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Abstract

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Heart donor shortage
and cardiomyocyte poor self-renewal rate make it imperious to develop novel alternative therapies and
approaches. To this end, Regenerative Medicine and Tissue Engineering (TE) have been playing an
increasingly relevant role, and in particular 3D bioprinting techniques are a very promising solution as
they allow to print human cells embedded in biocompatible materials in a controlled and precise fashion.
However, a common problem found in cardiac cells bioprinting, is the lack of maturation of the printed or
seeded cardiomyocytes. Moreover, nanomaterials with properties like electrical conductivity have been
added to hydrogels to achieve properties suitable for cardiomyocyte culture. Hence, Alginate-Gelatin
hydrogels containing either carbon nanotubes (CNTs), titanium carbide MXenes or no conductive
nanomaterial were tested to be used as scaffolds for cell seeding and bioinks for bioprinting. Human
Induced Pluripotent Stem Cell-Derived Cardiomyocytes (hiPSC-CM) were seeded in 3 different hydrogel
sheets (control - without particles -, with CNTs and with MXenes) and encapsulated in 3 bioinks with
the same composition, for further extrusion bioprinting. Cell viability and metabolism were assessed.
Primary tests regarding the conductivity and other relevant physical properties were conducted prior to
cell culture. Findings suggested that both CNTs and MXenes have a positive effect on hiPSC-CMs
metabolism without compromising cell viability. For seeded constructs, both conductive nanomaterials
are thought to improve the maturation of hiPSC-CMs as after 6 days of culture there were clusters of
cells displaying a mature phenotype. Yet, bioprinted hiPSC-CMs did not exhibit signs of maturity, as
they did not spread along the hydrogel matrix and maintained a round shape, which is an indicator of
low expression of contractile proteins. Although the obtained results are far from ideal, they configure a
solid starting point for research on this topic

Keywords: Bioprinting, cardiomyocytes, alginate, CNTs, MXenes.
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Resumo

As doenças cardiovasculares (DCV) são a principal causa de morte no mundo moderno, constituindo
ainda uma causa emergente em países em desenvolvimento. Em particular, patologias como o enfarte
do miocárdio levam à isquemia cardíaca e por consequência originam necrose de tecido cardíaco,
podendo levar a insuficiências que são tipicamente colmatadas com transplante de coração. No entanto, a
conjugação de fatores como a falta de dadores de coração e fraca auto-renovação e regeneração de células
cardíacas – os cardiomiócitos – leva a que seja imperioso desenvolver novas terapias e alternativas aos
tratamentos convencionais. Neste sentido, áreas como a Medicina Regenerativa (MR) e a Engenharia de
Tecidos (ET) têm vindo a desempenhar um papel cada vez mais relevante e premente – em particular,
técnicas de bioimpressão 3D configuram uma solução muito promissora uma vez que possibilitam a
impressão controlada e precisa de células humanas. Para tal, as células são embebidas em materiais
biocompatíveis e com elevadas semelhanças aos tecidos humanos – designados hidrogéis – resultando
numa biotinta que pode ser impressa segundo os designs e características desejados. Estes construtos
podem de seguida sofrer reticulação, e mediante o sucesso do processo de cultura celular, originar
tecidos funcionais. Não obstante, um dos grandes obstáculos que surgem no âmbito da Engenharia
de Tecido Cardíaco (ETC), e em particular da bioimpressão de células cardíacas, é a falta de maturação
dos cardiomiócitos, que acabam por não conseguir desenvolver um fenótipo maturo – isto é, estrutura
alongada, com produção de alfa-actinina e outras proteínas inerentes à atividade contrátil. Diversas
estratégias têm sido empregues com a finalidade de produzir construtos celulares viáveis e capazes
de permitir a maturação de células cardíacas. Nomeadamente, a inclusão de dados nanomateriais e
nanopartículas nas redes poliméricas dos hidrogéis permite entregar determinadas sugestões biológicas
que permitem ajustar o fenótipo das células a crescer nestes meios. Em particular, a adição de
nanomateriais condutores tem sido reportada na literatura como permitindo a sugestão de um fenótipo de
condutividade elétrica, o que é de extrema importância em células propagadoras de potenciais elétricos
como é o caso dos cardiomiócitos.

Tendo estes fatores em conta, neste trabalho foi desenvolvido um hidrogel composto por diferentes
concentrações de alginato de sódio e gelatina, com posterior inclusão de nanomateriais condutores:
nanotubos de carbono (CNTs) e nanofolhas de MXenos de titânio e carbono. Foram realizados testes
de reologia e impressão para escolher a melhor concentração de hidrogel e de seguida foram realizados
testes de caracterização mecânica, elétrica e reológica para determinar os três hidrogéis finais – 3%
alginato de sódio + 5% gelatina (A3G5), 3% alginato de sódio + 5% gelatina + 1mg/mL CNTs
(CNT1) e 3% alginato de sódio + 5% gelatina + 0.5mg/mL MXenos (MX0.5). Verificou-se que estes
hidrogéis possuíam características muito relevantes para o estudo em questão – na frequência de 3Hz,
tipicamente utilizada em estimulação de cardiomiócitos, a formulação CNT1 e MX0.5 exibiam um valor
de condutividade elétrica significativamente diferente do controlo (p<0.05) e semelhante ao verificado no
tecido cardíaco nativo. Por outro lado, o hidrogel CNT1, após uma reticulação de hidroxisuccinimida +
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (NHS/EDC) e cloreto de cálcio (CaCl2) de 15 minutos
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cada, revelava um valor de módulo de Young semelhante ao do miocárdio humano em sístole (8-15 kPa,
sendo obtido o valor de 29,96 ± 11,91 kPa).

Estes hidrogéis foram utilizados tanto como biotinta, para bioimpressão 3D de construtos celulares,
como para produção de scaffolds e posterior semeio de células. Para tal, Células Estaminais Pluripotentes
Humanas não diferenciadas foram incubadas e diferenciadas pelo que ao fim de 8 dias de cultura
se obtiveram Cardiomiócitos Derivados de Células Estaminais Pluripotentes Humanas (hiPSC-CMs).
Posteriormente, as hiPSC-CMs foram semeadas em folhas de A3G5, CNT1 e MX0.5, previamente
impressas e reticuladas com CaCl2 e NHS/EDC. As folhas de hidrogel semeadas com cardiomiócitos
foram incubadas e mantidas em cultura durante 6 dias, com mudanças de meio a cada dia e realização
de testes de viabilidade e atividade metabólica após 1, 3 e 6 dias de cultura. Paralelamente, hiPSC-CMs
foram ressuspendidas em biotintas com as formulações supramencionadas – A3G5, CNT1 e MX0.5
– às quais foi adicionada 0.05% de genipina de modo a que ocorresse reticulação após a impressão.
Foram impressos construtos 3D aos quais se adicionou também CaCl2 e tal como feito para as folhas
semeadas, os construtos 3D foram mantidos em cultura durante 6 dias, com testes de viabilidade e
atividade metabólica realizados após 1, 3 e 6 dias de cultura.

Os resultados obtidos sugerem que a inclusão de CNTs e MXenos não compromete a viabilidade
das células cardíacas, havendo ao fim do primeiro dia de cultura 89,5± 3,03 % e 83,4±7,90 % de
viabilidade para os cardiomiócitos semeados respetivamente nos scaffolds com CNTs e MXenos, versus
uma viabilidade de 83,6± 4,28 % para as células no scaffold de controlo. Estes valores decrescem ao fim
do terceiro dia de cultura, sendo registados valores de viabilidade celular de 82,4±4,43 % , 79,1±3,32 %
e 74,8±6,86 % para CNTs, MXenos e controlo, respetivamente. Esta diminuição de viabilidade celular
pode ser devida à presença de contaminantes, à libertação de iões contidos na matriz polimérica ou ainda
à morte de células que já apresentavam fraca viabilidade aquando do semeio ou que foram danificadas
durante o processo. Ao fim de 6 dias de cultura, estes valores tornam a subir, com as células cardíacas
semeadas nos scaffolds com CNTs e MXenos a apresentar viabilidade de 84,1±6,99 % e 95,8 ±1,28
% respetivamente, enquanto que as células no scaffold de controlo apresentavam uma viabilidade de
93,6±1,99 % (embora estas diferenças não sejam significativas para p<0.05). Do mesmo modo, ao
fim do primeiro dia de cultura, registou-se uma viabilidade de 81,5±6,42 % e 75,2±1,20 % para as
células bioimpressas com CNTs e MXenos, respetivamente, versus uma viabilidade de 70,5±5,37 %
para o construto de controlo. Tal como verificado para as células semeadas, para os construtos celulares
bioimpressos verificou-se uma diminuição da viabilidade celular após 3 dias de cultura, com valores
de 63,5±8,82 %, 69,9±5,54 % e 66,8±8,44 % para os construtos celulares com CNTs, MXenos e
de controlo, respetivamente. Por seu turno, ao fim de 6 dias observou-se que a viabilidade celular
se mantinha em valores de 69,5±6,61 % e 68,2±9,39 %para os construtos com CNTs e MXenos,
respetivamente (embora estas diferenças não sejam significativas para p<0.05). De igual modo, verificou-
se que a inclusão de nanomateriais condutores como os nanotubos de carbono e os MXenos não afeta a
atividade metabólica dos cardiomiócitos – com efeito, esta cresceu exponencialmente entre o primeiro e
o sexto dias de cultura.

Verificou-se também que para os scaffolds semeados com cardiomiócitos, ambos os nanomateriais
condutores aparentam melhorar a maturação dos hiPSC-CMs uma vez que após 3 dias de cultura se
observaram agregados de células cardíacas que exibiam um fenótipo contrátil maduro, exibindo ainda
batimento síncrono, o que apenas se verificou para o scaffold de controlo ao fim de 6 dias. No entanto,
os hiPSC-CMs bioimpressos não revelaram quaisquer sinais de maturidade celular, visto que não se
espalharam pela matriz do hidrogel, assim como não desenvolveram um fenótipo maduro e conservaram
a sua forma arredondada, que é um indicador de fraca expressão de proteínas contráteis como a alfa-
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actinina. Ao contrário dos cardiomiócitos semeados, as células bioimpressas também não formaram
agregados não exibiram evidências de atividade contrátil.

Assim, ainda que os resultados obtidos estejam longe de apontar para uma solução ideal, fortalecem
a hipótese de que a adição de certos nanomateriais condutores pode melhorar a maturação de células
cardíacas e configuram certamente um ponto de partida sólido para a investigação neste tópico.

Palavras chave: Bioimpressão, cardiomiócitos, CNTs, MXenos, alginato.
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Chapter 1

Introduction

1.1 Context and Motivation

If it is true that we live in an increasingly unfair and uneven world, it is also true that mankind never
had as many resources and opportunities to do good as it has now. Particularly, in 2015 the United
Nations established 17 goals that represent different universal call-to-actions that aim to ensure that by
2030 all human beings are entitled to live a safe, dignifying healthy life. As a citizen, but especially as an
aspiring scientist and engineer, it is our duty to make sure that we make our contribution towards these
goals and an overall fairer, better future.

Figure 1.1: United Nation’s Sustainable Development Goals.

Taking a look at goal number 3 (figure 1.1), the United Nations aims to bring quality health to
everyone worldwide, but unfortunately by 2023 there are still many preventable diseases that end up
entailing high death rates. Cardiovascular diseases (CVDs) are an example of this, being the leading
cause of death and disability around the world, while also being responsible for a growing proportion
of loss of healthy years, especially in the world’s least developed regions [1, 2, 3]. When heart diseases
aren’t treated, heart failure (HF) arises and as it progresses, heart transplantation (HT) becomes the only
viable solution to ensure quality of life [4].

Yet, recent findings of the Global Observatory on Donation and Transplantation show that HF is a
growing reality, with an increasing demand for HT. However, the demand for HT is persistently higher
than the offer, which is mostly due to the aging of global population and the tight criteria that a candidate
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1.2 Goals and Research Questions

for being a heart donor has to fill. It is, evidently, of utmost importance to solve the shortage of donor
hearts, and this requires different interdisciplinary combined efforts to create and improve alternatives to
heart transplant[4].

