsic apoptotic pathways *°.

In addition, the ECM, which plays a key role in supporting CMs, is also affected as a response to a
myocardial infarction. In response to inflammatory stimuli, metalloproteins are released, which are
responsible for degrading the proteins that make up the ECM. However, this structure is not only es-
sential for cellular support, but also for the regulation and stimulation of a desirable functioning of
CMs. At the same time, to compensate for the damaged ECM, a provisional matrix is formed, primarily
composed of fibrin and fibronectin, which are essential for providing structural support, promoting
cell adhesion, and facilitating tissue regeneration °.

Unlike smooth and skeletal muscle tissues, the regeneration of cardiac muscle tissue, a process aimed
at replacing the damaged myocardium with viable functional tissue, is very slow and limited, with a
regeneration rate of only 1 % per year, which makes its self-regeneration impossible, contributing to
the progressive degeneration of dead tissue #°20:39,

The cellular regeneration of CMs is essential for the functioning of the heart muscle, which in turn is
responsible for pumping blood throughout the body; this slow self-process of regeneration severely
affects the health of any individual. In this sense, the formation of structures that simulate the native
environment of the heart, promoting and reinforcing the automatic regenerative process of the myo-
cardium, is essential for the development of treatment for patients suffering from this type of medical
condition.



2.6 Tissue Engineering

During a M, thousands of viable CMs lose their functionality and consequently the myocardium also
loses its native structure.

Due to the lack of cell division capacity of the CMs and even though there are some stem cells in the
heart muscle, the regeneration process is not effective, therefore, the healing process kicks in, where
the native tissue has been affected 13, This process, although essential to maintain the integrity of
the tissue, does not acquire its contractile and conductive properties, not allowing the contractile func-
tioning inherent to the organ 3.

In therapeutic terms, the main objective will be to prevent the formation of scar tissue in the damaged
area or replace this tissue with new functional tissue. In this sense, several techniques and devices
have been developed, focusing on mimicking the cellular environment of the heart muscle, in the areas
of cell therapy and cardiac patches °.

2.6.1 Prior Treatments

The approach of cell therapy and tissue engineering, although overlapping, are different concepts. Cell
therapy consists of administering a suspension of cells with the aim of regenerating, or rather improve,
an existing tissue %2, In turn, tissue engineering is a concept where are formed new functional tissues,
which are produced extra-organism; these fabrics are constructed with specific sizes, geometries and

functions 3432,

Cell therapy, typically given by intravenous injection, aims to repair the cardiac functions of damaged
CMs with the use of various types of cells 3. Initially, non-cardiac cells were used, such as Skeletal
Myoblasts and Bone Marrow-Derived Cells, which, despite being effectively applicable and stable, did

not create an adequate electrical-mechanical connection and presented some instability, respectively
33,34

Later, cells that derived from heart tissue were used. Both, cardiac stem cells, capable of expanding
and self-regenerating, as well as induced pluripotent cells capable of differentiating into any cell type
and expanding in vitro, were not mature enough to fulfill the functions required by native tissue *.

Each cellular microenvironment has its own needs, both in terms of oxygenation and nutrition, and in
maintaining a stable waste stream; cell studies, although promising, showed poor adaptation of cells
to the native tissue and their environment, failing to recover the myocardium 3L. Thus, therapy by
stimulation of paracrine factors arises.

Paracrine factors are factors secreted by the cell, which act on neighboring receptors of nearby cells.
These molecules promote intercellular communication, which in turn promotes the regulation and re-
generation of the cells themselves within their microenvironment. In order to obtain these
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regenerative effects, the administration of growth factors, non-coding ribonucleic acids (RNAs) and
extracellular vesicles, such as those containing paracrine factors, was tested 3.

The results, although once again positive, are still not enough to move forward with a clinical treat-
ment, since it has a limited duration and distribution. This is where tissue engineering comes in, an
approach not only focused on understanding cellular responses to drugs, but also on recreating as
closely as possible the cellular environment in which they develop. In this sense, research is developed
by the manufacture of cardiac patches, which may or may not contain cells and/or active factors. In
general, these devices have the main function of providing structural support to cells, enhancing their
development *’. However, to restore the integrity and function of the myocardium, it is necessary to
understand how the intracellular interaction occurs, and between the cells and the ECM itself, in order
to produce patches as similar to as possible.

Due to the anisotropic characteristics of cardiac muscle tissue and the peculiar electrical transmission
between cardiomyocytes, one of the main objectives in tissue engineering will be to build a mechanical
and electrical system with the characteristics of native tissue, promoting cell maturation, ensuring that
the cells produced in vitro will adhere positively to the organ.

2.7 Scaffold Production: Design and Fabrication

A scaffold-based tissue engineering strategy consists of a programmed structure where viable cells and
factors that promote self-repair or regeneration of damaged tissue are combined. This structure has
as its main functions the organization and support of cells, their growth and also their maturation and
differentiation into cells corresponding to the native tissue 38,

In this sense, scaffolds have to meet some requirements to be able to be tested. Its stiffness and me-
chanical strength must be able to replace the mechanical function of the damage tissue, which does
not imply that it is necessarily the same as the original tissue. In addition, its design must be beneficial
to cell adhesion, allowing cells to migrate, grow and develop in natural metabolic processes. Also, the
size of the structure itself must be appropriate, so as not to harm the healthy tissue around the dam-
aged area and so that it can be adapted to each patient in case of need *.

In clinical terms, these structures have to meet sustainable requirements in terms of costs and repro-
ducibility capacity, as well as undergo a thorough quality control %°.

2.7.1 Design

The design of each scaffold is adapted to the type of fabric and its function, but some basic criteria
have to be met, such as a suitable form, a temporary support, having the ability to promote the for-
mation of the new fabric and being able to adhere to the native fabric. Although it is difficult to evalu-
ate all these criteria directly, it is possible to control some parameters that allow the structure to have
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the desirable standards, such as material composition, porosity, structural mechanics, surface proper-
ties and degradation properties .

Pore size and porosity are concepts that are related to and directly linked to the mechanical properties
of scaffolds. Although they are different concepts, both are very important in the production of struc-
tures; a pore can be defined as a void space within a scaffold, whereas porosity can be considered as
a collection of that pores. They are defined as macro pores when they have a diameter between 50
pm and 200 pum and a porosity of more than 70 %, while a micro pore only has dimensions between 1
and 1000 nm in diameter **.

Structures with porosity can also be classified according to the connection of their fibers, into two
groups: the interconnecting (open pores) and the non-connecting (closed pores) [38]. This is a critical
factor in the production of scaffolds; if a structure is porous but does not present a high interconnec-
tivity (100 % interconnecting per volume is desirable), the scaffold will not be functionally relevant,
not presenting an effective ability to support the cells and allow their migration and, consequently,
their expected organization #1.

In cardiac tissue, the scaffolds that are produced must have a highly porous matrix (above 90 %), with
pore sizes greater than 50 um and with a high interconnectivity assured, which will provide good cel-
lular support and facilitate the process of vascularization, which means, the penetration of blood ves-
sels, into the recipient tissue *2.

2.7.1.1 Morphology Analysis

The need to produce these highly porous structures for the regeneration of cardiovascular tissue pre-
sents challenges from a biomechanical point of view during the manufacture of scaffolds 3°. In this
sense, the characterization of the structures is essential to assess their porous quality and, thus, ap-
prove their use in the cardiac context. Microscopic visualization plays a crucial role in characterizing
these structures, allowing for detailed morphological analysis.

Scanning electron microscopy (SEM) stands out as it allows for nanometric and three-dimensional vis-
ualization of samples *3. This technique is characterized by the emission of an electron beam to the
surface of the sample, where the resolution of the image is dependent on the applied voltage. The
interaction between the beam and the sample is detected, providing detailed images of the sample's
shape, roughness, and composition .

Thus, SEM allows for the acquisition of high-resolution images that are essential for analyzing the dis-

tribution and interconnectivity of pores, ensuring that the design and structure produced meet the
requirements for application in cardiac tissue engineering.
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2.7.2 Manufacturing

Printing technology is an area whose development has escalated in recent decades, advancing from
traditional two-dimensional (2D) printing to additive printing, in which a three-dimensional (3D) object
is built by adding multiple layers #>*¢. The fabrication of 3D structures has been used for applications
ranging from everyday life to education and science, with a main focus on its use in medical applica-
tions with the production of scaffolds for tissue transplantation 446

As relevant as the selected biomaterial itself is the way it is printed; there are many choices of manu-
facturing methodology, but many are irrelevant to the goal of building a 3D structure with a specific
material and architecture for the application of cells *’. Although many techniques such as solvent
casting, freeze-drying, gas foaming, and electrospinning are considered classical methods with limited
relevance to tissue engineering, they serve as the foundation for newer techniques that aim to repli-
cate the cellular microenvironments of tissues (Tabel 1). One such technique is MEW, an additive man-
ufacturing process designed to meet the specific demands of tissue engineering >4647,

Table 1| Overview of classical methods of fabrication and of MEW providing a comparison of their operation modes, as well

as the advantages and disadvantages of each technique.