It is in this context that regenerative medicine and tissue engineering emerge as possible solutions.
Cardiac tissue engineering is largely based on the usage of biocompatible and biodegradable materials to
reconstitute contractile myocardium-like tissue that can be used to replace diseased myocardial tissue or
to engineer in vitro for therapy development [5, 6]. However, a common limitation with these approaches
is the lack of proliferation and maturation of bioengineered cardiomyocytes [7]. Strategies to overcome
this problem comprise exploring different biofabrication techniques like bioprinting and adding different
nanoparticles to improve the physical properties of the materials [8, 9].

As such, the present work aims to develop conductive biomaterials that can be bioprinted with cells
like cardiomyocytes, aiming to favor cell viability and maturation. Different materials can be employed
to this end, but taking United Nations’ goals number 12 and 13 into account, natural materials should
be favored when compared to synthetic ones, as they yield a lower carbon footprint, thus also respecting
goals number 14 and 15, all this while enhancing and supporting goal number 9.

The prospect of working towards a better world, with sustainable, accessible and universal healthcare,
was the mote to this dissertation’s work.

1.2 Goals and Research Questions

The main goal of this dissertation was the bioprinting of cell-laden conductive bioinks that can
potentially allow the viable cell culture of human cardiomyocytes and consequently enhance maturation.
Nevertheless, it is pertinent to define secondary goals and these are found in table 1.1, along with their
corresponding research questions.

Table 1.1: Main goals and respective research questions of the dissertation

Goal Research Questions

1. Review the current literature to determine the
state of the art on the bioprinting of conductive materials
for cardiac regeneration;

2. Research on the best formulation for a biocompatible and
bioprintable hydrogel with conductive properties;

3. Use of characterization methods to evaluate the physical
properties of the developed materials.

4. Development of materials with physical properties similar
to those of the native human heart;

5. Seeding of cardiomyocytes in bioprinted scaffolds and
evaluation of the viability and metabolic activity of the cells.

6. Bioprinting of cell-laden bioinks and evaluation of the
viability and metabolic activity of the cardiomyocytes.

1. What has the scientific community outputted regarding
the development of conductive materials for cardiac
regeneration?
2. What are the most suitable materials for bioprinting?
Which concentrations should be used in order to achieve the
desired goal? Which conductive nanomaterials can be added
to improve conductive properties while maintaining
biocompatibility and printability?
3. Which characterization tests/methods provide the most
significant results?
4. How should one tailor the developed material to achieve
the desired properties? Which nanomaterial concentration
should be used to achieve native-like results?
5. Can cardiomyocytes be effectively seeded in the developed
scaffolds? What properties should said scaffolds exhibit?
6. Does the bioprinting process induce cell damage?
Are bioprinted cells metabolically active?
How to ensure stable bioprinted constructs?

2



1.3 Structure

1.3 Structure

This dissertation is divided in 7 chapters that follow the structure present in figure 1.2.

Figure 1.2: Structure of the dissertation.

Briefly, its structure is the following:

1. Introduction - Presents the motivation inherent to this dissertation, covering the context in which
the root cause problems arise, the goals and respective research questions and the manuscript’s
structure.

2. Theoretical Background - Describes base theory essential to the development and understanding of
the present dissertation, as well as it reviews the current state of the art on bioprinting conductive
materials.

3. Bioink and Hydrogel Development and Characterization - Presents the details inherent to the first
practical task of this dissertation - its underlying theory, used materials and presents protocols for
the implemented methods.

4. Bioprinting of 3D Constructs for Cardiomyocyte Culture - Describes the details inherent to the
second practical task of this dissertation, describing the used materials and implemented methods.

5. Evaluation of Cardiomyocyte Maturity in 3D Constructs and Seeded Scaffolds - Exposes the
details inherent to the third practical task of this dissertation, describing the used materials and
implemented methods.

6. Results and Discussion - Displays the findings and outputs of the experimental work, followed by
the corresponding critical appreciation of each result.

7. Conclusion and Future Work - Summarizes the most relevant results whilst also providing final
comments and future guidelines for this research topic.
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Chapter 2

Theoretical Background

2.1 The Human Heart

Ever since Antiquity, the heart has been regarded as a fundamental vital organ. Hippocrates described
the heart as a strong muscle and recognized that it “radiated”, presumably referring to its electrical
activity [10]. Thousands of years later, in the 15th century, Leonardo DaVinci dissected a heart and
was the first reported scientist to accurately draw the heart and its valves. Like his Ancient Greeks
predecessors, DaVinci concluded that the heart was indeed a muscle, an important milestone after the
slowing down in knowledge caused by the influence of the church in the middle ages [11]. From these
early discoveries developed the fields of anatomy and physiology, which are basilar in our understanding
of organs like the heart, tissues like the myocardium and cells like cardiomyocytes.

The heart is a complex muscular organ whose prime function is to pump blood through the systemic
and pulmonary circulations. It is composed of four muscular chambers: left and right ventricles and left
and right atria, with the firsts acting as the main pumping chambers (figure 2.1) [12].

Figure 2.1: Depiction of the heart seen through a longitudinal plane. The arrows indicate the blood flow’s direction. From [13]
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2.1 The Human Heart

The heart lies enclosed in a fibrous sac, the pericardium, located in the thorax . The innermost layer
of the pericardium, the epicardium, is closely fastened to the heart. Between the epicardium and the
outer wall of the pericardium there’s a narrow cavity, the pericardial sac, filled with 40-50 mL of a clear
hydrous fluid - the pericardial fluid - which lubricates the heart as it moves within the pericardial sac
[12, 13].

The pericardial sac is composed of a serous inner layer (visceral pericardium) directly apposed to the
myocardium and a fibrous outer layer called the parietal pericardium [12].

The inner surface of the cardiac chambers, as well as the innermost wall of all blood vessels, is lined
by a thin layer of cells termed endothelial cells, or endothelium [13].

As mentioned, the human heart is divided into right and left halves, each comprising one atrium and
one ventricle. Separating the two ventricles is the interventricular septum while each atrium is separated
from its respective ventricle by the atrioventricular (AV) valves, which allow unidirectional blood flow
from atrium to ventricle. The left AV valve has two fibrous flaps and as such is called the bicuspid valve
(or mitral valve), whereas the right AV valve contains three flaps, being termed tricuspid valve [13].

AV valves open and close according to the pressure gradients across the valves, preventing backflow
from ventricle to atrium and from vessel to ventricle - when blood pressure in an atrium overcomes that
of the ventricle, the valve opens and blood flows from atrium to ventricle. In the opposing situation, when
the blood pressure in the ventricle is greater than that in its corresponding atrium, the valve is closed. As
such, blood is forced into the aorta from the left ventricle and into the pulmonary trunk from the right
ventricle [13, 14].

The valves are attached to papillary muscles which are muscular projections of the ventricular walls,
via fibrous strands termed chordae tendinae. These muscles do not control the valves motion, they simply
avoid the valve’s prolapse. Connecting the pulmonary trunk to the right ventricle and the aorta to the left
ventricle there are the semilunar valves - respectively, pulmonary and aortic valves. Like the AV valves,
the semilunar valves allow an unidirectional flow and prevent backflow during relaxation periods [13].

There are no valves connecting the venae cavae to the right atrium or the pulmonary veins to the left
atrium once in atrial contraction there’s a constriction at the site of entrance in the atria, thus increasing
resistance to backflow and consequently leading to pumping very small amounts of blood back into the
veins. The amount of blood that is pumped back into the veins yields the venous pulse, which can be
observed in the jugular vein during atrial contraction. The cardiac cycle comprises the cardiac events
that occur between the beginning of subsequent heartbeats, consisting of a period of relaxation called
diastole, during which the heart fills with blood, followed by a period of contraction called systole. The
total duration of the cardiac cycle, including systole and diastole, is the reciprocal of the heart rate. For
example, if the heart rate is 70 beats/min, the duration of the cardiac cycle is 1/70 min/beats—about
0.0143 minutes per beat, or 0.857 second per beat [14].

Each cycle is initiated by spontaneous generation of an action potential in the sinus node, as explained
in section 2.1.1 The sinus node (also called sinoatrial node) is located in the superior lateral wall of the
right atrium close to the opening of the superior vena cava and the action potential travels from this point
through both atria and then through a bundle of conductive fibers into the ventricles. This special setting
of the conducting system yields a delay of over 0.1 second during the passage of the cardiac impulse from
the atria to the ventricles, which allows the atria to contract ahead of the ventricles, therewith pumping
blood into the ventricles prior to ventricular contraction. As such, the atria act as primer pump for the
ventricles, whereas the ventricles provide the major source of power for moving blood through the body’s
vascular system. [14] The events of the cardiac cycle are illustrated in figure 2.2.
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2.1 The Human Heart

Figure 2.2: Events of the cardiac cycle for left ventricular function, showing changes in left atrial pressure, left ventricular
pressure, aortic pressure, ventricular volume, the electrocardiogram, and the phonocardiogram. From [14]

Like any other organ or tissue, the heart needs oxygen-rich blood supply, and once the blood being
pumped through the heart chambers does not exchange nutrients and metabolic end products with the
myocardial cells, this supply is assured by the heart’s own vascular system, the coronary circulation, via
arteries that branch from the aorta, the coronary arteries [13, 15].

The left main and right coronary arteries (respectively LMCA and RCA) arise from the root of the
aorta, providing the heart’s main blood supply (as seen in figure 2.3) [12].

LMCA usually branches into the left anterior descending artery and the circumflex coronary artery.
The left anterior descending artery branches in diagonal and septal arteries which supply blood to the
anterior wall and septum, respectively. The circumflex branch continues around the heart branching in
obtuse marginal arteries that supply blood to the left ventricular wall. RCA continues through the right
atrioventricular depression and supplies blood to the right ventricle. The posterior descending branch
can either arise from the RCA (in 80% of the people, which have right-dominant circulation) or from the
circumflex artery (in 20% of the people, which have left-dominant circulation) [12].

Most of the cardiac veins drain into a single large vein, the coronary sinus, which empties into the
right atrium [13].

Figure 2.3: Depiction of the coronary arteries. From [12]
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2.1 The Human Heart

2.1.1 Electrophysiology of the Heart

Like aforementioned in the previous section, an efficient blood pumping implies that atria contract
first, immediately followed by the ventricles. This is assured by the heart’s own conducting system. The
contraction of cardiac muscle, like that of skeletal muscle (and main smooth muscles) is triggered by
depolarization of the plasma membrane, with Ca2+ (calcium ions) releases (Ca2+ clock) being a key
factor for the initiation of the heart rhythm [13, 16]. Gap junctions link myocardial cells thus allowing
action potentials (AP) spread from one cell to the next - therefore, the excitation of one cardiac cell leads
to the excitation of all cardiac cells [13]. The heart’s conducting system is depicted in figure 2.4.

Figure 2.4: Depiction of the conducing system of the heart. From [13]

2.1.2 Myocardium

The bulk of the heart is formed by the cardiac muscle tissue, also named myocardium as previously
discussed in this chapter. The heart wall is composed of three layers with a thick layer of myocardium
between the inner endocardium and outer epicardium (or visceral pericardium) [17].

The ventricular myocardium is composed of individual striated muscle cells or fibers which have a
diameter of 10-15µm and a length of 30-60µm [18].

Under the light microscope, fibers exhibit numerous cross-banded strands, termed fibrils (or
myofibrils), which run the length of the fiber as seen in figure 2.5. The myofibrils are composed of
a serially repeating structure termed sarcomere (figure 2.5). The sarcomere occupy around 50% of the
cell mass and are aligned in such a way that the ends of sarcomeres in adjoining myofibrils are next to
one another, providing the fiber its striated appearance [19].

The sarcomeres are composed of filaments (myofilaments) which are strands of contractile proteins
arranged in a specific manner ( myosin, and actin, which are connected by cross-bridges, and a regulatory
protein complex, tropomyosin). It is the interactions between myofilaments in the sarcomere that
ultimately generate force and shortening. Lying between the myofibrils there’s the remainder of the
cytoplasm which contains other cell constituents such as single centrally located nucleus, mitochondria
and intracellular membrane systems as depicted in figure 2.5 [12, 19].