Printing Technique Operation Mode Advantages Disadvantages References
: Some control of pore size. Use of highly cytotoxic or-
Solvent Casting Solvent is evaporated a.nd . . 47
creates a porous matrix. Porosity can reach 90%. ganic solvents.
Pore size is not controlled,
Polymer solution is frozen ol h £ toxic sol
involves the use of toxic sol-
Freeze Drying and the solvent is subli- It produces very connected 45,46
and porous structures. vents and spend a lot of en-
mated.
ergy.
. Polymer is saturated with Does not require the use of  Pores do not have a high in- 4546
Gas Foaming . . . ’
CO2 at high pressure. toxic solvents. terconnectivity.
Polymer solution is sub-
jected to an electric field Fibers produced are ex- Toxic solvents may be used
that creates a jet where tremely thin which allows and do not allow the manu- 454647

Electrospinning

Melt Electrowriting

the solvent is evaporated
and forms a random
mesh.

Polymer is melted and
ejected under pressure
and an electric field,
where the fibers are de-
posited in a controlled

manner.

for a high surface-to-vol-

ume ratio.

High deposition accuracy,
allows controlled stacking
of the fibers and creation
of complex 3D structures
without the use of sol-

vents.

facture of precise architec-

tures.

The formation of porous
structures with reduced di-
ameters is dependent on a

great optimization of the

printing parameters.

47

13




2.7.2.1 Melt Electrowriting

MEW is a nozzle-based additive manufacturing method with micro and nanoscale production capacity.
The goal of additive manufacturing in biomedical engineering is the production of scaffolds with pre-
cise morphologies, using specific materials, to fabricate anatomically shaped implants .

The great advantage of this printing technique is the direct use of molten polymers without the need
to use solvents; that way, the accumulation of liquids is prevented, and the use of toxic solvents is
avoided. In addition to scaffolds being complex to design, they can also be produced without the use
of ventilation systems and their use can be immediate *°.

A MEW machine (Figure 6.) contains of a printing head equipped with a heating system attached to a
syringe moving in the x and y directions plane, when a layer is built the platform moves one step in the
z direction to create the next layer °°. The printing process consists of the deposition of fibers sequen-

tially and stacked in a collector through the use of electric fields, variation of pressure and voltage used
51,52

More specifically, first, the molten material is extruded through a nozzle using air pressure and then a
drop forms at the tip of the needle; the high voltage applied creates an electrostatic attraction in the
droplet, where a cone is formed, called the Taylor cone.

Melted Polymer

Nozzle———»

+
] Electrical Field
— '_-. .-? g_’- .. 1 Voltage

Collector —— I ¢ 1 Source

Figure 6 MEW Printer. Representative figure of melt electrowriting process, where the deposition of a molten polymer
through a nozzle is observed under the effect of an electric field and an applied pressure, allowing the controlled formation
of fibers on the surface of the collector. Figure created in Biorender and adapted from 1.

The taylor cone is considered a signature of manufacturing quality in MEW. It is formed by the inter-
action of the molten fiber with the electric field, and it is strongly dependent on the pressure and
distance from the nozzle to the collector, after stabilizing its shape, the molten material jet allows the
fabrication of structures with high precision. For the stabilization of the taylor cone (Figure 6.), it is
necessary to lower the applied pressure and/or increase the electric field, depending on the viscoelas-
tic properties of the material used. Maintaining these conditions over time is essential and at the same
time the challenge is avoid fluctuations in the stability of the jet >4,
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A) Spherical B) Taylor cone  C) Taylor cone
Droplet formation with Jet
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Figure 7 Taylor Cone Formation. Representative figure of the taylor cone formation with the increase of the applied voltage
and/or with the decrease of the pressure. In (A) the beginning of the extrusion process is represented, when the polymer is
only under the effect of the applied pressure, in (B) the polymer begins to be under the effect of the electric field and the Taylor
cone begins to form, finally in (C) the polymer is already being extracted totally under the effect of the applied voltage where

a jet is formed to the collector. Figure created in Biorender and adapted from %4,

After the jet stabilizes, the developed fiber is deposited in the collector, following a programmed path
which is based on software model. This manufacturing technique depends on several parameters, such
as the temperature of the polymer, the pressure (P) used, the speed (S) used, the distance to the col-
lector (z) and the applied voltage (V), responsible for stabilizing the jet, avoiding Plateau-Rayleigh dis-
persion, which causes a movement colloidal fiber 2.

The colloidal movement of the fiber happens in all polymer flows from the nozzle to the collector, but
for each flow, there is a critical translation speed (CTS), where the fiber deposition changed from coiled
to linear and the jet becomes straight lines *°. CTS occurs at the time when the nozzle movement speed
is greater than the contact speed between the fiber and the collector >> and it may be essential to use
it to produce certain types of designs.

The use of high temperatures for this printing structures is only possible by the use of thermoplastics,
due to their thermal reversibility capacity, which allows them to be heated and cooled multiple times;
they also have mechanical properties such as their elasticity, flexibility and high strength °®.

One of the most widely used thermoplastics in MEW is polycaprolactone (PCL) >/, which is capable of
being manufactured in a reproducible way, bring multiple advantages to tissue engineering >’ *8. PCL
is a biocompatible and synthetic polymer >” with a semi-crystalline structure that allows it, up to its

voltage limit, to be flexible and rigid at the same time >7*°,

PCL has several mechanical properties that allow it to be one of the most used biopolymers in this type
of additive manufacturing, of which its relatively low melting temperature, between 58 °C and 65 °C,

that allows it to be easily printed and to have a fast cooling and solidification process of the scaffolds
59
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An essential requirement for the development and maturation of cardiomyocytes is a physical support
such as ECM in its native state 3; through this bottom-up technique it is possible to fabricate a precisely
design and organized 3D scaffold capable of mimicking the architecture of the myocardial ECM and its

mechanical properties .

Previous geometry studies reveal that meshes with a rectangular pattern have mechanical properties
similar to native tissue, and promote cellular alignment along the contour, however, the deformability
limitation was not compatible with the anisotropic cycle of the heart 4. Recently, scaffolds formed with
an organized hexagonal geometry exhibit a biaxial structure, which results in an effective anisotropic
structure for the proliferation and maturation of hiPSC-CMs 2,

2.7.2.2 Mechanical Characterization

Thermoplastic polymers, which can be extrusion molded when melted, can be amorphous or semi-
crystalline; amorphous polymers exhibiting minimal elasticity below their glass transition point, while
semi-crystalline materials exhibit some degree of elasticity >,

The duality of the composition, between hard and soft segments, of semi-crystalline materials allows
them to deform under stress and return to their original structure when the stress is removed. Its
flexibility and resistance make this type of material widely used in biomedical applications, in particu-
lar, in cardiac tissue, the mechanical resistance of the manufactured structures is essential so that
there is no risk of degradation during the cyclic movement of the myocardium %%, The mechanical
properties of semicrystalline thermoplastic polymers are characterized by a stress-strain curve (Figure
8.), which is characterized by two main zones, the elastic and the plastic 5.

Toe Region

Plastic Zone

/

2

Elastic Zone

Strain, o (Pa)

-——- Ft

>

€el

Stress, € (%)
Figure 8 Stress-Strain Curve of Semi-Crystalline Materials. Representation of a stress-strain curve characteristic of semi-crys-
talline materials. The curve is divided into two zones, elastic zone and plastic zone. In red is represented the mechanical pa-
rameters, namely yield point (oy), tangent modulus (Et), elastic limit strain (€el) and elastic strain energy density (V). Figure

created in Biorender and Canva and adapted from %51,
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At the beginning of the curve there is a characteristic zone, usually of soft tissues, but also of structures
manufactured with hexagonal geometries, the toe region, which is defined by a deformation practi-
cally without the application of stress, which corresponds to the phase where the material realigns
before entering in its elastic phase. The elastic phase, the second in the deformation of a semicrystal-
line material, is defined by a deformation proportional to the applied stress; during this phase when
the stress is taken away the material can return to its original structure ®%. In turn, when the applied
tension is high, the material can reach its plastic deformation, which is irreversible even when the
structure is no longer under stress. The plastic behavior starts at the Yield Point (oy), which is the stress
point where the deformation of the material can no longer recover its original shape, and ends at the
break point, where the definitive rupture of the material occurs %

In addition to this, it is possible to extract several essential information for the mechanical characteri-
zation of scaffolds, such as: elastic limit strain (€el), tangent modulus (Et) and elastic strain energy
density (D). The elastic limit strain is the maximum point of elastic strain that a material can reach,
while the modulus tangent characterizes the stiffness of a material. In turn, elastic strain energy is the

energy that the material is able to store during elastic deformation 612,

2.8 MXenes

In the last years, in cardiac tissue engineering, there has been a focus on the production of responsive

polymers combined with conductive materials to develop electrically conductive scaffolds %¥%4. Some

materials such as gold nanoparticles (GNPs) and carbon nanotubes (CNTs) have been studied in this
65

sense .

GNPs, despite having a high biocompatibility, they have difficulty in remaining stable over time without
a reducing agent, which leads to their agglomeration and alteration of their properties . On the other
hand, despite CNTs significantly increasing electrical conductivity, the difficult biodegradability of
these NPs makes their use limited by rich toxicity .

In this sense, MXenes emerge as nanoparticles (NPs) with extreme electrical conductivity, significant
biocompatibility and the ability to adapt to different materials such as patches and hydrogels . As
MXenes are 2D NPs, shaped like sheets, with a high level of conductivity, high surface area, and func-
tionalize surfaces, which makes them a target of interest for several areas such as drug delivery, med-
ical imaging, biosensors and tissue engineering .