Surrounding individual myocardial fibers one can find the sarcolemma, a complex membrane
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2.1 The Human Heart

structure composed of the cell surface membrane and its investing basement membrane. Interconnecting
neighbor myocardial fibers there are intercalated disks, which are modifications of the sarcolemma that
allow fibers to interdigitate and branch together [20, 21, 22].

Figure 2.5: Diagram of cardiac muscle as seen under the light microscope ( top ) and the electron microscope ( bottom ). (N,
nucleus). From [12]

.

2.1.3 Cardiomyocytes

The heart consists of various cell types which play key roles in both physiological and pathological
conditions. Cardiomyocytes (CMs) and endothelial cells (ECs) are two of the most abundant cardiac
cell types, with CMs being the central cardiac cell type in both normal and pathological conditions.
Cardiomyocytes are generally divided into pacemaker cells and force-producing ventricular and atrial
CMs [23].

According to the perspective of histology, cardiomyocytes are the main cellular component of the
myocardium, presenting centrally located nuclei, cross striations and close proximity to an abundant
capillary network (due to their high oxygen demand) [24].

In the myocardium, CMs are physically connected and communicate with each other through gap
junctions, adherens junctions, and desmosomes [25]. They also connect with other cell types as depicted
in figure 2.6.

Ventricular myocytes are normally 50–100 mm long and 10–25 mm wide. Atrial and nodal myocytes
are smaller, whereas myocytes of the Purkinje system are larger in both dimensions. Myocytes are filled
with hundreds of myofibrils and as seen these are composed of repeating units, the sarcomeres, that form
the major contractile unit of the myocyte [12].

Pathological conditions, such as hypertension or myocardial infarction (MI), elicit maladaptive
responses in both CMs and non-myocytes, contributing to the deterioration of cardiac function. In fact,
CMs within the heart and in cell culture undergo hypertrophy in response to various pathological stimuli.
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2.2 Cardiovascular Diseases

Figure 2.6: Illustration of the main cardiac cell types and their interactions with endothelial cells and cardiomyocytes. Selected
known paracrine factors mediating endothelial cell—cardiomyocyte cross-talk (angiocrines and cardiokines) are illustrated.
The relative abundances of each cell type in normal adult mouse ventricular tissue represent those quantified in adult mouse
heart. Solid arrows represent well known cell-cell interactions and dashed lines illustrate less well characterized but potentially
important interactions. ET-1, endothelin-1; FGFs, fibroblast growth factors; FST, follistatin; FSTL1, follistatin-like 1; HGF,
hepatocyte growth factor; NO, nitric oxide; VEGFs, vascular endothelial growth factors.From [23]

.

In the clinical situation this generally involves chronically heightened blood pressure and this can be
mimicked in experimental animals. Hypertrophic responses can also be initiated by volume overload or
following loss of contractile myocytes due to myocardial infarction [26, 27].

Besides hypertrophic growth, cardiomyocytes can undergo apoptotic and necrotic responses under
specific pathological conditions, and usually this response is observed following brief periods of ischemia
both in vivo or in simulated ischemia in isolated CMs where the number of apoptotic cells can reach up
to 12% [27].

These cardiomyocytes are hardly regenerated as cardiomyocyte renewal rate is estimated at 1% each
year, declining with age [28].

2.2 Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading cause of death and disability worldwide [1], being
also responsible for a growing proportion of preventable loss of healthy years of life, especially in the
world’s low income regions [2, 3]. According to the World Health Organization (WHO), an estimated
17.9 million people died from CVDs in 2019, yielding 32% of all global deaths. This was two times
as many deaths as was caused by cancer and was more than all communicable, maternal, neonatal, and
nutritional disorders combined [29]. Of these deaths, 85% were due to heart attack and stroke [30]. In
Portugal, in 2016, CVD-provoked deaths amounted to more than 32.000 fatalities, about one-third of the
total deaths in the country [31].

According to the British National Health System (BNHS), the four most common CVDs are coronary
heart disease, stroke (and transient ischemic attack -TIA), peripheral arterial disease and aortic disease
[32].
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2.2.1 Coronary Heart Disease and Myocardial Infarction

Coronary blood flow brings oxygen to myocytes and removes waste products such as carbon dioxide,
lactic acid, and hydrogen ions. The heart has a very high metabolic requirement and cellular ischemia
can occur when there’s either increased demand for oxygen relative to maximal arterial supply or an
absolute reduction in oxygen supply. Most clinical cases are due to decreased oxygen supply (even
though aortic stenosis or thyrotoxicosis can also happen). Reduced oxygen supply commonly stems from
coronary artery abnormalities, particularly atherosclerotic disease. Atherosclerosis of large coronary
arteries remains the predominant cause of angina and myocardial infarction [12].

Atherosclerosis is a progressive disease characterized by the accumulation of lipids and fibrous
elements in the large arteries -atheroma plaques [33]. The initial event in atherosclerosis is infiltration
of low-density lipoproteins (LDLs) into the subendothelial region. The endothelium is subject to shear
stress, the tendency to be pulled along or deformed by flowing blood. This is most marked at points
where the arteries branch, and this is where the lipids accumulate to the greatest degree. The LDLs are
oxidized or altered in other ways. Thus, altered LDLs activate various components of the innate immune
system including macrophages, natural antibodies, and innate effector proteins such as C-reactive protein
and complement [12].

After endothelial inflammatory activation and the entering of leukocytes in the atheroma, chemokines
and chemoattractant proteins participate in the recruitment of further inflammatory cells into the intima.
Monocytes then become tissue macrophages and internalize lipoprotein particles generating foam cells.
These foam cells secrete inflammatory cytokines, reactive oxygen species and other mediators. As
macrophages can die (by apoptosis for instance), a lipid necrotic core of the mature plaque is formed.
Actions of the phagocytes amplify the local inflammatory response, for example by producing matrix
metalloproteinases (MMPS) that degrade extracellular matrix macromolecules that lend to the strength
of the plaque’s fibrous cap. Fracture of a weakened fibrous cap permits blood to contact thrombogenic
constituents of the plaque’s “necrotic” core. The foam cells form fatty streaks. The streaks appear in the
aorta in the first decade of life, in the coronary arteries in the second decade, and in the cerebral arteries
in the third and fourth decades [33, 12].

Current evidence suggests that the physical disruption of plaques leads to sudden progression of the
atheromatous lesions, with the most common type of plaque disruption being the fracture of the fibrous
cap, which also involves inflammation [34, 35, 36]. When the fibrous cap is fissured, coagulation factors
present in circulation can contact with the thrombogenic lipid-rich core of the atheroma, previously
sequestered from the bloodstream by the fibrous cap. Consequently, the coagulation cascade is activated
and the generated thrombin activates platelets - as the prevailing fibrinolytic mechanisms outweigh the
pro-coagulant pathways, a limited mural thrombus, rather than an occlusive and sustained blood clot,
forms. If the thrombus occludes the coronary arteries persistently, an acute myocardial infarction can
result, as depicted in figure 2.7 [33].

10



2.3 Cardiovascular Tissue Engineering and Biofabrication

Figure 2.7: Schematic of the life history of an atheroma from early stages to acute myocardial infarction. From [33]

.

2.3 Cardiovascular Tissue Engineering and Biofabrication

Tissue engineering (TE) combines engineering, chemistry, biology and medicine to create
replacement tissues that can repair, preserve or improve structurally and functionally damaged organs
[37]. When this transversal field emerged, in the early 1990s, it was focused on embedding biological
factors into biocompatible matrices called scaffolds [38].

Cardiac tissue engineering (CTE) approaches are largely based on the use of biocompatible,
bioerodible 3D scaffolds and cardiomyocytes to reconstitute in vitro contractile cardiomyocyte-like tissue
that can be used to replace diseased myocardium in vivo [5, 6].

As the main limitation of is the lack of proliferation of the cardiomyocytes, stem cell research has
been proven key in promising cell sources for the treatment of heart failure as stem cells proliferate
indefinitely, exhibiting self-renewal and differentiation potential [7, 39, 40, 41].

Identifying the correct cell source is not enough for successful tissue reconstruction. Proper cell-
scaffold interfaces are necessary to maintain functional cell activity, regulate cell behavior, and recreate
three-dimensional (3D) tissues. Scaffolds should exhibit biocompatibility and biodegradability [42], high
porosity and sufficient pore size to facilitate cell attachment and cell growth, and facilitate the diffusion
of nutrients and waste from the implant [43]. The mechanical properties of the scaffold are also another
key factor to tune to provide the correct stress environment for the new tissue. [44]

In regenerative medicine, biofabrication corresponds to the automated production of structurally
ordered, biologically functional products from living cells, bioactive molecules, biomaterials, cell
aggregates like microtissues, or hybrid cell-material constructs through bioprinting or bioassembly, and
subsequent tissue maturation processes [45, 46].

Biofabrication strategies can be applied to create clinically applicable tissue constructs that can be
implanted in the body. [8].
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2.3.1 3D Bioprinting

One prominent and gaining popularity method in the field of biofabrication is bioprinting.
Bioprinting is the use of computer-aided and additive manufacturing methods for the patterning
and construction of living and non-living materials with a predetermined two-dimensional (2D) or
3D architecture to create bioengineered structures for regenerative medicine, pharmacology, and
fundamental cell biology studies. This involves the additive manufacture of scaffolds intended to regulate
cell activity for tissue repair or regeneration [8].

3D bioprinting has the potential to produce complex composite tissue structures by layer-by-layer
insertion of living cells and biomaterials. As such, 3D bioprinting constitutes an emerging technology
and is expected to revolutionize the field of regenerative medicine and tissue engineering [47, 48].

According to D.Brézulier et al, a biomaterial can be defined as “any material intended to be in contact
with living tissue and/or biological fluids and having the function of evaluating, treating or replacing any
tissue, organ or function of the body” [49].

One key aspect that differentiates 3D bioprinting from the traditional biofabrication approaches (such
as porogen leaching or gas foaming) is the possibility to incorporate biologically relevant molecules and
cells with high spatial control at the exact moment of scaffold fabrication and deposit the biomaterial
with micrometer precision [8, 50].

The production of 3D bioprinted human tissues typically follows three steps, including pre-
processing, processing and post-processing stages. The pre-processing stage corresponds to designing a
scaffold model for 3D bioprinting and culturing human cells. Throughout the processing stage, the aim is
to manufacture the 3D cell-laden construct via 3D bioprinting. Lastly, the post-processing stage involves
maturing cell-laden constructs in order to strengthen the development of the tissue constructs [51].

Cell viability and functionality must be preserved with the best possible nourishment, oxygen
delivery, and waste disposal. More importantly, chemical and mechanical cues play a crucial role in
directing cellular activities and the growth of human tissues [52, 53].

The biomaterial that is printed, termed bioink, consists of the ink formulation that enables the printing
of cells and growth factors. Selecting an adequate bioink is essential to ensure successful bioprinting
[48].

Most commonly used bioprinters are either inkjet, laser or extrusion-based as depicted in figure 2.8
[51].

Figure 2.8: Main types of bioprinting systems: a) inkjet bioprinter b) extrusion-based bioprinter and c) laser-based bioprinter.
Adapted from [48]

.
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2.3.1.1 Types of Bioprinting

Inkjet Bioprinting
Inkjet bioprinting was the first bioprinting technology to be developed and resembles common 2D

inkjet printing [51]. It is a well-established contactless reprographic method based on the deposition
of drops of ink for 3D printing scaffolds and biomedical devices [54, 55]. As such it is also known as
drop-on-demand printing, drop-by-drop or drop-on-demand bioprinting [56].

Bioink droplets can be generated via three different printing systems including piezoelectric inkjet,
thermal inkjet and electrostatic inkjet bioprinting [57, 58, 59]. Encapsulated cells can also be printed as
droplets and assembled in layer by layer constructs [60].

Inkjet-based bioprinting allows the printing of cell-laden droplets at high resolution in microscale
(10–75 µM) [61, 62, 63]. The advantages of this printing technique account for low cost, fast fabrication
and high resolution [62, 48]. On the other hand, disadvantages include low cell density, drying of
droplets throughout the printing process, limited 3D construction capacity (unless fast curing hydrogels
are used), and most significantly nozzle clogging. Because of the latter, hydrogel viscosity is an
important parameter that must be controlled and highly viscous hydrogels (>10 cP) are not suitable for
inkjet bioprinting [56, 64, 65, 66, 61]. As such, because inkjet bioinks usually have low viscosity, the
3D printed constructs tend to have lower mechanical strength than the target in vivo tissues [58].