The general formula of these particles is Mn+1XnTx (n =1, 2, 3, or 4), where the M stands for an early
transition metal, the X can be carbon and/or nitrogen and the T represents the functional group such

as: -0, -OH, halogens, or chalcogens %+,

The versatility that these 2D particles present on the surface makes it possible to create a favorable
environment for cellular interactions %, which can promote cell proliferation and maturation in a scaf-
fold. In addition, the thickness and flexibility of MXenes allow 2D sheets to wrap around polymers and
fibers cohesively %39,
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MXenes have also been shown to have a reduced immunogenicity, which reflects a low probability of
activating the immune system and creating an adverse reaction of the native organ ®. PCL is a syn-
thetic and inert polymer, so it can be predicted that the addition of these particles, could be challenge,
but would improve the functionalization of scaffolds.

In particular, the regeneration of cardiac tissue requires electrical interaction between cells, in order
to ensure normal physiological function, Basara.G et. al. demonstrates that the addition of MXenes to
hydrogels improved the synchronized beating of cardiomyocytes derived from human induced plu-
ripotent stem cells 8. In addition, MXenes integrated into PCL fibers has already proven to be effective
in relation to the adhesion and proliferation of human dermal fibroblast cells.
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AIM OF THE THESIS

Driven by the goal of regenerating cardiac tissue damaged after a myocardial infarction, we developed

cellular structures that mimicked the native cardiac tissue microenvironment.

This project aimed to optimize the process of developing 3D PCL scaffolds with different geometries
that varied in pore size and internal angle; to test their mechanical characterization to assess if they
resembled the native myocardium, with an emphasis on anisotropic behavior, tensile strength, and
elastic capacity. Additionally, another goal was to understand how the different scaffold geometries,
functioning as cellular support, shaped cell orientation and alignment. In this regard, an efficient
method to encapsulate human mesenchymal stem cells (hMSCs) in Gelatin Methacryloyl (GelMA) was
initially optimized, and their viability was assessed. Subsequently, cell proliferation was visually evalu-
ated through nuclear staining, and their alignment was analyzed via F-actin staining using confocal

microscopy.

Since the future aim is to translate these structures into clinical applications as a treatment for Ml
patients, it was conceived as an effort to further improve communication between cardiomyocytes
(CMs) by integrating NPs into the hexagonal PCL structures. With this in mind, one of the objectives
was to uniformly adhere conductive NPs to the PCL fibers to create a current within the scaffold, en-

hancing cellular communication and synchronization.
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3. MATERIALS AND METHODS

3.1 Materials

PCL sterile granular PC12 Medical Grade, Batch 7500233492, Corbion, NL
Gelatin methacryloyl GelMA, G2500-500G, Sigma-Aldrich, USA

Methacryloyl anhydride L14357.18, Thermo Fisher Scientific, USA

DMEM (1X) DMEM (1X) + GlutaMAX medium with 4.5 g/L D-Glucose and Pyruvate, 31966-021, Gibco, USA

Ru solution Tris (2,2' - bipyridine) dichlororuthenium (II) hexahydrate, 50525-27-4, Thermo Fisher Scientific, USA
SPS solution Sodium persulfate, 7775-27-1, Thermo Fisher Scientific, USA

LAP solution Lithium Phenyl-2,4,6-trimethylbenzoylphosphinate, 85073-19-4, Merck Life Science, NL

PrestoBlue PrestoBlue Cell Viability Reagent, A13261, Invitrogen, Thermo Fisher Scientific, USA

PFA Paraformaldehyde, 50-00-0, Thermo Fisher Scientific, USA

Triton X-100 9036-19-5, Merck Life Science, NL

DAPI 4',6-diamidino-2-phenylindole, 28718-90-3, Merck Life Science, NL

Phalloidin 550 17466-45-4, Merck Life Science, NL
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3.2 Scaffolds Manufacturing

In order to produce scaffolds with anisotropic architecture, PCL was melted and printed through an
in-house developed MEW printer.

3.2.1 Design

The scaffolds were printed with hexagonal geometries, in order to obtain a cell support structure
with anisotropic behavior. For this purpose, a Python script was written (Figure SI.1) that generates
the G-code which will be interpreted by MEW printer. The G-codes generated were previously ob-
served in the NCViewer software, before each print.

The hexagonal architectures (Figure 9.) that were tested, were designed with different geometries,
in which the side length differs (8) 400 um and 600 um, and all of them with internal angles (6) of 30
°,45°,and 60 °.

Side Length
12

<>

Internal
[¢]
Angle

X

Figure 9 Hexagonal Geometries Patterns. Representation of the three geometric patterns with hexagonal structures drawn in
python script designed for the manufacture of scaffolds. In (A) hexagonal structures with an internal angle of 60 2 are illustrated,
in (B) a hexagonal architecture with an internal angle of 45 2 and image (C) represents a structure with a hexagonal geometry
with an internal angle of 30 ©. In (A) the internal angle (0) is represented and in (B) the side length (). Figures taken from
NCViewer software.

3.2.2 Optimization of Printing Parameters

The PCL was melted, without the use of solvents, at 110 °C by a power supply heater (TBL 090-124,
Traco Power) while inserted in a glass syringe with a 25 g diameter 0.5 mm needle (FISNAR, EUROPE).
The syringe is attached to the print head, which in turn is connected to an air pressure system.

This entire system is initially calibrated in the three-dimensional axes x, y and z; on the vertical axis,
it is necessary to set the point (X,Y,0) at the point of contact between the nozzle and the collector
glass, in order to prevent contact between them.

22



The PCL, already molten, is pushed through the air pressure, and then subjected to a high-voltage
electric field where it is directed to the collector (x-y surface) controlled via an advanced 2-axis step-
per motor controller (“head printer”).

Printing parameters such as the applied air pressure (P), the voltage (V) to which the polymer is sub-
jected and the distance from the nozzle to the collector (z) were tested multiple times and consecu-
tively to obtain the best possible fiber deposition, depending on the desired design.

After defining these parameters, it is necessary to find the value of CTS %, in order to be able to control
the deposition of the fiber more accurately. For this purpose, profiles speed fibers were printed with
the parameters defined constant, where the speed change throughout the printing process according
to a Python script (Figure SI.2). The range of values used in the print parameters is shown in the table
below (Table 2).

Table 2| Values of the main parameters optimized in MEW printing that were used for the different pore size.

Side length (&) pm Pressure (P) bar  Collector distance (z) mm  Voltage (V) Kv

400 1.00 2.00 4.60-4.90
600 1.00 2.00 4.20-4.70
1000 1.00 2.50 3.70-4.00

3.3 Scaffolds Characterization

Before scaffolds have been used in biological tests, it is necessary to understand whether the optimi-
zation of the printing technique reflects the formation of structures with the necessary requirements
both at the morphological and mechanical level 2.

3.3.1 Measuring Printing Accuracy

The morphological evaluation (printing accuracy) of the printed scaffolds was done by capturing im-
ages through a digital microscope (5000x resolution, VHX-500F, KEYNCE, Japan). The captured images
were taken at a 90 ° angle by the equipment itself in order to ensure accurate measurements of the
structures.

The images acquired by VHX Software were used to evaluate the quality of the external and internal
structure of the printed scaffolds, with a main focus on the pore areas and the internal angles formed.
The quantitative analysis of these morphological characteristics was performed using the ImageJ soft-
ware. The measurement of the pore areas is carried out automatically by making a threshold of the

11t is important to note that the printing parameters may change with the room temperature and humidity.
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images that are previously altered in brightness, contrast and color; in turn, the internal angles were
measured manually through the angle tool.

The print quality (Q range) is then evaluated by comparing the measured area (A measured) and the
expected area (A expected), by equation 1; where 1 (100 %) is defined as the value that represents a
perfect alignment of the scaffolds and 0 as a structure with a random alignment:

Ameasured

Qrange = ,0 <Qrange< 1 1.

Aexpected

3.3.2 SEM Characterization

The microstructures of the scaffolds were analyzed using SEM (200000x resolution, FEl QUANTA
600F). The images acquired were obtained in high vacuum with voltage between 2.00 Kv and 5.00 Kv
and a spot of 3.00. To obtain the images, by xT microscope control software, with the best resolution,
the alignment of the lenses, the beam shift, the contrast and the luminosity were changed with the
increase in magnification.

Through these images it was possible to assess the real size of an isolated fiber and the stacking of
the fibers that form the wall of the scaffolds, as well as to confirm the interconnectivity between
them.

3.3.3 Uniaxial Tensile Tests

To evaluate the mechanical properties of the scaffolds produced and ensure that they have proper-
ties comparable to those of the native tissue, the scaffolds with different designs were subjected to
uniaxial tests on a tensile tester (BioTester 5000, Cellscale, Canada) in both x and y directions, at
room temperature (RT); these data were collected through the LABJOY software. For this analysis,
structures with internal angle of 45 ° were discarded due to similarity with structures with internal
angle of 60 °.

The scaffold dimensions should be reported that are previously cut with the use of small blades or
with a scalpel, measured and weighed are tested with 2.5 N load cell capacity for a stretch magni-
tudes of 600 % (which means a 6 x initial displacement L0). The stretching process ends at 400 sec-
onds or when the scaffolds have reached the maximum defined displacement: 40000 pum. To monitor
the deformation of the structure over time, a high-resolution camera with 10X zoom lens was used.

In order to ensure the reliability of the results, at least six scaffolds were tested for each geometry,
three for the x direction and three for the y direction.
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Through the values of Force (F) and Displacement (AL) obtained during the tensile tests, it was pos-
sible to delineate stress-strain curves for the different designs, and from these curves to remove
physical quantities such as Stress (o), Strain (€), Yield Point (oy), Elastic Limit Strain (€el), Tangent
Modulus (Et) and Elastic Strain Energy Density (V).

The Stress (o),in Pascal (Pa), is determined by the equation (2), where F is in Newton (N) and A is in
meters (m). The equation (3) is deducted from (Figure SI.3).

F
o=- 2.
A
or,
Fxp*L0
=P 3.
m

The Strain (€) is determined by the equation (4), where AL and LO are in meters (m).

g=12L 4,
LO
The Tangent modulus (Et) is determined by the equation (5), where o is in Pa.
Et ==, [0,0v] 5.
The Elastic strain energy density (D) is determined by the integral (6), where D is J/m3,
D=f00y%*82+b€ 6.

The Yield point (oy) is a value in Pa that characterizes the point on the stress curve where the material
ceases to have an elastic behavior. This value is obtained when the determination coefficient (R?), of
a line drawn between 10 points, starting at point 0, reaches 0.97.

3.4 GelMA Synthesis

In order to distribute the cells in the scaffolds, a GelMA hydrogel, was produced, which served as a
matrix for their encapsulation.

To synthesize GelMA, gelatin powder is dissolved in a 1:10 proportion in Milli-Q water at 50 °C and

with continuous stirring. When the mixture is homogeneous, methacryloyl anhydride is added drop-
wise with a glass pipette. After 3 hours of agitation, the supernatant (GelMA) is removed and
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resuspended in Mili-Q water. A dialysis process was performed for one week on the suspension and
then lyophilization, for a week, in the freeze-dryer (ZIRBUS technology, Netherlands).

3.5 MXenes Synthesis

Initially, LiF was dissolved in a concentrated HCI solution and later TiAIC, powder was added. The
mixture was stirred at 45 °C for 40 hours, during which the aluminum is removed when reacting with
HCI. After the etching step, the suspension was transferred to a tube and centrifuged to separate the
MXenes material from the solution. The precipitate was washed repeatedly with deionized water
until it reached the ideal pH.

Finally, the material was vacuum dried for 24 hours, resulting in MXenes in the form of black powder.
This process was carried out by an external laboratory and the powder was diluted to a concentration
of 15 % w/v.

3.5.1 Incorporating MXenes into PCL Scaffolds

Based on a recent protocol from DiedKova et al. scaffolds with side length of (€) 600 um and with an
internal angle (8) of 60 ° were incubated in MXenes solution for different periods of time. Initially,
one group of structures was incubated for 90 minutes and another for 3 hours. To evaluate improved
particle adhesion over time, a third test group was incubated for 24 hours 3.

Finally, in order to increase the adhesion of the particles and their uniform distribution along the
fibers, another group of scaffolds was treated in an ozone atmosphere (PSD Pro Series, Digital UV
Ozone System, NOVASCAN) for 15 minutes and then incubated in the MXenes solution for 3 hours .

3.5.2 Characterization of Scaffolds with MXenes

All previously incubated groups were analyzed by SEM (SU8220, Hitachi Regulus, Japan), allowing the
qualitative evaluation of the distribution of NPs along the PCL fibers. The images acquired were ob-
tained with 5-15 Kv under vacuum. In addition, the samples were also submitted to Energy Dispersive
Spectroscopy (EDS), which is commonly coupled to SEM analysis and enables the detection of the
chemical elements present, as well as their respective concentrations 7°.

3.6 Biological Assays
To verify the proliferation, orientation and cell alignment, over time, in the different geometries of

the scaffolds, stem cells were cultured and later seeded in hydrogel in the different hexagonal struc-
tures.
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3.6.1 Cell Culture

Human mesenchymal stem cells (hMSCs) can be expanded in vitro as undifferentiated cells staying
responsive to environmental cues. This cells were cultured in DMEM (1X).

On day 0, the cells were quickly thawed from the cryovial at 37 °C in a water bath, at either the 4th
or 5th passage, and then centrifuged to remove the dimethyl sulfoxide (DMSO) to which they had
been exposed. The cells were then cultured in expansion medium in a t-flask, with a cell density of
2500 cell/cm? and were incubated at 37°C with 5 % CO,. The expansion medium was renewed every
two days until the cells reach confluence.

When the cells reach confluency, the t-flask was washed twice with sterile Phosphate-Buffered Saline
(PBS); cells were incubated with trypsin for 5 minutes in the incubator at 37° C with 5 % CO,. After
centrifugation, the cells were resuspended and counted on the automatic hemocytometer (Countess,
Thermo Fisher Scientific) with Trypan Blue solution in the same proportion as the cell suspension;
subsequently, the cells were again cultured in t-flask, with the objective of expansion.

3.6.2 Scaffold-Reinforced GelMA with Cells

Initially, the scaffolds were cut and measured to calculate a volume of hydrogel with an average value
of 0.7 mm in height. In a first phase, the scaffolds were treated with sodium hydroxide (NaOH), but
later this step was removed to optimize the use of microstructures.

The scaffolds, as well as the materials used for their handling, were sterilized in ethanol and under
ultraviolet (UV) light inside a safety cabinet for 30 minutes. After the sterilization process, the scaf-
folds were washed with sterile PBS.

To prepare the hydrogel precursors, the following stock solutions were prepared: 15 % w/v of GelMA
in PBS, 20 mM of Ru solution and 200 mM of SPS solution, both in PBS 7X. The combination of the use
of Ru and SPS solution, as a visible light crosslinker, was later replaced by a LAP solution, as a UV light
crosslinker; this stock solution has been prepared with 2 % W/V 72,

After calculating the volume needed to cover the total number of scaffolds, the required volume of
GelMA and LAP were calculated to obtain a gel mixture with 5 % w/v and 0.1 % w/v, respectively.
The remaining volume were filled with PBS and cell suspension. In turn, the process of trypsinization
and cell counting was identical to that performed in 3.5.1; the volume of cell suspension used in PBS
was calculated according to the desired cell density for each analysis (Figure 10.).

The sterile scaffolds were placed on non-stick teflon surfaces and then the gel mixture is placed on

top of the microstructures in order to cover them completely. Subsequently, the scaffolds already
incubated in the gel mixture are exposed to UV light for 7 to 10 minutes in order to solidify the gel
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mixture (Figure 10.). The structures are placed in the incubator, at 37 °Cwith 5 % CO,, in an expansion
medium, which was changed every two days.

To evaluate cell proliferation and alignment in different geometries, structures with hexagonal de-
signs with internal angles of 30 ° and 60 ° were used. For each angle, at least three structures with
400 um and 600 um were encased in hydrogel. In addition, for the same working groups, the use of
two cell densities was tested: 20 and 25 million cells per milliliter.

A
GelMA
hydrogel—7/ O 7100
with HMSCs LAP
B . Uv
BRI o |
)’033.0.0.: - —— L.
p::. 00,8 oo Cell Patch
Hexagonal _':.?:w Teflon i
PCL Scaffolds raedele2el surface —

Figure 10 Encapsulation process. lllustrative representation of the encapsulation process of the PCL scaffolds in the gel
mixture with hMSCs and LAP as a crosslinker, followed by the illustration of the crosslink process by UV light under a non-
adherent teflon surface element. In this representation, real images of the hMSCs culture (A) are used, of a scaffold with a
hexagonal structure with an internal angle of 60 @ (B) and a cell patch incubated in a crosslinked gel (C). Figure created in

Biorender.

3.6.3 PrestoBlue Assays

In order to evaluate the metabolic activity of cells of the scaffolds with hydrogel, Presto Blue Assays
were performed on days 4, 6 and 10. The PrestoBlue solution was diluted in culture medium, previ-
ously heated to 37 °C, in a ratio of 1:10. In each well, 2 mL of solution is added and the well plate,
protected from light by aluminum foils, is incubated for 20 minutes at 37 °C with 5 % CO,. Then, 100
uL were taken out from each well and put on each well of 96-well plate.

The 96-well plate was put into a SYNERGY |HTX multi-mode reader (BioTek, United States) with filter
wheel of 535-560 nm for the emission spectrum and 590-615 nm for the emission spectrum. Using
the Systems Optics Library-Set Reader software, fluorescence was measured with an excitation/emis-
sion spectrum of 530/590 nm.

3.6.4 Fluorescent Staining

At each timepoint (days 1, 3, and 7), separate sets of patches were washed twice with PBS and then
fixed with 1.5 mL of 4 % PFA at room temperature for 30 minutes. After washing the patches twice
with PBS, they were permeabilized using 0.5 % Triton X-100 at RT for 30 minutes in stirring. Then, to
stain the F-actin patches were emerged with a solution of phalloidin 550 (1:200) for 30 minutes in
stirring at RT. To stain the DNA and allow visualization of the cell nucleus, after washing with PBS, the
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patches were emerged with DAPI (1:1000) and stirring at RT for 15 minutes (Figure Sl.4). Images were
obtained by Confocal Laser Microscopy (TCS SP5, Leica Microsystems, Danaher, Germany) from LAS
X Office software.

3.7 Statistical Analysis

All statistical analysis were performed by Anova's both, one-way and two-way with Turkey's multiple
comparisons through the GraphPad Prism software to compare the means and standard deviations
between test groups. The data are considered statistically significant when probability of error (p) of
p < 0.05. For these tests, at least three samples were used per analysis.
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4. RESULTS AND DISCUSSION

4.1 Printing Accuracy

As described in section 3.2.2, the scaffolds were printed by an additive solvent-free melted PCL dep-
osition technique. The printing quality of MEW, due to the multi parametric and physical properties
was evaluated by the fiber uniformity (printing stability) and fiber placement accuracy (printing ac-
curacy) 3.