Laser-Based Bioprinting
Laser-based bioprinting can be classified as either laser-guided direct cell printing or laser-induced

cell printing. In the first approach, a laser pulse transfers cells from a source and pools them together on a
substrate. The laser can selectively transfer the cells as there is a difference in refractive indices between
cells and the cell media. On the other hand, in laser-induced bioprinting the laser heats an absorbing
donor layer thus creating a change in pressure which enables the ejection of a cell-laden hydrogel block
below the absorbing layer onto the substrate [55, 65, 48].

Contrary to inkjet-based printing systems, laser-based bioprinters can print a wide range of viscosities
(1−300MPa/s) [67].

Additionally, this technique is nozzle-free, which implies that it allows the bioprinting of high density
of cells without clogging and as there is no contact between the bioink and the dispenser leading to less
cell stress and consequently higher cell viability (>95%) [56, 51].

Despite its higher cost, laser-based bioprinting has been used for several biomedical applications
[48]. In a work led by Catros and coworkers, laser-assisted 3D bioprinting allowed the fabrication
of nano-hydroxyapatite (nHA) and human osteoprogenitor cells (HOP) without alterations of the
physicochemical properties of nHA and kept the phenotype, viability and proliferation of HOPs [68].

Extrusion-Based Bioprinting
In extrusion-based bioprinting (EBB) systems the bioink is hauled in a syringe and extruded through

a nozzle either by applying pneumatic or mechanical force [51]. This bioprinting method combines
an automated robotic system for extrusion and a fluid-dispensing system for printing [69]. The
bioink is printed uninterruptedly in cylindrical lines, instead of in a single bioink droplet, and this is
obtained by applying a continuous force. The cylindrical filaments can be accurately fabricated to the
desired 3D structures under the control of the automated robotic system [70]. Commonly, a three-axis
mechanical platform controls the motion of the extruders following the required algorithm and desired
shape [71]]. One of the key advantages of extrusion bioprinting is the ability to print wider ranges of
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viscosity biomaterials. This includes hydrogels, biocompatible copolymers and cell spheroids from 30
to 6∗107mPa/s [72].

Other advantages account for the ability to print high densities of cells, the fastness of the printing
process and the decrease of clogging risk when compared with inkjet-based bioprinting [73, 74].
Nevertheless, extrusion-based bioprinting entails lower fabrication resolution ( 200 µm) and induces
cell shear stress throughout the printing process, which can ultimately reduce cell viability [54, 75].
A biomaterial suited for extrusion-based bioprinting must simultaneously present a steady flow until
deposition and stabilize fast upon delivery [8].

Many researchers have used extrusion-based methods for bioprinting of human tissues [76, 77, 78,
79, 80]. F.Maiullari et al. have extruded a bioink composed of alginate and Polyethylene Glycol-
Fibrinogen (PEG-Fibrinogen) with induced pluripotent cell-derived cardiomyocytes (iPSC-CMs) and
Human UmbilicalVein Endothelial Cells (HUVEC) encapsulated in the hydrogel strands, thus obtaining
3D cardiac constructs which revealed a high orientation index and blood-vessel-like shapes, namely. The
latter were proven to better support the integration of engineered tissue with host’s vasculature [81].

In order to overcome the limitations associated with low printing fidelity of extrusion-based printing
and to lower resolution limit, Freeform Reversible Embedding of Suspended Hydrogels (FRESH)
bioprinting technique has emerged. [82, 83]. FRESH bioprinting is an embedded approach where bioinks
are extruded within a yield-stress support bath that holds the bioink until it is fully cured [82]. This bath
contains a slurry of gelatin microparticles that locks the bioink in space during extrusion. When the
construct is fully printed, the support bath is then liquified at 37°C and washed away from the print. This
method enables the achievement of volumetric patterning in extrusion-based bioprinting [84].

2.3.1.2 Bioinks and Biomaterials

Bioinks consist of biomaterial solutions (inks) and cells in the presence or absence of biochemical
molecules like growth factors. Bioink formulation is one of the main challenges in the 3D bioprinting
of cell-laden scaffolds for human tissues. Different cell hosting biomaterials will have different physical
and chemical cues and the control of these implies a comprehensive understanding of the target cell
physiology [70, 46, 85].

The ideal bioink must meet some specific criteria [86]. Namely, in order to ensure cell viability it
has to be non-inflammatory and non-cytotoxic as well as it must enable an environment that resembles
the natural ECM and allow cells to adhere and proliferate in arrangements similar to those found in the
target tissues [87, 88].

In tissue engineering, biomaterials can be either derived from natural materials or synthetic ones.
Moreover, they can be considered static or dynamic - for instances, biomaterials can be degraded by
hydrolysis or enzymatic action. Biomaterials with a dynamic and complex functionality can be generated
through the usage of techniques like crosslinking or photo-mediated degradation [89].

The development of bioinks derived from natural materials is of key importance in the field of
3D bioprinting. These materials account for alginate, collagen, gelatin, silk fibroin, hyaluronic acid
and chitosan. Natural materials like the aforementioned are particularly useful as they entail inherent
biocompatibility as well as the possibility of harvesting biological cues found in natural cellular
environments to control cell behavior [90, 91, 92, 93, 94, 95, 96, 97].

Examples of synthetic polymers include polyethylene glycol (PEG), poly(lactic-co-glycolic) acid
(PLGA), polylactide (PLA) or polycaprolactone (PCL). Even though these materials don’t exhibit
bioactivity and accurate resemblance to the human ECM like their natural counterparts, synthetic
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polymers can be designed to tailor specific physical properties to better suit specific applications. The
advantages of both kinds of polymers can be gathered in hybrid bioinks that merge natural and synthetic
polymers [70].

In the past, materials that quickly solidify from a non-viscous state have dominated material
formulations used in bioprinting. Examples include alginate, which is quickly crosslinked by calcium
ions, and gelatin-methacrylate (GelMA), which crosslinks by ultraviolet (UV) light [62, 98, 99]. Alginate
is particularly helpful for stabilizing other materials to facilitate heterogeneous, multimaterial extrusion
processes [8, 100].

Viscoplastic and shear-thinning hydrogels can be used as dynamic support materials for bioprinting
[8].

Additionally, decellularized materials from different tissue types can be formulated as bioinks and
extruded with poly(ε- caprolactone) (PCL) supports [93]. Decellularized extracellular matrices (dECM)
have been used in tissue engineering as they hold promising potential [70].

Because dECM bioinks naturally contain a wide range of ECM characteristics, they resemble the
native tissue more accurately and with this in mind, Pati and coworkers effectively solubilized dECMs
from three different tissues (heart, cartilage and adipose tissue) and successfully bioprinted them [70, 93].

Nevertheless, there are still some challenges regarding natural biomaterials, as it is still difficult to
make them printable and simultaneously achieve mechanical properties of biological relevance [91].

2.3.1.3 Rheological and Mechanical Properties

Rheological properties highly impact cell proliferation and differentiation throughout the hydrogel
matrix (a summary of the main rheological events in bioprinting is found in figure 2.9). Among these
properties one can point out the viscoelastic properties. The shape fidelity of the printed structure
chiefly relies on the viscoelastic behavior of the chosen bioinks and implies the usage of higher force
for dispensing the bioink [9]. Yet, bioinks must be suitable for extrusion at stress levels that preserve cell
integrity and both inkjet and extrusion-based bioprinting techniques are prone to cell-damaging shear
stress levels as higher dispensing force yields higher shear stress which damages cell membranes and
ultimately leads to loss of cell viability [9, 101].

As such, inkjet and extrusion-based bioprinting require bioinks with non-Newtonian effects like
strong shear-thinning and self-healing properties in order to lower the viscosity of the ink and ease the
flow through the nozzle without cell damage while ensuring that after the printing the bioink recovers its
initial viscosity. In this way, cell damage is minimized while the ability to stack the material is preserved
and thus printing fidelity is assured [9, 102, 103, 104].

To be considered suitable for extrusion-based bioprinting, the polymeric material must be soluble in
a volatile solvent and the polymer solution ought to have a viscosity within the range of 30-6x107 mPa.s
[105].

Other important bioink parameters are storage and loss moduli. Storage modulus determines the
solid-like properties of a polymeric material [106]. A high storage modulus implies that it is difficult to
break down the polymer, thus making it more difficult to extrude as the nozzle becomes more prone to
clogging. Yet, a higher storage modulus will also yield a better shape fidelity and stability after printing.
Similarly, a low storage modulus entails a more liquid-like polymer that may drip out of the nozzle and
not withstand its shape accurately [107].
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Figure 2.9: Schematic of the bioprinting process in terms of rheology. a) The bioink presents a laminar flow but due to extrusion
pressure, it is affected by shear stress. b) Shear thinning is therefore preferable, leading to reduced viscosity. c) After exiting
the nozzle, the bioink recovers its viscosity in the printing surface. Original figure, based upon [108]

.

A lower storage modulus also yields a higher loss modulus - and in the same way, a high storage
modulus implies a low loss modulus as they vary inversely. As such, a polymeric material is suitable
for 3D bioprinting when there is a balance between both moduli. Namely, a polymer with a storage
modulus higher than its loss modulus is considered to be more suitable for this end, as the material will
withstand its shape without compromising the ability to be extruded [106, 107, 109]. When compared
with materials of higher viscosities, bioinks with lower viscosities (10Pa - 10000Pa) and low storage
modulus (< 1500 Pa) exhibited higher cell proliferation and a porous morphology [9]. Additionally,
these parameters also determine how soon the polymer will begin to break down when subjected to
mechanical force [106, 107, 109].

Another key feature of the bioinks is its ability to maintain a stable 3D network after printing. These
reticulated networks can be formed in reversible or irreversible fashion, depending on the crosslinking
mechanism. The crosslinking method highly influences the stability of the printed construct [110].

As hydrogel-forming polymers commonly present the aforementioned key bioink features, hydrogels
are the most used biomaterials for extrusion-based bioprinting [111].

High-shape fidelity has been associated with an effect termed yield stress. This non-Newtonian
effect is defined as a lower stress threshold at which solid-like materials begin to deform plastically and
is commonly found in colloidal gels, suspensions and emulsions [112, 113, 114].

Materials used in bioinks usually exhibit a viscoelastic behavior and can also display thixotropy,
which is a reversible, time-dependent isothermal decrease in the apparent viscosity of a material that
is submitted to an increased shear rate [114, 115]. This complex behavior allows the gel bioinks to
behave as a fluid whilst also presenting soft solid-like material properties depending on the applied
perturbations. This complexity implies that the rheology of such materials cannot be studied within the
scope of Newtonian viscous fluids. As depicted in figure 2.9, the rheological behavior of ideal bioinks
ought comprehend the following alternating stages during the printing process: (1) gel behavior due to
the dominance of elasticity over viscous (liquid-like) behavior before extrusion; (2) structural break-up
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with viscous behavior prevailing during extrusion; (3) full structural build-up with return to original state
upon deposition [116, 117, 118, 119]. Achieving an appropriate balance between viscous and elastic
behavior is crucial for printable hydrogels as depicted in figure 2.10.

Figure 2.10: Depiction of hydrogels with rheological behaviors varying between strong elastic and strong viscous behavior, and
the underlying expected printability. From [114]

.

Lastly, mechanical properties are also crucial in obtaining functional and mature constructs. For
cardiac constructs, mechanical properties of the bioprinted construct ought to match those of the native
myocardium and support synchronous beating, force generation and maturation [9]. The mechanical
properties of the myocardium vary with age - for instance, the mechanical stiffness of rat embryonic
heart tissue (cardiac tube <0.2 kPa) is lower than in neonatal (4.0 and 11.4 kPa) and adult (11.9 to 70
kPa) tissue. Additionally, infarcted myocardium contains fibrotic tissue (50–90 kPa) which is stiffer
than healthy tissue that did not underwent remodeling and fibroblast proliferation [120].Generating
mechanically robust tissue is possible through mechanical stimulation in dynamic flow conditions to
promote the remodeling of the ECM and consequently increase the stiffness of the printed constructs
[121].