To fabricate the hexagonal structures, it was first necessary to ensure that the jet formed a stable
Taylor Cone (Figure 11.). After stabilizing the parameters, the CTS was measured (Figure SI.7);
initially, a standard rectangular pattern (Figure SI.2) with a higher speed range was defined; by using
digital microscopy, the point at which the fiber began printing without colloidal movement was
observed, allowing the speed gradient to be refined to a narrower range. To ensure printing stability,
the transition from colloidal jet motion to a more linear motion was also identified by the curvature
of the jet deposition (Figure SI.7), which became straighter when linear and stable polymer
deposition was achieved (Fig 11.).

Figure 11 Printing Stability. Images showing the molten PCL jet with a formed Taylor cone (---). (A) The initial stage of fiber
extrusion, showing the jet before reaching the CTS, where a straight curvature is observed. (B) Uniform fiber deposition after
achieving CTS, characterized by a linear curved jet. Images captured by a digital camera attached to the MEW printer.
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Initially, to test the different designs and printing parameters, hexagonal structures were printed
with a side length of 1000 um, at all internal angles. Figure 12 shows the difference between printing
the structures without parameter optimization (A) and with the optimized printing parameters (B)
between scaffolds with 35 layers and an internal angle of 60 °. In figure SI.5 images of scaffolds with
35 layers, a side length of 1000 um and with an internal angle of 30 ° and 45 °.

-

Figure 12 Scaffolds with Hexagonal Structures. Images acquired from top perspective by digital microscopy of hexagonal
meshes with a side length (2) of 1000 um with an internal angle (8) of 60 @ and 35 layers. (A) Optical image of hexagonal
structures before the print parameters were optimized. (B) Image of the structures with hexagonal pattern printed with
the established printing parameters: P = 1.0 bar; z = 2.50 mm; V = 3.70-4.00 Kv. Images taken from VHX software.

Through various optimization attempts, it is clear that for microstructures that require the printing
of corners with specific angles, the printing parameters are restricted. In figure 12.A it is visible a
hexagonal mesh, however these are rounded at the corners due to the colloidal movement of the
fiber. In turn in figure 12.B it is notorious that the parameters used are favorable to the design of a
rigorous pattern, where the desired internal angles are met and where the straight fibers cross and
overlap in a consistent way.

The parameters that have been defined (Table 2) were obtained by changing each of them individu-
ally followed by microscopic observation of the meshes. In general, increase some printing parame-
ters such as the voltage and the printing speed, as well as the decrease in the pressure used and the
distance from the nozzle to the collector allows the formation of more complex structures, which
require the definition of precise angles at short distances. Similarly, the parameters have been opti-
mized for the scaffolds with 35 layers, with side length of 400 um and 600 um, and for the three
internal angles, the images are in the figure SI.6.

The geometry of a scaffold is designed to meet its applications, for example the use of smaller pore
sizes that maintain their interconnectivity, aims to ensure cell proliferation and the transport flow of
nutrients and metabolic waste %2. The variables that occur during the manufacturing process can
change the intended structure, so it is essential to evaluate the printing accuracy of the process (Fig-
ure 13.), in this project it was evaluated by measuring the internal angles and pore size of the scaf
folds by the method described in section 3.3.1.
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Figure 13 Printing Accuracy. Assessment of printing accuracy (with an error margin of 20 %) of the 35-layer hexagonal
structures printed with side lengths (€) of 400 um, 600 um, and 1000 um, and with internal angles () of 30 2, 45 ¢, and 60
9, (A) Assess of the trajectory error through pore size measurement and comparison with the expected design size. (B) The
quality range was assessed by measuring the internal angles and comparing them to the expected values, ensuring both
the expected resolution and perimeter are achieved. For each analysis, at least 3 samples were used (n). (**** p< 0.0001,

*** p<0.001, bars corresponding to non-significant statistics were not shown). Figure created in GraphPad Prism.

To evaluate the printing accuracy, a margin of error of 20 % was established in relation to the ex-
pected design, in this sense, when analyzing figure 13.A, it is noticeable that the meshes with a
smaller pore size (€ =400 um) are printed in a trajectory with a higher error (= 25 %) when compared
to the meshes with the largest pore size (£ = 600 um and 1000 um). However, when we analyze figure
13.B, the similarity between the expected angles and the printed angles is confirmed. In MEW, as the
pore size decreases, the precision and stability of the jet become more challenging, since the control
over material deposition needs to be extremely precise %/, as confirmed by the printing accuracy of
the areas in Figure 13.A. However, the printing accuracy of the internal angles does not follow the
same trend of results; this difference occurs due to the horizontal movement of printing (Figure SI.8)
that favors the formation of angular structures.

Due to the size of the pores and the speed needed to print them, the resolution required is hard to
achieve, specifically for the structures with smaller pore size; still the analysis of both parameters for
printing accuracy allows us to assess that the structures have approximately the desired hexagonal
geometry, previously designed.

In this sense, it was possible to assume that the optimized printing parameters used allow the for-
mation of scaffolds according to the intended design (Figure 9.), demonstrating a relatively high de-
gree of similarity. However, it is still necessary for each print to check the printed structure, as well
as adjust the parameters in order to obtain a higher printing accuracy.
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4.2 Morphological Analysis

Regarding morphological aspects of the scaffold’s fibers, they were visualized by images taken in SEM
(Figure 14.) to achieve the size of an individual fiber, the size of a 35-layer scaffolds wall and the
interconnectivity of the fibers.

Figure 14 Morphological Analysis. SEM images of hexagonal PCL scaffolds and fibers. (A) Hexagonal structure with an
internal angle (8) of 30 ¢, used to evaluate the structure and fiber interconnectivity. (B) A corner of a PCL scaffold, allowing
the visualization of fiber interconnectivity and the assessment of the stacking process quality. (C) Interface between two
pores of the MEW-printed microstructure, with a red highlighted single fiber confirming the connection of fibers throughout
the mesh and the printed fiber dimensions. (D) A wall of 35 layers of PCL fibers, confirming the quality of the stacking
process. Images were taken from the xT microscope control software.

In tissue engineering, the porosity of a scaffolds is an insufficient factor to ensure an efficient flow of
cells along the scaffold; the presence of pores facilitates the entry of cells into the structure, but the
interconnectivity between them ensures that the cells are evenly distributed across the scaffold and
create a three-dimensional structure 7*. MEW is a printing technology with higher control of fiber
deposition comparing with other techniques such as electrospinning >¢47; by using this one it was
possible to fabricate precise pores with high interconnectivity.
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By qualitatively analyzing the interconnectivity of the fibers, by SEM, (Figure 14. A, B and C) it is pos-
sible to confirm that the fibers connect uniformly between pores, which predicts that the cells will
have a way to proliferate along them. This morphological analysis also confirmed in figure 14.C that
a single fiber measures (8.4 + 0.63) um, just as a wall of 35 layers (Figure 14.D) measures approxi-
mately (70 £ 0.29) um. It would be expect the wall of the scaffolds to be between 294 um, but it turns
out to be much smaller because during the polymer cooling process, as the fibers stack, they merge
together °2°2; for a more detailed analysis, the measurement in figure 14. D should have occurred
perpendicular (90 °), but the difficult handling of the fibers due to their size made this analysis harder.
In addition, the size of the fibers always depends on the pressure and electric field at which they are
extruded *'*? and their diameter can be increased or decreased. Also, by analyzing figures 14. B, C
and D we can affirm that the stacking of the fibers is visually, stable and regular.

In cardiac tissue engineering, it is crucial that scaffolds possess a highly porous matrix, with pore sizes
higher than 50 um and high interconnectivity that ensures efficient cell migration and infiltration.
Also, the interconnected porosity facilitates the diffusion of nutrients and oxygen, critical for cell
survival. Additionally, these properties support the mechanical integrity of the scaffold, allowing it to
mimic the native cardiac tissue's flexibility while ensuring structural stability. Moreover, high inter-
connectivity promotes vascularization and electrical signal propagation, both essential for the func-
tionality of engineered cardiac tissues 2.

When evaluating the printing accuracy, which despite not fully corresponding to the measurements
that were programmed, the hexagonal scaffolds manufactured by MEW obtained reasonably favor-
able and fairly consistent quality values, which shows a stability and reproducible capacity of the
structures in all sizes of side length and with all internal angles; morphologically, the structures have
highly interconnecting macropores and shows a good stacking process.

4.3 Mechanical Properties Analysis

After obtaining the manufacturing parameters of the hexagonal structures, the mechanical behavior
of the scaffolds was tested by uniaxial tensile tests, with a stretching movement, in order to confirm
its anisotropy, its elastic capacity, resistance and energy absorption capacity, during the elastic phase
of the polymer. Figure 15 portrays a stress-strain curve of hexagonal structures, as well as the mate-
rial's elongation process (in figure SI.9 the curves for structures with side lengths of 400 um and 600
pum with internal angles of 30 ° and 60 ° are represented).
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By analyzing figure 4.5, the semicrystalline and ductile structure of PCL is confirmed by the presence
of the regions described in section 2.7.2.2. Initially, the toe region (A) characteristic of a deformation
is visible in the x-direction without applying significant stress (this region is not visible in all curves
because of the performance of an initial pre-load). Next, a linear region (B) of the curve between the
stress and strain characteristic of the elastic state of the material is visible. Finally, after the yield
point, the curve takes on a more planar shape (C) that identifies its plastic behavior.
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Figure 15 Mechanical Analysis (Stress-Strain Curve). Representation of a stress-strain curve from uniaxial tensile tests of a
hexagonal structure in the x-direction and y-direction, where the stress (o) values are in Pascal (Pa) and the strain (€) values
are in percentage (%) relative to the initial displacement (LO). (A) Toe region, identified by an increase in strain without the
application of external forces. (B) Representation of the elastic region of a scaffold, characterized by the linear curve where
displacement is proportional to the force applied to the polymer. (C) The plastic region of the curve, representing the point
where the material can no longer return to its original shape. The curve was created in GraphPad Prism. Images were taken

from LABJOY software.