2.3.1.4 Electrical Conductivity

In excitable tissues (such as the myocardium), electrical properties are of utmost importance, playing
a key role in cardiac bioprinting. As the native heart has self-contractility and signal propagation features,
excitable cells like cardiomyocytes have been printed with conductive bioinks to enhance the degree of
orientation and gap junctional coupling [9].

In this sense, one of the key challenges that bioprinting techniques face is the poor electrical
conductivity of most bioinks because the used polymers are not usually inherently conductive [122].
Conductive hydrogels enable providing electrical cues to living cells embedded in 3D constructs to
mediate the development of several cell types [123, 124, ?, 125].

Recently, many research groups have been incorporating metallic or carbon-based conductive
nanomaterials to bestow conductivity to the printed constructs [126, ?, 127, 128, 129]. Electrically
active nanomaterials have been used to induce maturation in electrically excitable tissues like nerves and
cardiac tissues [9].

17



2.3 Cardiovascular Tissue Engineering and Biofabrication

2.3.1.4.1 Carbon-based Materials Commonly used carbon-based nanomaterials account for carbon
nanotubes [127, 130, 131], graphene-based materials [132, 133] and MXenes [134, 135]. Carbon-based
nanomaterials are frequently incorporated in bioinks as they enhance both electrical and mechanical
properties of the inks, whilst also improving their printability as they control the viscosity of the ink
[133]. This topic is further elaborated on Section 3.1.

2.3.1.4.2 Other Conductive Materials Other nanoparticles have been incorporated in bioinks to
functionalize polymers. Tal Dvir and his group have used gold nanoparticles for several tissue
engineering applications [126] including cardiac tissue engineering [136]. Zhu and coworkers developed
a composite bioink composed of GelMA and alginate with gold nanorods (GNRs). The inclusion
of GNRs improved both the conductivity of the bioink as well as the adhesion and proliferation of
the encapsulated cells [?]. Ricotti et al. have induced maturation of skeletal muscle cells by adding
piezoelectric particles like boron nitride to their hydrogels [137].

2.3.1.5 Auxetic Designs

As previously stated, the mechanical properties of the biomaterials used for cardiac applications
should match those of the healthy native tissue. Yet, the Young’s Modulus of the native human heart
varies from 0.02 to 0.50 MPa according to the phase of the cardiac cycle (systole or diastole). In infarcted
tissue this modulus is even higher [138, 139]. Young’s modulus is the ratio of tensile stress (σ) to tensile
strain (ε) and it refers to how easily it can stretch and deform, being a rigidity measure for solid materials.
Another important mechanical property is Poisson’s Ratio, a dimensionless constant that describes the
ratio of negative transverse strain (εT ) to the longitudinal strain (εL) when a material is subjected to
tensile load or compression [140]. It is given by equation (2.1):

ν =−εT
εL

(2.1)

This elastic constant allows the comparison between structural performances of homogeneous and
non-homogeneous materials [141]. Even though this ratio was assumed to be positive (because it was
implicitly thought that isotropic materials in nature had a positive or null Poisson’s ratio), it is now
known that there are materials with an inverse behavior, exhibiting a negative Poisson’s ratio [142, 143].
Materials with this behavior expand their transverse dimension when subjected to axial tensile strength
and contract when compressed [144]. They are termed auxetic materials and this term, “auxetic”, arises
from the greek αυχητικoζ , meaning “that which tends to increase” [145].

The behavior of an auxetic re-entrant unit is depicted in figure 2.15.

Figure 2.11: Depiction of auxetic behaviour in re-entrant structures. [146]
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As in anisotropic systems the Poisson’s ratio depends on the direction of the stretch and other
transverse directions, there are materials that exhibit a partially auxetic behavior (they show auxetic
behavior in some directions and non-auxetic in others) [147, 148].

Anisotropy is an important property in regenerative medicine because the hierarchical structure of
tissues, like muscle tissues for instance, requires a level of anisotropy in pore structures in order to
achieve functional tissue regeneration. In fact, myofibers present a high degree of directionality thus
requiring anisotropy to direct flexion [149].

Different auxetic structures have been used to induce auxetic behavior. They are chiefly classified
as re-entrant units figure 2.12, rotating and semi-rotating units figure 2.13 and chiral units figure 2.14
[150, 151, 152].

Re-entrant honeycomb structures as in 2.12a deform chiefly through the flexure of diagonal ribs
[153].

Figure 2.12: Different re-entrant auxetic designs. The movement of the blue segments generates the auxetic behavior. (a) Re-
entrant honeycomb, (b) double arrowhead, (c) star honeycomb, (d) structurally hexagonal re-entrant honeycomb, (e) lozenge
grids, (f) sinusoidal ligaments [153].

In rotating or semi-rotating cell units, the auxetic effect is obtained by rotating triangles, rectangles
and squares as a response to applied load, as seen in figure 2.13.. [153]
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Figure 2.13: Different rotating auxetic designs.(a) Triangle unit cells, (b) square unit cells, (c) rectangle unit cells [153].

Figure 2.14: Different chiral auxetic designs. (a) chiral structure with same units, (b) chiral structure with symmetrical units
[153].

As shown in 2.14, basic chiral units were first composed of connected straight ribs to a central node
in a closed loop geometry. A chiral structure is then formed by connecting the chiral units and the
auxetic effect is achieved by either wrapping or unwrapping the ribs via node rotation according to an
applied load [153].

2.3.2 Other Biofabrication Techniques

Besides 3D bioprinting, other biofabrication techniques include lyophilization, electrospinning, basic
solvent casting, gas foaming, phase separation and self-assembly [154].

Briefly, lyophilization (or freeze-drying) is a process of low-temperature dehydration where a
material is firstly frozen and then submitted to vacuum with increased temperature, allowing the
sublimation of ice into vapor. This technique allows the biofabrication of highly porous scaffolds, whilst
preserving the bioactive characteristics of the lyophilized material [155].
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Table 2.1: Comparison of various biofabrication techniques in terms of benefits and difficulties inherent to their use. Adapted
from [156]

Scaffold Fabrication
Method Advantage Disadvantage

3D Bioprinting

Fabrication of desired complex structures
with micrometer precision (flexibility in production);
Scalable; Possibility to incorporate cells and
biological molecules with high spatial control;

May lack mechanical strength;
Requires a 3D bioprinter.

Lyophilization
30-80% porosity; 50-450 nm fiber
diameter; High cell viability (<90%)

Requires a freeze-dryer;
Limited to small pore size;
Irregular pores; Long processing time.

Electrospinning

80-95% porosity with strong interconnectivity;
Good cell viability (<80%);
Good mechanical properties;
Simple fabrication

Requires high voltage device;
Solvents may be citotoxic;
Difficulties in shipping and handling.

Solvent Casting
Simple fabrication;
Good mechanical stability

Uncontrolled structures;
Lacks reproducibility

Self-Assembly
80-90% porosity;
Good cell viability (70-90%)

Poor control over fiber dimension;
Complex process; Not scalable

Phase Separation Simple fabrication; 60-95% porosity
Potentially toxic solvents;
Poor architecture control;
Restricted pore size

Gas Foaming Solvent free; Maintains bioactive molecules in matrix.
Requires high pressure; Poor pore
interconnectivity; Skimming film
layers on the scaffold surface.

Electrospinning is a method that allows the production of ultrafine fibers. In brief, a high-voltage
electric field is generated to charge and eject a polymer solution which is then solidified into a filament
[156]. Electrospun fibers can forms different structures (e.g. honeycomb) via self-assembly, with
spontaneous and reversible organization of molecular units [157].

Another technique for fabricating scaffold thin films is solvent casting, where a cast is dipped in a
polymer solution and then retrieved, thus allowing the solvent to be evaporated to leave a polymer film
in the cast [158]. A very popular subtype of solvent-casting technique is spin-coating. In this approach,
a polymer solution is applied to a substrate (typically a silicon wafer or a glass slip) and the latter is
rotated, thus allowing the solution to undergo centrifugal forces and spread over the surface, leading to
solvent evaporation and thin film formation. [159]

Phase-separation is another powerful method for porous scaffold biofabrication. It can be induced
either by a non-solvent or temperature, being termed, respectively, non-solvent- induced phase separation
(NIPS) and temperature-induced phase separation (TIPS). In NIPS a non-solvent is mixed in a
homogeneous polymer solution decreasing the polymer-solvent affinity and thus inducing a liquid-
liquid phase separation. In TIPS, a change of temperature induces this liquid-liquid phase separation.
In both approaches, a dense (polymer-rich) phase and a dilute (polymer-poor) phase are generated.
Crystallization takes place in the dense phase whereas the dilute phase originates porous channels [160].

Lastly, scaffolds can be fabricated via gas foaming. In brief, in this method gas (termed blowing
agent) is injected in a solid resulting in a foam with gas bubbles or gas tunnels. This technique is
scarcely used for scaffold biofabrication as it yields poor pore diameter control [161].

Comparisons between the aforementioned techniques and 3D bioprinting are enlisted in table 2.1.
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2.4 State of The Art On Biofabrication of Conductive Materials for
Cardiac Regeneration

One key problem regarding cardiac regeneration with hiPSC-CM is the lack of maturation. In fact,
cardiomyocytes differentiated from iPSC can exhibit behavior similar to their native healthy counterparts
like spontaneous contraction, relaxation and calcium ion influx but they still lack essential features of
adult mature CMs such as binucleation, cell shape index, organized sarcomeres and T-tubules [162].
Several approaches have been explored in order to achieve said maturation levels.

H.V.Almeida et al. have functionalized ECM of hiPSC-based cardiac tissue to improve
cardiomyocyte maturation [163].

Y.Wu and coworkers enhanced CM maturation by creating a 3D hybrid scaffold made of aligned
conductive nanofiber yarns network with polycaprolactone, silk fibroin and carbon nanotubes for
inducing conductivity. Their scaffold also controlled cellular orientation and anisotropy, making it a
great candidate for 3D cardiac engineering [164].

Z.Wang et al. were able to obtain CMs with some degree of maturation by 3D printing a cell-
laden hydrogel (mainly composed of fibrinogen, gelatin and hyluronic acid) with a sacrificial hydrogel
(gelatin, glycerol and hyaluronic acid). Their cardiac constructs exhibited spontaneous synchronous
contraction in culture and showed progressive development once the CM exhibited uniform alignment
and electromechanical coupling (confirmed by immunostaining for α-actinin and connexin 43) [165].
One important topic to consider in cardiovascular tissue engineering is the matrix or scaffold geometry -
if, for instance, tube-like geometries are a requisite for engineering vascular tissues, then in myocardial
tissue engineering patches or injectable hydrogels are the norm [166, 167].

Eschenhagen and co-workers have engineered myocardium ring-shaped patches by combining
Matrigel and collagen type I, which were then seeded with neonatal cardiomyocytes subjected to
mechanical strain [168]. This technique has been consecutively modified and improved, which allowed
W.H.Zimmerman, T.Eschenhagen and co-workers to implant the patches in infarcted rat myocardium,
with these exhibiting electrical coupling to the native tissue and enhanced left ventricular function 28
days after the implantation [169].

In order to achieve better conformation to the mechanics of the human heart, Kapnisi and coworkers
have developed an auxetic conductive cardiac patch (AuxCP) by utilizing excimer laser microablation
to generate re-entrant honeycomb (bow-tie) architectures out of a chitosan-polyaniline composite, as as
depicted in 2.15. They changed the design parameters of the auxetic structures, which allowed them to
optimize the anisotropic stiffness and conductivity to match that of the native myocardium. Their AuxCP
demonstrated great mechanical strength and conformed better to the native cardiac tissue movements
when compared with non-auxetic patches of the same composition. Moreover, in MI-induced rats,
the AuxCP adhered to the myocardium for over 14 days and decreased the ventricular wall stress and
hypertrophy when compared with the control groups [146].