In addition, the difference between the behavior of the x-direction and y-direction curves in figure
15 and in figure S1.9 reveals that scaffolds have, in fact, an anisotropic structure, where the mechan-
ical behavior of the structure varies according to the direction in which the external stress is applied.

The balance between the strength and elasticity of scaffolds are key properties in cardiac tissue en-
gineering when trying to simulate the ECM of the cardiac muscle. These structures must have me-
chanical properties similar to or superior to native tissue in order to support the contraction of car-
diac cycles. To assess these parameters, the yield point, elastic limit strain, tangent modulus and
elastic strain energy density values were obtained by interpreting the stress-strain curves of the
structures (Figure 16, 17 and 18).

The yield point and the elastic limit strain, respectively, mark the maximum point of the force that

can be applied to a material and its deformation, before it enters its plastic phase. When analyzing
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Yield Point (KPa)

figure 16.A, although the last group does not have statistically significant data, it is possible to see
that in all design their yield point is much higher in the x-direction compared to the y-direction due
to the orientation of the print that allows greater resistance in that direction. Even though there is
only statistical significance between the internal angles of the group with side length of 600 um (in
the x-direction), the data show that the yield point tends to be higher in structures with an internal
angle of 30 °. In addition, it is also clear that structures with a smaller pore size (£ = 400 um), tend to
have a much higher yield point in the x-direction compared to scaffolds with a larger pore size.
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Figure 16 Mechanical Analysis (Yield Point and Elastic Limit Strain). Mechanical analysis of hexagonal scaffolds with side
lengths (€) of 400 um and 600 um, and internal angles (6) of 30 ¢ and 60 2 at both directions: x-direction (red) an y-direction
(grey). (A) Graphical representation of the yield point values (ay) in kilopascals (KPa). (B) Graphical representation of the
elastic limit strain (€el) values in percentage (%). For each analysis, at least 3 samples were used (n). (**** p< 0.0001, ***

p<0.001, *p<0.05, bars corresponding to non-significant statistics were not shown). Figure created in GraphPad Prism.

In summary, structures manufactured with a smaller pore and a lower internal angle have the ability
to support superior external forces before reaching their irreversible deformation, that is, they are
more resistant. In addition to the maximum force that this material is capable of withstanding, it is

essential for cardiac application that the structures are able to deform in a similar or superior way to
the native tissue.

The deformation capacity is obtained through the elastic limit strain, which reveals the maximum
possible deformation in the elastic phase of the scaffolds. Figure 16.B shows that for groups with
internal angles of 30 °, the direction y of the structures has a greater capacity to deform, however, in
groups with an internal angle of 60 °, the direction with the greatest elastic limit strain is direction x.
This results reveals that different designs allows differences on mechanical behaviors despite using
the same material and the same printing direction. By evaluating the groups with statistical
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significance, we can assess for the same pore size and on same direction, structures with higher in-
tern angle shows a greater deformation capacity.

The stiffness of these materials can be evaluated through the modulus tangent, which directly relates
the force applied to the structures with their deformation. Analyzing, figure 17 it is possible to un-

derstand that yield point and elastic limit strain are directly related to the tangent modulus.
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Figure 17 Mechanical Analysis (Tangent Modulus). Mechanical analysis of hexagonal scaffolds with side lengths (€) of 400
um and 600 um, and internal angles (8) of 30 2 and 60 @ at both directions: x-direction (red) an y-direction (grey). Graphical
representation of the tangent modulus values (Et) in kilopascals (KPa). For each analysis, at least 3 samples were used (n).
(**** p< 0.0001,**p<0.01, bars corresponding to non-significant statistics were not shown). Figure created in GraphPad

Prism.

Although not all data are statistically significant, there is a clear tendency for structures with smaller
pore size and smaller internal angle to present a higher stiffness than others. In the same way, the x-
direction presents a much higher rigidity than the y-direction, in all cases except in the microstructure
with a side length of 600 um with an internal angle of 60° (values are not significant).

The modulus tangent (equation 5) is the ratio between the yield point and elastic limit strain. Despite
the graphical similarity between the yield point and the tangent modulus, these are not directly pro-
portional, as tangent modulus depends on the deformation at which the scaffolds are. Also the stiff-
ness of the structures are defined by tangent modulus, so it demonstrates how much a material can
deform up to a certain applied force.

When analyzing the three groups with statistical significance in common in figure 16 A,B and figure
17 (€ =400 pum with 8 of 30 °, inx and y; £ = 600 um with 6 of 30 °, in x and y; € = 600 um with 6 of
30°and 60 °, in direction x ). For both pore sizes, with internal angle of 30 °, the yield point is higher
in the x-direction, while the €el is smaller, which reflects a higher stiffness in x-direction. In turn for
the same pore size (€= 600 um), in the x-direction, the yield point is higher for the design with an
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internal angle of 30 ° and the Eel is lower, which also makes the stiffness higher. This confirms that
the stiffer the material, the less deformable the scaffold will be.

Understanding the energy capacity that the material can accumulate and release in the elastic phase
is also one of the crucial properties to understand the mechanical behavior of structures. This prop-
erty is calculated by the area under the stress-strain curve, for integrating the trendline between zero
and oy (as described in section 3.3.3). These data can be seen in figure 18.
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Figure 18 Mechanical Analysis (Elastic Strain Energy). Mechanical analysis of hexagonal scaffolds with side lengths (€) of
400 um and 600 um, and internal angles (6) of 30 2 and 60 2 in both directions: x-direction (red) and y-direction (grey).
Graphical representation of the elastic strain density values (V) in joules per cubic meter (J/m?3). ). For each analysis, at least
3 samples were used (n). (*** p<0.001,**p<0.01, bars corresponding to non-significant statistics were not shown). Figure

created in GraphPad Prism.

The elastic energies are higher in structures with internal angles of 60 ° and in the x-direction, alt-
hough the groups with internal angles of 30 ° do not have statistical significance, the values are much
lower in both directions. In addition, the values are very similar when comparing pore size.

In a simplified way, hexagonal structures have greater resistance to external force (oy) and have
greater rigidity (Et) with smaller pores (€ = 400 um), and smaller internal angles (6 = 30 °) and in the
x-direction. In the x-direction, the deformation capacity is higher for structures with a smaller side
length (€ = 400 um) and a larger internal angle (6 = 60 °). In contrast, in the y-direction, the defor-
mation capacity is greater when the internal angle is smaller (8 = 30 °), allowing for more flexibility
in this axis. Finally, the ability to absorb energy during deformation is independent of pore size, but
superior in structures with larger internal angles (6 = 60 °) and in the x-direction.

Associated with figure 15 and supplementary information 9 where the different stress-strain curves
are represented, the different values between all the parameters assessed in figure 16, 17 and 18
confirm that the scaffolds had an anisotropic behavior. This difference between the directions of the
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scaffolds is notorious because the x direction has a yield point and a tangent modulus superior and
with a large margin of difference. These values reveal that there is an interconnectivity of the superior
pores in the x-direction, being responsible for the increase of the resistance and deformation capacity
of the scaffolds, producing the anisotropic effect, which thus fulfills one of the first objectives of
scaffolds as structures.

As described previously, native tissue has mechanical properties that are intended to mimic, the abil-
ity of the structures to deform in relation to their initial state during the elastic phase is greater in all
structures. In addition, the modulus tangent values are much lower than the cardiac tissue, which
reveals that these structures are less rigid than the myocardium during its cycle, in turn the yield
point is higher, in x-direction, than the lower limit of tensile strength, with the main emphasis on
structures with internal angles of 30 °.

In this sense, in order to obtain scaffolds with greater resistance to tension, especially in the y-direc-
tion, without losing the anisotropic behavior, a strategy could be to increase the number of layers
during manufacturing. Therefore, through MEW it was possible to print structures with a good reso-
lution and that acquire potentially satisfactory mechanical properties, using a rigid material with a
limited elastic capacity. In this sense, these structures will be used to evaluate the cellular response
to these same specific designs.

4.4 Scaffold-Reinforced GelMA with Cells

In order to create a functional patch, hexagonal fiber scaffolds (€ = 400 um and 600 um; 6 =30 ° and
60 °) were combined with hMSCs (with 20 and 25M cells/ml) in GelMA hydrogel; the use of this type
of cells in early stages of testing is more efficient due to its proliferative capacity and high adaptability
to different microenvironments. As a positive control, only hydrogel was used in the same volume as
the samples tested, maintaining the same cell density and volume.

NaOH treatment in PCL fibers is known to modify the polymer surface in order to increase biocom-
patibility through increased cell adhesion 7. However, this process makes the structures more fragile
and brittle, making them difficult to handle, so it was decided not to perform this treatment and only
hydrate the scaffolds with PBS.