H.Cui et al. have developed a GelMA/PEGDA printable ink to create an anisotropic cardiac
patch with myocardial fiber orientation (the fiber angles varying from +60◦ to −60◦ and wave-like
patterns). This group followed two different approaches: first they opted for printing a cell-laden
bioink (GelMA/PEGDA/hiPSC-CM) and then they tried post-seeding of hiPSC-CM on printed patches
(GelMA/PEGDA), with the second approached entailing a higher degree of proliferation and beating rate.
In fact, after 7 days of culture the hiPSC-CM agreggated on the printed fibers displaying a synchronoys
contraction throughout the whole patch, which indicted electrophyisiological coupling of the cells [170].
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Figure 2.15: A) Schematic of the bow-tie dimensions. B) Illustration of the alignment of the auxetic cardiac patch (AuxCP) on
the heart. C) Illustration of the auxetic behavior of the re-entrant honeycomb (bow-tie) geometry. D) Digital optical microscope
images of the AuxCPs during tensile testing at 0.8% strain and 12.6% strain (scale bars: 1 mm). From [146]

Moreover, this group aimed to create vascularized patches and to this end they performed a tri-culture
with human mesenchymal stromal cells (hMSCs), human endothelial cells (hECs) and hiPSC-CMs. This
approached was conducted to improve cell viability, angiogenesis, myogenesis and cardiac contractility
as the usage of different cell types stimulates paracrine activity [170]. After 7 days the printed constructs
showed an uniform cell distribution and longitudinal alignment of cells according to fiber direction.
Lastly, to evaluate the performance of the patch in vivo in whole hearts, this group created a MI model
with ischemia-reperfusion injury in mouse hearts. The patches were then placed on the infarcted tissue
and after 10 weeks of implantation the infarction size on patch groups was significantly smaller when
compared with control groups (MI only), thus suggesting that the patch can prevent left-ventricle (LV)
remodeling [170].

In the work developed by Gaetani and coworkers, human cardiac-derived cardiomyocyte progenitor
cells (hCMPC) were bioprinted in RGD-functionalized alginate, in different concentrations (5%, 7.5%
and 10%) of alginate [171]. Cultured hCMPC exhibited high viability (92% and 89% after 1 and 7
days respectively) within the printed constructs. It was observed that bioprinted hCMPC preserved their
commitment to the cardiac lineage, which was evidenced by the enhancement in gene expression of early
cardiac transcription factors and sarcomeric protein TroponinT in 3D culture. Moreover, the printed
hCMPC were able to migrate from the alginate and form tubular-like structure [171].

Regarding the inclusion of conductive nanomaterials, and in particular carbon nanotubes (CNT),
M.Izadifar and coworkers have bioprinted CNT-reinforced alginate with photo-liable methacrylated
collagen into cardiac constructs which exhibited a significantly higher electrical conductivity and
compressive modulus with excellent biological performance (in vitro). Indeed, CNT-reinforced
bioprinted constructs enhanced the proliferation and differentiation of the human coronary artery
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endothelial cells within 7 to 10 days [122]. In the work developed by Ho et al., polycaprolactone carbon
nanotube composite scaffolds were printed for cardiac tissue engineering, with results suggesting cell
proliferation and thus potential for future uses [172].

Regarding now the use of MXenes, a new class of materials further detailed on section 3.1.4.2,
H. Rastin et al. used carbide-derived 2D MXene nanosheets dispersed in a hyaluronic acid/alginate
(HA/Alg) composite hydrogel for 3D extrusion-based bioprinting. This bioink exhibited excellent
rheological properties and therefore enabled the production of multilayered 3D structures with shape
retention and high resolution. Additionally, the inclusion of MXene nanosheets successfully bestowed
electrical conductivity to the bioink, tackling the low conductivity of current bioinks. Lastly, because
the biocompatibility of the encapsulated human embryonic kidney 293 cells was above 95% in both
hydrogel and 3D printed constructs, the results obtained by this group position MXenes among the most
promising nanomaterials for bioprinting of electrically active tissue [134].

The group led by S.Boularaoui, on the other hand, has improved the conductivity of a GelMA bioink
by adding MXenes for the bioprinting of C2C12 skeletal muscle cells. The inclusion of MXenes has
enhanced both electrical and rheological properties which allowed increased differentiation of myoblasts
as well as improved biocompatibility (97%) [135].

A summary of recently conducted works on biofabrication for cardiac regeneration is found in table
2.2

Considering this, in this dissertation biocompatible hydrogels are combined with conductive
nanomaterials to produce scaffolds and cell-laden bioprinted constructs that potentially allow the viable
cell culture of human cardiomyocytes and consequently enhance cell maturation.

Table 2.2: Summary of recent studies on the biofabrication of conductive constructs for cardiac regeneration.

Bioink Material Polymer Concentration Design Cell Type Cell Viability Reference

GelMA in PCL
substrate

10% GelMA (w/v)
Auxetic (missing
rib and re-entrant
honeycomb)

hiPSC-CM

>90% (0.2 mm
thickness patch)
75% (0.4 mm
thickness patch)

[173]

Polyaniline/Phytic Acid
+ Chitosan film

23% / 46% (v/v in water)
1.8% (wt) in acetic acid (2%)

Auxetic (re-entrant
honeycomb/ bowtie)

CM in whole-heart
(ex-vivo)

- [146]

Alginate (RGD modified) 5%, 7.5% and 10% Porous scaffold s
92% at day 1
89% at day 7

[171]

dECM/GelMA (GE)
dECM/GelMA/ (GME)

10% / 1% (w/v)
10% / 1% / 0.1% (w/v)

Layered grids
hiPSC-CM
hCFs

74 pm 10% hiPSC-CM
in GE
84 pm 3% hCFs in GME

[174]

Fibrinogen/Aprotinin
/Glycerol/

20%/30%/10%/3% (w/v) String grid patch
Neonatal rat
ventricle CM

- [165]

GelMA 10% (w/v) Layered grids
3T3 Fibroblasts
CMs

approx 80% at day 7 [175]

GelMA/LAP
(lithium 2,4,6 biphenolphosphinate)

5%/0.1% (w/v) Slab and lines hESC-CMs
90.5 pm 0.5 % for
isotropic slabs

[176]

Collagen type I in gelatin/pluronic
F-127/gum arabic slurry (FRESH
bioprinting)

24% (w/v) Tube print
hESC-CM
Fibroblasts

- [177]

GelMA

10%
15%
20%
25%

Layered grids
CMs
Fibroblasts

1 [178]

GelMA/PEGDA 5%/15%
4D self-morphing wave
and mesh patterns

hiPSC-CMs and
in vivo (whole heart)

- [170]

PCL -
Missing-rib units
(auxetic pattern)

hMSCs 85.3 ± 2.1% [179] 2
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Chapter 3

Bioink and Hydrogel Preparation and
Characterization

In this chapter, all practical aspects inherent to the preparation of biomaterials for bioengineering a
scaffold for cardiomyocyte culture are detailed and documented.

3.1 Materials

The following materials were used: sodium alginate (PanReac, AppliChem GmbH, Germany
and Pronova, NovaMatrix, Norway), gelatin (Sigma-Aldrich, Gel strength ∼ 300 g Bloom, type A
from porcine skin), sodium chloride NaCl (PanReac, AppliChem GmbH, Germany), calcium chloride
CaCl2 (PanReacAppliChem GmbH, Germany), HEPES (ThermoFisher Scientific, USA), single-walled
carbon nanotubes CNTs (Sigma-Aldrich, USA, carboxylic acid functionalized), N-Hydroxysuccinimide
(NHS,Sigma-Aldrich, USA), N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC,
Merck, Germany, commercial grade powder), genipin (98% (HPLC), powder, Sigma-Aldrich, USA)
and Roswell Park Memorial Institute (RPMI) 1640 Medium (Sigma-Aldrich, USA).

Titanium carbide MXenes solution was synthesized at CENIMAT | i3n (according to the protocol
detailed in A.4) as well as Phosphate Buffer Saline (PBS) solution (pH=7.4).

The following equipment was used for bioink and hydrogel preparation: TissueStartTM bioprinter
(TissueLabs, Switzerland), polymeric nozzles with 20 G (TissueLabs, Switzerland), Onshape software
(Onshape, USA), 3 and 5 mL bioprinting syringes (B.Braun, Germany), Neya-8 bench top centrifuge
(Remi Lab World, India) and disposable materials (flasks and centrifuge tubes).

For characterization, the following equipment was used: Anton Paar RheoCompassTM Modular
Compact Rheometer MCR 502 (Anton Paar, Austria), Anton Paar RheoCompassTM software (Anton
Paar, Austria) Gamry Reference Potentiostat (Ocean Optics, USA), Q15OT ES turbomolecular pumped
coater (Quorum Technologies, UK), Asylum MFP-3D AFM system (Oxford Instruments, UK) and
TM3030 Plus bench electron microscope (Hitachi, Japan).

3.1.1 Alginate

Alginate is an anionic polysaccharide that is derived from brown algae. Alginate is bioinert,
has adjustable viscosity, is easily printed and crosslinked under physiological conditions - and these
properties make it a recurrent choice for bioprinting. Alginate is ionically crosslinked by being exposed
to divalent cations like magnesium chloride (MgCl2) or calcium chloride (CaCl2) [180].
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Viscosity is an important parameter to consider in bioprinting. The viscosity of alginate depends
on its concentration, temperature and molecular weight. Higher concentration, lower temperature and
higher molecular weight (10000–600000 gmol−1 ) will yield higher viscosity [181].

However, this biomaterial can be very limited for biomedical applications as it lacks cell attachment
sites which implies that adhesion, proliferation and differentiation of cells is compromised in alginate.
Bioprinting wise, the concentration range is also limited once in lower concentrations its subsequent
lower viscosity leads to shape distortions and in higher ones the inherent higher viscosity requires higher
pressures which may be difficult to attain, while also leading to uncontrolled swelling. In order to
address these drawbacks, alginate is commonly functionalized with the integration of other materials
or molecules that enhance its properties and potential [181]. This functionalization can occur through
covalent binding with cell attachment proteins like RGD, RGE and RGD/YIGSR, conjugating with
photoactive materials or blending with functional proteins like collagen, gelatin or fibrinogen [9].

Figure 3.1: Sodium alginate structure.

3.1.2 Gelatin

Gelatin is a collagen-derived material that is obtained by denaturing collagen with either a
concentrated acid (type A) or a concentrated base (type B). Like collagen, gelatin contains RGD cell-
binding motifs and is an inherently biocompatible and biodegradable material, suitable for cell culture
[182, 183].

Gelatin can form a gelatinous structure by undergoing temperature-dependent sol-gel transformation
reversibly, going from coil to helix conformation below 30−35◦C as seen in figure 3.2 [9].

The degree to which gelatin is thermoresponsive depends on the temperature, solution concentration,
used solvent and crosslinking agent. Crosslinking agents like transglutaminase improve the structural
stability of gelatin at physiological temperatures [9].

Because its melting temperature is relatively low (ranging from 31.7 to 34.2◦C), applications
with gelatin at physiological conditions are quite limited[184]. Therefore, in order to use gelatin for
biomedical applications other biomaterials must be added to stabilize the gel [185].
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Figure 3.2: Gelatin formation and gelation.

3.1.3 Hydrogel Crosslinking

As mentioned, hydrogels require a certain level of stabilization. For gelatin, this is ensured
through the usage of genipin or N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride with
N-Hydroxysuccinimide (EDC/NHS). Genipin is a natural and non-toxic compound derived from the
fruits of the Gardenia jasminoide plant capable of covalently crosslink polymers with amino groups such
as gelatin and other collagen derivatives. Genipin undergoes hydrolisis in aqueous environments and
reactive intermediates, such as genipin dialdehyde, are produced. -CHO groups in genipin dealdehyde
are able to establish primary amine bonds with amine groups found in gelatine, which leads to the
formation of Schiff bases that further react, under physiological conditions, with amine groups thus
forming secondary, stronger, amine bonds [186, 187]. Recently, genipin has been considered a suitable
agent for biomedical applications as it is biocompatible and adequate for bioprinting once upon addition
to bioinks it does not have an immediate impact on printability, due to its slow gelation [186]. As
genipin is an expensive compound, when immediate biocompatibility is not an issue, other more toxic
alternatives like EDC/NHS can be used. In the present work, for cell-free printed constructs, EDC/NHS
was used and the printed structures were then thoroughly washed to remove the unreacted chemicals.
EDC/NHS also allows covalent crosslinking of sodium alginate through carbodiimide chemistry [188].
Because alginate contains carboxyl and hydroxyl groups, it can be easily ionically crosslinked upon
addition of divalent cations such as calcium ions, forming a stable hydrogel. similar to the ECM [189].
Lastly, as alginate is an anionic polymer, it is electrostatically attracted to gelatin’s amino groups, which
are positively charged. The main chemical bonds present in an alginate-gelatine blend with genipin are
present in figure 3.3.
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Figure 3.3: Depiction of the dual-crosslinking bonds in an alginate-gelatin blend with genipin. 1) Electrostatic attraction
between the amine groups in gelatin and carboxylic groups in alginate 2) Covalent bond between the amine groups of genipin
and gelatin. Original figure, based upon [186]

3.1.4 Conductive Carbon-Based Motifs

3.1.4.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are considered one of the most studied nanomaterials. They consist of
carbon atoms arranged in aromatic ring that in turn are arranged with more rings, thus being carbon
allotropes shaped in cylindrical tubes with a diameter of a few nanometers and a much larger length of
several micrometers [190, 191]. They exhibit an hexagonal mesh structure and can display different
shapes and types with varying lengths, widths and amount of graphite layers as seen in figure 3.4.
Depending on their geometry and number of graphite layers, CNTs can be classified as either single-
walled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). While SWCNTs
exhibit a one-dimensional graphite layer (0.8 to 2 nm in diameter), MWCNTs are made of many graphite
layers (diameters of 2 to 200 nm) [192, 193].

Because CNTs exhibit good conductive properties, high mechanical strength, biocompatibility and
provide great cues for cell growth, these nanomaterials have been commonly used in tissue engineering
[194]. Moreover, as CNTs exhibit high porosity they behave like collagen fibers of the ECM, making
them suitable candidates for bioengineering applications [195].

Figure 3.4: Depiction of SWCNTs with different structures - armchair, zigzag and chiral structures.

28



3.1 Materials

Even though CNTs are often regarded as non-biodegradable, recent works have demonstrated that
functionalized CNTs can be degraded by oxidative enzymes [190].

3.1.4.2 Carbide MXenes

MXenes are a relatively new class of 2D transition metal carbide nanomaterials [196]. MXene
nanosheets are chiefly obtained through chemical etching of an A layer from the 3DMAX phase and their
structural formula is Mn+1AXn where M denotes transition metals (such as Sc, Ti, Zr, V), X is C or N
and A represents an element of the groups 13 or 14 of the periodic table (e.g. Al) [134, 197]. This leads to
large versatility, which makes MXenes advantageous when compared with metallic nanomaterials.[198].
Figure 3.5 depicts top and side views of the crystalline structure of titanium carbide MXenes (Ti3C2).

MXenes are water-dispersible as the chemical milling process provides a hydrophilic surface (upon
removal or A layers using fluoride-containing etching agents like HF) [199] . Because of their key
characteristics - high electrical conductivity, biodegradability and large specific surface area - over the
past few years, MXenes have gathered attention due to their potential for biomedical applications [197,
200, 201, 202]. These features along with the ease in dispersing MXenes in aqueous solutions make this
class of materials suitable for 3D bioprinting [134].

Figure 3.5: Top and side views of the crystalline structure of titanium carbide MXene monolayers. T represents surface
terminations of -O or -F. Ti and C layers are labeled according to their proximity to the surface. From [203].
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3.2 Methods

3.2.1 Gel-Alg Bioinks

3.2.1.1 First Blends

Briefly, sodium alginate (6%) was dissolved in sodium chloride (NaCl) aqueous solution (0.9%) at
60ºC and stirred for 24h. Gelatin (10%) was dissolved in PBS solution with stirring at 40ºC for 1h.
Final solutions were prepared by combining variable predetermined amounts of alginate and gelatine:
3%alginate+3%gelatine (A3G3), 3%alginate+5%gelatine (A3G5), 5%alginate + 3%gelatine (A5G3) and
a fourth solution - only prepared for rheology studies due to its high viscosity - 5%alginate+5%gelatine
(A5G5).

3.2.1.2 Conductive Blends

For the chosen blend - A3G5 -, the process was the same as aforementioned but gelatine (10%)
was dissolved either in PBS or nanomaterial concentrated stock solution (CNTs or MXenes) in order to
achieve the desired concentrations: A3G5, A3G5 with MXenes (0.1 mg/mL, 0.3 mg/mL, 0.5 mg/mL)
and A3G5 with CNTs (1 mg/mL, 3mg/mL and 5mg/mL). A schematic representation of the process is
found in Appendix A, on figure A.1.

MXenes stock solution was prepared in-house, according to the method described in Appendix A.4.
CNTs stock solutions were prepared by dissolving CNTs (5 mg/mL and 10 mg/mL) in millipore

water and sonicating in an ultrassound bath for 40 minutes.
Once all blends were obtained, plastic cartridges (of variable volume, according to application), were

filled and centrifuged for one minute at 1000 rpm to remove air inclusions.

3.2.2 Hydrogel Sheets Preparation

For characterization purposes, hydrogel sheets were produced. Briefly, hydrogel inks were prepared
as aforementioned. Plastic cartridges (1 mL) were then filled and centrifuged for one minute at 1000 rpm
to remove air inclusions. Blends were poured in a costume-made setup and a histology blade was used
to evenly distribute the hydrogel. Then, double crosslinking was performed. First, EDC/NHS (2:1:2
EDC:NHS:Sodium Alginate) solution was added with a micropipette to ensure covalent crosslinking.
After 15 minutes,CaCl2+HEPES solution was added for another 15 minutes, after which newly-formed
hydrogel sheets were washed in a CaCl2+HEPES bath to remove excess EDC/NHS. Sheets were then
washed in millipore water to remove excess calcium ions. A schematic representation of the process is
found in figure A.2, on Appendix A.

3.2.3 Printability

To assess printability and for all bioprinting experiments, TissueStartT M (TissueLabs, Switzerland)
bioprinter was used. The first tests were performed at room temperature (25oC) even though the goal
was to conduct them at cell incubation temperature (37oC) - which was not possible due to the system’s
limitations. Preliminary experiments were conducted with sodium alginate (3%) solution using different
conical polymeric nozzles with different inner diameters (ID=0.260 mm, ID=0.413 mm, ID=0.603 mm
and ID=0.838 mm) and infill density of 99%. After choosing the nozzle with ID= 0.603mm (gauge=20
G) based upon qualitative observations, printing parameters (printing speed and printing flow) were
optimized. Printability tests were conducted using a 50 mm petri dish as the printing surface.
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3.2.4 Printing Accuracy

To assess strand thickness printing accuracy, one single layer was printed, and to this end a simple
monolayered 2x2 square lattice (1 mm x 1 mm) was designed using Onshape software (Boston, USA),
exported as an STL file and imported into Repetier Host, a 3D printing software. Repetier Host is used
as a visual representation of the 3D printer and allows the setting of printing parameters. Within Repetier
Host, Slic3r software analyzes printing geometries and constraints, allowing the slicing of the STL file
and the generation of a printing path recognizable by the printer (a G-Code file). Figure 3.6 depicts the
proof-of-concept design used for this assay. Images were taken after printing one layer of material and
then ImageJ Fiji software was used to determine dimensions and calculate printability parameters. Strand
width was measured at multiple locations and then averaged. The obtained values represent the actual
nozzle diameter, once the viscosity of the hydrogels yields a printing diameter superior to the nozzle ID.
Prints using the StandardInk™ (TissueLabs, Switzerland) were used for printing accuracy calculations.

Figure 3.6: Proof-of-concept design (STL file) for printing accuracy testing.

3.2.5 Rheological Testing

Rheological properties of the uncrosslinked bioinks were assessed using an Anton Paar
RheoCompass™ Modular Compact Rheometer MCR 502 and a plate-plate geometry with a 1mm gap.

First, the viscosity of the initial bioinks with varying alginate and gelatin contents was assessed. After
choosing the final blend, the viscosity of that blend, henceforth denominated Control blend, was assessed
with and without different concentrations of Ti3C2 nanosheets and carbon nanotubes.The viscosity of the
Control blend with 0.1% genipin after 4h of crosslinking was also assessed.

The shear viscosity was obtained by applying a shear rate test with a shear ramp of 0.01 to 1000,
based upon standard reported procedures ([186]).

For the oscillatory tests, an amplitude sweep test was performed in a 1 Hz frequency in order to
choose a shear strain value that yields a linear viscoelastic region (LVR) - the LVR indicates a range in
which rheological tests can be performed without damaging the structure of the sample. A 1% shear
strain was chosen. Frequency sweep tests was performed ranging from 0.1 to 100 rad/s.

Tests were conducted at 37ºC in order to mimic the exact properties of the printing process in a cell
culture chamber and experiments were performed three times to ensure reproducibility.

3.2.6 Swelling and Degradation

In both swelling and degradation tests, hydrogel sheets were prepared as described in 3.2.2 and
samples were incubated in PBS at 37ºC, so as to simulate cell culturing conditions. Changes in mass
were measured at specific timepoints using a weight scale.
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3.2 Methods

3.2.6.1 Swelling

Hydrogel discs (diameter of approximately 7.5 mm) were cut and left to air-dry in 24-well plates for
one day, refrigerated at 4ºC. Afterwards, dry samples were weighted (Ws0) and then 1mL of PBS was
added to each well and samples were then incubated at 37ºC. Samples were weighed (Wst) after 1, 2, 3,
4, 5, 6, 7, 24 and 48 hours. The swelling percentage (S) was calculated as in equation 3.1.

S =
Wst −Ws0

Ws0
×100 (3.1)

3.2.6.2 Degradation

Hydrogel squares were cut from prepared sheets using a scalpel as a way to reduce material waste.
For each timepoint, five samples were prepared per group, amounting to a total of 140 hydrogel samples.
Hydrogel squares were freeze-dried and weighted (Wd0) and then 1mL of PBS was added and samples
were incubated at 37ºC. PBS was removed at 1, 3, 7 and 14 days, after which samples were freeze-dried
and reweighted (Wdt). Degradation (D) was calculated as follows in 3.2.

D =
Wd0 −Wdt

Wd0
×100 (3.2)

3.2.7 Electrical Characterization

Conductivity assessments were carried using a Gamry Reference 600T M Potentiostat. Hydrogel
sheets were prepared as previously described. Each sample was placed in the setup shown in figure 3.7a,
between two stainless steel discs. The setup was then connected to the Potentiostat with connecting
crocodile clips (figure 3.7b) and tests were conducted in frequency using the Gamry Instruments
Framework software.

(a) (b)

Figure 3.7: Setup for conductivity assessments with a potentiostat.

3.2.8 Conductive Nanomaterials Characterization

MXenes and CNTs solutions were analyzed in scanning electron microscopy (SEM) as a way to
characterize them in terms of particle size and distribution.

A drop of each solution was placed in a silicon plate and left to air dry at room temperature (25oC).
The silicon plate was then placed in a support with carbon tape and the sample was analyzed in a Hitachi
Regulus 8220 scanning electron microscope.
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3.2.9 Hydrogel SEM and AFM

Briefly, to conduct SEM imaging hydrogel sheets were prepared as previously described in 3.2.2
and each sheet was cut in approximately 0.5x0.5 mm pieces. These samples were then frozen at -20ºC,
overnight, and placed in a -80ºC freezer for 24h. Then, samples were lyophilized and coated with a
11.8 nm Au/Pd coating using a Q150T ES turbomolecular pumped coater (Quorum Technologies, UK),
afterwhich samples were placed in a set-up with carbon tape and analyzed in a Hitachi Regulus 8220
electron microscope.

Regarding AFM analysis, 1x1 mm squares with 0.6 mm height were printed and crosslinked as next
described in 4.2.2.1 and an Asylum Research MFP-3D Standalone AFM system (Oxford Instruments,
UK) was used. Briefly, samples were immobilized in glass slides and hydrated with water before
measurements. Silicon AFM probes (Olympus AC230TS, Olympus Corporation, Japan; k=2Nm−1 f0=
70 kHz) were used for AFM topographs.