Also, initially, Ru and SPS solutions were used as a visible light crosslinker, in this process Ru works as
a photocatalyst capable of chemically exciting SPS, which in turn generates free radicals ® responsible
for the formation of stable bonds with GelMA through a chemical crosslink. Despite the great bio-
compatibility of these crosslinkers 77, when encapsulated with the cells in the scaffold their process
was time-consuming, which promoted overheating of the plates where the hydrogels were located
and probably causing cell damage. In this sense, LAP was used as a chemical crosslinker, functioning
itself as a photo initiator under UV light ’6. The hydrogels were then subjected to UV light for 5 to 7
minutes and then incubated in expansion medium.
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After reinforcing the scaffolds with hydrogel and cells, it is relevant to assess the cell viability in in-
teraction with the developed structures. For this experiment, the metabolic activity of the cells within
the patches was monitored over time using PrestoBlue solution.

4.4.1 Cell Metabolic Activity

To measure the cell viability of hMSCs in the manufactured patches, cell metabolic activity was as-
sessed using PrestoBlue assays as described in 3.5.3. The resazurin (non-fluorescent molecule) pre-
sent in the reagent is reduced, by the cellular activity of living cells, to the red fluorescent molecule,
the resorufin, that serves as an indicator of viability ’8. The relative fluorescence of the molecule can
be obtained on a microplate reader; analysis that was carried out with the structures made above
described in 4.4.

In these assays, cell viability of the groups with side length of 400 um and 600 um; and internal angles
of 30 ° and 60 ° were analyzed with two cell densities, 20 and 25M cells/mL. As a positive control, the
hydrogel was also subjected to the same feasibility tests, at the same time points, but only with a cell
density of 20M cell/mL (Figure 19). However, these three groups were analyzed in different phases;
for the group tested with 20M cells/ml (Figure 20.A) the reagent was placed directly in the wells
where they were already incubated, in turn for the group with a cell density of 25M cells/ml (Figure
20.B) the patches were transferred to a sterile well in order to analyze the cells present only in the
patch. In addition, this analysis is very sensitive to the incubation time of the reagent with the cells,
which may contribute to the discrepancy between the relative values ’°. Thus, the analysis carried
out between groups is only qualitative.

GelMA is an excellent biocompatible hydrogel 76

, soitis used as a positive control, as shown in figure
19, all values are susceptible to analysis and show an increase in cellular activity over time although

on day 4 and 6 the viability is very similar.
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Figure 19 Cell Metabolic Activity (GelMA). Graphical representation of cellular metabolic activity at three time points (4th, 6th,
and 10th day) of GelMA hydrogel as a positive control with a cell density of 20M cells/mL. For each analysis, at least 3 samples
were used (n). (**** p< 0.0001,*p<0.5). Figure created in GraphPad Prism.
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Relative Fluorescent Units

Even the values are not comparable, it is notorious that for both cell densities (Figure 20. A and B)
there is a tendency for metabolic activity to increase over time. A more detailed analysis of the sig-
nificant values shows that for both cell densities structures with a side length 600 um and an internal
angle of 60 ° have a higher metabolic activity when comparing with the other ones. However, due to
the great intrinsic variability of these tests, their performance alone does not allow us to affirm that
there is a certain design that favors cell growth. An overview, the analysis of these data shows that
cell growth occurs in a similar way when compared between different cell densities and with the
positive control.
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Figure 20 Cell Metabolic Activity (Cell Patches). Graphical representation of cellular metabolic activity at three time points (4th, 6th, and
10th day) of cell patches on scaffolds with hexagonal structures, with side lengths (€) of 400 um and 600 um, and internal angles (8) of 30 @
and 60 ¢, with a cell density of 20M cells/mL (A) and 25M cells/mL (B). For each analysis, at least 3 samples were used (n). (**** p< 0.0001,

*** p<0.001,**p<0.01, bars corresponding to non-significant statistics were not shown). Figure created in GraphPad Prism.
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4.5 Cell Alignment Assessment

In order to evaluate the alignment of the hMSCs and their proliferation along the scaffolds, the
hMSCs cell patches were labeled with DAPI (blue) and phalloidin 550 (red), which mark, respectively,
the cell nuclei and F-actin (Figure 21.). Due to the lack of time available, only the group with a side

length of 400 um with an internal angle of 30 ° and 60 ° at day 7 were visualized by confocal micros-
copy.
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Figure 21 Nuclei and F-actin Staining. Representative images of fluorescence confocal microscopy of cellular patches with
hexagonal scaffolds at day 7 and a PCL fiber. (A) Image of cellular patches with hexagonal scaffolds with internal angle ()
of 60 @ stained with DAPI (blue). (B) Image of cellular patches with hexagonal scaffolds with internal angles (8) of 60 2
stained with phalloidin 550 (red). (C) Merged image of DAPI and phalloidin 550 staining of cellular patches with hexagonal
scaffolds with internal angle (6) of 60 ©. (D) Image of cellular patches with hexagonal scaffolds with internal angle (8) of 30
@ stained with DAPI. (E) Image of cellular patches with hexagonal scaffolds with internal angles (8) of 30 2 stained with
phalloidin 550. (F) Merged image of DAPI and phalloidin 550 staining of cellular patches with hexagonal scaffolds with
internal angle (8) of 30 °. (G) Image of a fiber stained with DAPI. (H) Image of a fiber stained with phalloidin 550. (1) Merged
image of DAPI and phalloidin 550 staining of a fiber. Images taken from LAS X Office software.

Figure 21 shows, for the same pore size, the difference in cell distribution and its alignment between
internal angle of 60 ° (Figure 21. A,B,C) and internal angle of 30 ° (Figure 21. D,E,F). In both groups, it
is possible to verify, by observation of the cell nuclei (Figure 21. A,D), that the cells are uniformly
distributed in the hydrogel along the scaffolds with hexagonal structures, regardless of the design
angle.

The analysis of images labeled with F-actin, a filamentous protein in the cytoskeleton of eukaryotic
cells that provides structural support &, allows for the observation of cell alighment along the fibers.
In figure 21.B, it can be seen that the actin filaments are distributed across the scaffold, with greater
alignment near the fibers. However, in the hexagonal structures with an internal angle of 30 °, the
filaments show more uniform distribution and better alighnment. Thus, scaffolds with a more elon-
gated structure, characterized by a smaller internal angle, tend to promote enhanced cell alighment.

Finally, figure 21.G and H and | show how hMSCs effectively adhere to PCL fibers and align uniformly
along them. HMSCs, in addition to their higher proliferation capacity, also have the ability to differ-
entiate into muscle cells and cardiomyocyte strains, which makes their behavior a good indicator for
future tests with CMs.

4.6 Adhesion of MXenes

Conductive NPs such as MXenes have been a new approach in the maturation of CMs, due to their
ability to increase cell synchronization. The integration of these NPs into PCL fibers can be a challenge
due to the weak surface interaction of the PCL and the tendency of MXenes oxidize, so different
strategies were tested to understand how the NPs could adhere uniformly to them ©&,

Initially, the scaffolds were incubated for two different periods of time - 90 minutes and 3 hours- with
intermittent 5 minute breaks throughout the incubation period. To attempt how MXenes would in-
tegrate into the fibers, the scaffolds conductivity (both with and without silver ink at the tips of the
samples) was measured but found to be zero. In order to enhance the distribution of NPs across the
fibers and promote conductivity, two new strategies were designed. First, the structures were incu-
bated in MXenes solution for 24 hours continuously, and second, a 3 hours incubation was repeated
after exposing the scaffolds to an ozone atmosphere.
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PCL, although mechanically favorable for tissue engineering, is an inert material, without functional
groups and with low hydrophilicity %88%; the aim of the ozone treatment, which is simple and cost-
effective, was to modify the chemical composition of the surface of the fibers to improve the adhe-
sion of the MXenes.

Recent studies have demonstrated that ozone treatment in an aqueous environment can improve
the surface properties of PCL fibers by adding functional oxygen groups, increasing their hydrophilic-
ity while maintaining their biocompatibility properties &. Although this project uses an ozone atmos-
phere rather than an aqueous environment, similar improvements in surface properties are antici-
pated. Even after these two new approaches, scaffolds continued to exhibit no electrical conductiv-
ity, although visually they exhibited a darker color, which indicates the presence of MXenes. There-
fore, an SEM analysis was performed on the samples to visualize the distribution of the nanoparticles
after the different treatments (Figure 22) to which EDS was coupled in order to detect the presence
of titanium, confirming the presence of MXenes in the structure (Figure 22 C, F, | and L).

JiKal

24 hours 3 hours 90 minutes

Treated with ozone
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Figure 22 SEM-EDS analysis of PCL structures incubated with MXenes. Representative images of PCL structures incubated
with MXenes for different time periods and treated in an ozone atmosphere. (A) SEM image of PCL fibers incubated with MXenes
for 90 minutes. (B) Magnified SEM image of PCL fibers incubated with MXenes for 90 minutes. (C) SEM-EDS image of PCL fibers
incubated with MXenes for 90 minutes, showing the localized presence of titanium (TiKal, yellow). (D) SEM image of PCL fibers
incubated with MXenes for 3 hours. (E) Magnified SEM image of PCL fibers incubated with MXenes for 3 hours. (F) SEM-EDS
image of PCL fibers incubated with MXenes for 3 hours, showing the localized presence of titanium (TiKal). (G) SEM image of
PCL fibers incubated with MXenes for 24 hours. (H) Magnified SEM image of PCL fibers incubated with MXenes for 24 hours. (1)
SEM-EDS image of PCL fibers incubated with MXenes for 24 hours, showing the localized presence of titanium (TiKa1). (J) SEM
image of PCL fibers treated with ozone and incubated with MXenes for 3 hours. (K) Magnified SEM image of PCL fibers treated
with ozone and incubated with MXenes for 3 hours. (L) SEM-EDS image of PCL fibers treated with ozone and incubated with

MXenes for 3 hours, showing the localized presence of titanium (TiKa1).

The analysis of these structures was carried out in three stages for each sample. Initially, low-
magnification images were captured (Figure 22 A, D, G, I), where the distribution of the NPs along
the fibers can be observed. Next, the magnification was increased, allowing for images where the
structure of the MXenes adhered to the fibers can be seen (Figure 22 B, E, H, K). Finally, in the
previously magnified areas, EDS was performed to detect titanium (Figure 22 C, F, |, L).

The group that was incubated for a shorter period (Figure 22.A) visually shows fewer particles
attached to the fibers, and the EDS analysis (Figure 22.C) indicates only a dispersion of electrons
without a representative accumulation of titanium, which is confirmed by the weight percentage of
0.06 % in the sample (Figure SI.10.A). However, the groups where the samples were incubated for 3
and 24 hours show MXene accumulation and aggregation in the PCL, rather than being evenly
distributed (Figure 22. D,E,G and H). The NPs accumulation, confirmed by weight percentage of 3.21%
and 30% in the samples (Figure SI.10 B and C), occurs in both cases primarily at the contact points
between fibers, as evidenced by the titanium signal (Figure 22. F and ). Nevertheless, the group
incubated for 24 hours seems to have larger agglomerates, a result of the longer time in solution.
Finally, the fibers treated with ozone exhibited a greater distribution of NPs along the entire fiber
(Figure 22. J) and are arranged more uniformly (Figure 22. K); although NPs are not accumulated,
they still have a high percentage of 20% (Figure SI.10 D).

In this context, it is clear that ozone treatment significantly improves the adhesion of MXenes to PCL
fibers. However, it is still not sufficient to create a fully conductive fiber. Further testing is needed
with a higher concentration of NPs in the solution and a longer ozone treatment of the fibers to
enhance conductivity.

However, these particles are already electrically conductive by themselves and have already been
proven to stimulate nerve regeneration through the transmission of neural electric signals %, so it
can be expected that their use can promote the maturation of cells that were in a process of
differentiation.

46



5. CONCLUSION

The limited ability of cardiac cells to regenerate makes cardiovascular diseases (CVDs) a global
emergency, with ischemic heart disease (IHD) being responsible for the majority of deaths. In
response, tissue engineering has promoted the development of scaffolds with adjustable properties,
capable of mimicking the myocardial environment.

In this master’s thesis, PCL scaffolds with hexagonal structures were fabricated with side lengths of
400 pm, 600 um, and 1000 um, and 6 of 30 °, 45 °, and 60 ° using MEW. The printing parameters for
these geometries were optimized by increasing the applied voltage and decreasing the pressure and
the distance from the nozzle to the collector.

The uniaxial tensile tests performed in both scaffold directions (x and y) confirmed their anisotropic
behavior over time, similar to the native myocardial ECM. When mechanically characterizing the
structures, the yield point values were found to be lower than the tensile strength of cardiac muscle,
and the stiffness values were also significantly lower. However, for both parameters, the results
remained consistent and coherent across all geometries. Thus, adjusting the scaffold size and/or fiber
diameter, combined with further optimization of the printing parameters, could overcome this
limitation.

In order to assess cell proliferation and alignment in the hexagonal structures, the process of
encapsulating the scaffolds in GelMA with hMSCs was also optimized. Consequently, the use of NaOH
was excluded, as it increased the hydrophilicity of PCL but made it more brittle. Additionally, the
original crosslinker was replaced with LAP, enhancing crosslinking efficiency and increasing the
likelihood of cell survival. The patches underwent preliminary viability assays, which evaluated
cellular metabolic activity over time, demonstrating that the cells not only remained viable but their
metabolism increased over time.
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5. Conclusion

The confirmation of well-defined pores and their interconnectivity was one of the crucial parameters
to assess in this project, as they are key points for cellular support and growth throughout a scaffold.
This was further validated by nuclear staining with DAPI and the visualization of the cellular patches
under confocal microscopy. Additionally, F-actin staining with phalloidin allowed visualization of the
cellular cytoskeleton alignment along the fibers, demonstrating, as expected, more precise alignment
along the fibers in structures with an internal angle of 30 °.

Finally, to enhance cellular communication, different methods of incorporating conductive materials,
such as MXenes, into PCL fibers were tested. This process revealed that increasing the polymer's
exposure to a nanoparticle solution promoted greater MXene agglomeration. However, a treatment
that increased hydrophilicity through chemical surface modification, such as ozone atmosphere
exposure, allowed for a more uniform distribution of these particles, which is more effective for the
formation of conductive structures. In this sense, after an improvement in the adhesion process, the
next thing will be to test cell viability with these optimized structures and understand if their
maturation process is superior than with unmodified structures.

In summary, this study highlights the importance of combining biocompatible materials with
geometric approaches to achieve structures with suitable properties for the development of
effective scaffolds for cardiac regeneration.
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FUTURE PERSPETIVES

Although this project serves as a proof of concept, there are several techniques that would be
important to implement in order to achieve an effective clinical translation in future projects.

Mechanically, native cardiac tissue undergoes cyclic stretching due to the rhythmic contractions of
the heart 3. Therefore, itis a priority to perform cyclic mechanical testing on scaffolds with hexagonal
structures to determine whether their mechanical properties remain effective, not only over time
but throughout the cardiac cycle. This is essential for ensuring that the scaffolds can withstand the
continuous mechanical stress imposed by the heart’s natural function.

In this project, stem cells capable of differentiating into muscle tissue were utilized. Although the
differentiation process could not be initiated, a future step in the project could involve comparing
the maturation of these cells with human induced pluripotent stem cells (hiPSCs) in single culture
and with the use of organoids. It is expected that organoid-based differentiation will result in superior
maturation due to their ability to mimic the three-dimensional native tissue environment, which
enhances cellular development 8.

Another essential analysis for cellular patches is quantitative polymerase chain reaction (qPCR),
which allows for the real-time quantitative amplification of deoxyribonucleic acid (DNA) and/or RNA
with high specificity 8. This technique provides a more accurate assessment of cellular maturation
and helps to better understand inherent inflammatory processes.

Finally, another essential aspect of this project with significant future potential will be testing the
viability and maturation of the cells cultured with PCL scaffolds containing adhered MXenes. A key
focus will be to determine whether the conductivity of these structures with NPs improves electrical
communication between the cell.
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APPENDIX

Figure Sl 1. Python Script for generating G-code to define the hexagonal structure for printing. Image taken from Visual Studio Code.
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Figure SI 2. (A) Representation of a velocity pattern that allows the CTS to be established. The red arrows are a schematic
illustration of the parallel direction in which the fiber is deposed; n represents a fiber with a specific speed that is printed five
times before changing to another defined speed, which occurs after step y. Figure taken from NCViewer. (B) Python Script for
generating G-code to define the CTS pattern. Image taken from Visual Studio Code.
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Figure Sl 3. The 2nd stress equation (X) is derived from the following quantities: o = F/A (where stress (o) is in Pascals, Pa,
Force (F) is in Newtons, N, and Area (A) is in square meters, m?) | p = m/V (where density (p) is in grams per cubic meter
(g/m3), mass (m) is in grams (g), and volume (V) is in cubic meters, m3) | € = AL/L, (where strain (€) is dimensionless, and
both displacement (AL) and initial displacement (Lo) are in meters, m).
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Figure SI 4. Representation of the excitation spectra (---) and emission spectra (—) of DAPI (blue) and Phalloidin ATTO 550 (red).

Image taken from FluoroFinder.

Figure SI 5. Images acquired from top perspective by digital microscopy of two 35 layers hexagonal meshes with side length
(8) of 1000um with an internal angle (6) of 452 (A) and 309 (B). Structures were printed with the established printing parame-
ters: P =1 bar; z=2.50mm; V = 4.20-4.90Kv. Images taken from VHX software
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Figure Sl 6. Images acquired from top perspective by digital microscopy of two 35 layers hexagonal meshes with side length (£) of 400 um with
an internal angles (6) of 602 (A), 452 (B) and 302 (C) and 600 um with an internal angles (8) of 602 (D), 452 (E) and 302 (F). Structures were
printed with the established printing parameters: P = 1 bar; z = 2.00mm; V = 3.70-4.00Kv. Images taken from VHX software.

Figure SI 7. https://vimeo.com/1010190394 Video of the jet stabilization process throughout the velocity pattern that allows the

CTS to be established. Video recorded by the digital camera integrated into the MEW printer.

(RO,

Figure Sl 8. Representative image of the print head direction during the printing of scaffolds with hexagonal structures.
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Figure SI 9. Representation of a stress-strain curve from uniaxial tensile tests of hexagonal structures in the x-direction and y-direction, where the

stress (o) values are in Pascal (Pa) and the strain (€) values are in percentage (%) relative to the initial displacement (LO). (A) Hexagonal structure

with a side length (8) of 400um with an internal angles (6) of 30°. (B) Hexagonal structure with a side length (8) of 40 Oum with an internal angles

(0) of 602. (C) Hexagonal structure with a side length (8) of 600 um with an internal angles (8) of 302. (D) Hexagonal structure with a side length

(8) of 600um with an internal angles (8) of 60°.
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Figure SI 10. Representation of EDS spectra with weight percent (wt%) of PCL fibers incubated with MXenes for different time periods: (A) 90
minutes, (B) 3 hours, (C) 24 hours, and with ozone treatment for 3 hours (D). On the x-axis, the energy values are in kilo-electronvolts (keV), and on
the y-axis, the values are in counts per second per electron-volt (cps/eV).
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