3.2.10 Data Analysis

All data was analyzed using Origin Pro 2023b Student Version. Data are shown as mean ±SD and
unless stated differently, the number of samples for each experiment was five except for rheological
tests, where it was three. Differences between groups were assessed using one-way analysis of variance
(ANOVA) followed by HSD Tukey’s test for multiple comparisons. Statistical significance was set at
p<0.05.
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Chapter 4

Bioprinting of 3D Constructs for
Cardiomyocyte Culture

Herein are described the steps inherent to the bioprinting of both 3D cell-laden constructs and the
printing of scaffolds for cell seeding.

4.1 Materials

The following materials were used: the A3G5 hydrogel (preparation described in 3.2), gelatin
(Sigma- Aldrich, Gel strength 300 g Bloom, type A from porcine skin), sodium chloride NaCl
(PanReac,), calcium chloride CaCl2 (PanReac), Roswell Park Memorial Institute (RPMI) 1640 Medium
(Sigma-Aldrich), phosphate buffer saline PBS (salts purchased from Sigma-Aldrich).

The following equipment was used: TissueStartTM bioprinter (TissueLabs, Switzerland), polymeric
nozzles with 20G (TissueLabs, Switzerland), Onshape software (Onshape, USA), Repetier Host software
(Hot-World GmbH & Co. KG, Germany), 3 and 5 mL bioprinting syringes (B.Braun, Germany), Neya-8
bench top centrifuge (Remi Lab World, India) and disposable materials (flasks and centrifuge tubes).

4.2 Methods

4.2.1 Cell Culture

Cardiomyocyte culture and differentiation was carried prior to the experiments that concern this
dissertation. As such, the followed protocol can be found in Appendix A.2.

4.2.2 Scaffold Printing for Cell Seeding

4.2.2.1 Scaffold Printing

Acellular inks were prepared as mentioned in chapter 3. After centrifugation to remove air inclusions,
syringes were placed in the bioprinter head. Calibration was performed and the following previously
optimized parameters were set: printing speed of 1mm/s, nozzle gauge of 20 G, ink flow of 40%, density
infill of 67% and the printing media was a 6-well plate. The chosen printed structers for cell seeding
were 1x1x0.6 mm parallelepiped. After printing, structures were immersed in a EDC/NHS solution for
15 minutes to ensure covalent crosslinking and then were immersed in 100 mM sterilized CaCl2 solution
to allow ionic crosslink for another 15 minutes. Afterwards, the printed structures were thoroughly
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washed in 100 mM sterilized CaCl2 to remove excess EDC/NHS solution and the last two washes were
conducted using sterilized PBS to remove excess Ca2+ ions.

4.2.2.2 Scaffold Sterilization

A thorough sterilization protocol was carried. Firstly, scaffolds were immersed in a 70% ethanol
bath for 1 hour, under laminar flow in a cell culture chamber. Afterwards, 3 PBS washes took place and
these were interspersed with 15-min UV-irradiation sessions. Scaffolds were left in sterile conditions
overnight, and in the next day additional 3 PBS baths were carried, along with 15-minute UV-irradiation
sessions.

4.2.2.3 Cell Seeding

A cell suspension of 1×106 cells was transfered into a centrifuge tube and centrifuged for 5 minutes
at 2500 rpm. The supernatant was then removed and the cell pellet was ressuspended in a certain amount
of RPMI cell culture medium. 40 µL of cell suspension were then carefully placed on top of each printed
square and the structures were incubated for 30 minutes before covering each seeded construct with cell
culture medium. These were then incubated for 24h before conducting the first tests. A depiction of the
seeding process is found in figure 4.1

Figure 4.1: Schematic representation of the cell seeding process.

4.2.3 Bioprinting of 3D Cell-Laden Constructs

4.2.3.1 Cell-Laden Bioink Preparation

One hour before printing, 100 µL of a 1% (w/v) genipin ((Sigma-Aldrich) solution were added to
each hydrogel solution in order to achieve a final 0.05% (w/v) genipin concentration, so as to allow
gelatin crosslinking without nozzle clogging. A cell suspension of 1× 106 cells was transfered into a
centrifuge tube and centrifuged for 5 minutes at 2500 rpm. The supernatant was then removed and the
cell pellet was ressuspended in a certain amount of RPMI cell culture medium so that the final bioink
had a concentration of 1× 106 cells/mL of ink. The cell suspension was loaded onto a 3 mL syringe
which was then connected to the bioink syringe through a printing coupler and the contents of each
syringe were then carefully mixed. The cell-laden bioink was then mounted on the printhead of the
TissueStartTM (TissueLabs, Switzerland) bioprinter.

4.2.3.2 Cell-Laden Constructs Bioprinting

A re-entrant honeycomb lattice unit (1x1x0.6mm) was printed, with only one layer in height as a
way to preserve shape fidelity (displayed in figure 4.2). The printing parameters were the same as the
ones used for the printing of the scaffolds for seeding, except for the printing media which was a 12-well
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plate. After printing, 1mL of a sterilized 100 mM CaCl2 (Sigma-Aldrich) solution was added to each
well to allow ionic crosslinking of the alginate for 5 minutes(whilst gelatin would be crosslinked with
genipin).

Figure 4.2: Re-entrant honeycomb design used for bioprinting cell-laden bioinks.

Thereafter, CaCl2 was removed and RPMI medium was added and the bioprinted constructs were
incubated for 24 hours before the first assays were conducted. Figure 4.3 depicts the bioprinting process.

Figure 4.3: Schematic representation of the bioprinting of cell-laden 3D conductive constructs.

4.2.4 Electrical Stimulation

To perform electrical stimulation of the cells on the cell-laden bioprinted constructs, an electrical
stimulation device was built and the protocol can be found in A.3. Figure 4.4 illustrates the built
stimulation device, depicting the L-shaped parallel sliver electrodes.

Cells were stimulated for 6 days for 4 hours each day, and with the Arduino the parameters were set
to match those reported for cardiomyocyte stimulation according to the work of Sun et al. ([204]) – a
sinusoidal wave was generated with an electrical field of 3 V/cm and a frequency of 3 Hz, with the WPI
DS8000 8-Channel Digital Simulator.

Figure 4.4: Representation of the built electrical stimulator.
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Chapter 5

Evaluation of Cardiomyocyte Viability in
3D Constructs and Seeded Scaffolds

In this chapter, all pratical aspects inherent to the evaluation of cardiomyocyte viability for both the
seeded and bioprinted constructs are described.

5.1 Materials

To evaluate the viability of the seeded and bioprinted cardiomyocytes, the following materials
were used: LIVE/DEAD® Viability/Cytotoxicity Kit - calcein-AM and ethidium homodimer-1
(ThermoFisher Scientific, USA), PrestoBlue™ Cell Viability Reagent (Invitrogen, ThermoFisher
Scientific, USA), riton X-100 (Sigma-Aldrich, USA), Bovine Serum Albumin (Sigma-Aldrich, USA),
Goat Anti-Mouse IgG (AlexaFluorT M 488, Thermo Fisher, USA), Hoechst 33342 Solution (Thermo
Fisher, USA) and Phosphate Buffer Saline PBS (Sigma-Aldrich, USA).

Moreover, the following equipment was used: ZEISS Axiovert 40 microscope (Zeiss, Germany),
ZEN ZEISS microscopy software, SpectraMax i3x microplate reader and software (Molecular Devices,
USA) and disposable well plates.

5.2 Methods

5.2.1 Live/Dead Staining

Briefly, 0.05% calcein and 0.2% ethidium homodimer-1 (Eth-D) were dissolved in 500 µL per well,
leaving 500 µL of RPMI medium in each well and thus amounting to a total of 1mL of liquid per well.
The constructs were incubated at 37º for 15 minutes and then were analyzed in a ZEISS Axiovert 40
microscope under a blue and a yellow filter to check for the presence of live and dead cells, respectively.
Microscopy czi files were then obtained and treated using the ZEN ZEISS 3.8 and ImageJ Fiji softwares.
This process was carried after 1, 3 and 6 days of culture.

5.2.2 PrestoBlue Assay

To conduct the PrestoBlue proliferation assay, 50 µL of reagent were added to each well. Constructs
were incubated at 37º for 30 minutes, afterwhich 100 µL of medium were placed in a dark plate.
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Absorbance was then measured in a SpectraMax i3x microplate reader and data was analyzed in Origin
Pro 2023b Student Version. This process was carried after 1, 3 and 6 days of culture.

5.2.3 Immunofluorescence Staining

For the immuno staining assays, samples were firstly fixated in paraformaldeheyde for 15 minutes
and washed in a 30 minute PBS bath. Afterwards, samples were washed in a Triton X-100 (Sigma-
Aldrich, USA) bath at 0.1% w/v for 30 minutes, after which a 2% bovine serum albumin (Sigma-Aldrich,
USA) blocking solution was applied in a 30 minutes bath. Samples were left in na overnight bath that was
composed of a Monoclonal Anti-α-Actinin in a 1:800 concentration and the blocking solution. The next
day, 3 PBS washes were carried, each lasting 5 minutes. A secondary antibody - Goat Anti-Mouse IgG
(AlexaFluorT M 488, Thermo Fisher, USA) – was added to the blocking solution for 1 hour. Afterwards,
a 1-hour wash with PBS was performed. Hoechst 33342 Solution (Thermo Fisher, USA) was added in
PBS in a 1:100 ratio for 15 minutes. Lastly, samples were washed in PBS 3 times, for 5 minutes each.
Samples were then analyzed in a fluorescence microscope.
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Chapter 6

Results and Discussion

In this section the main results of this dissertation are presented along with the respective critical
analysis and comments.

Seven different hydrogels were studied, as reported in section 3.2.1.2. The groups are denominated
Control, MX0.1, MX0.3, MX0.5, CNT1, CNT3 and CNT5 according to the concentration of the
conductive nanomaterial on the gel: 0mg/mL, 0.1mg/mL MXenes, 0.3mg/mL MXenes, 0.5mg/mL
MXenes, 1mg/mL CNTs, 3mg/mL CNTs and 5mg/mL CNTs, respectively. Results for the first studied
hydrogels are also presented and these are denominated: A3G3, A3G5, A5G3, A5G5 and A6, where A
stands for sodium alginate, followed by its concentration in % w/v and G stands for gelatin, also followed
by its concentration in % w/v - for example, A3G5 stands for 3% alginate + 5% gelatin.

6.1 Bioink and Hydrogel Preparation and Characterization

6.1.1 Printability and Printing Accuracy

As the main component in all blends was gelatin, which is a thermoresponsive polymer, higher
temperatures lead to breaks in bonds which yields lower viscosity in the printing process, and thus less
pressure is required for material extrusion, which is highly beneficial for cell viability therefore being a
preferable scenario in bioprinting cell-laden bioinks. As such, printing parameters were optimized for a
temperature of 37ºC (a temperature both compatible with cell culture and bioink extrusion) - the tunable
parameters in TissueStartTM bioprinter (TissueLabs, Switzerland) being the printing speed (mm/s) and
the printing flow (%). It is worthy of mention that the used bioprinter does not allow temperature control
and as such there are temperature fluctuations during the process.

The results for the optimization process are present in table 6.1, with corresponding elucidative
examples present in figure 6.1. The tested bioinks were only printable for printing flows greater than
20% and within the sphere of printability, a lower printing speed yielded a higher precision in material
dispensation, as thus a better shape fidelity. Only for printing flows of 40-70% is it possible to obtain
suitable shape fidelity. Moreover, as the printing flow is directly proportional to the exerted pressure,
it is of interest to choose the lowest possible flow as long as it yields good printing outcomes. On the
other hand, it is of key importance to minimize the printing time once throughout this process cells are
subjected to more hostile conditions and so one should choose the highest printing speed that does not
compromise shape fidelity. Consequently, the chosen parameters were 40% printing flow with 1 mm/s
of print speed.
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6.1 Bioink and Hydrogel Preparation and Characterization

Table 6.1: Printing speed (mm/s) Vs. printing flow (%) in terms of printability.

Figure 6.1: Examples of the different qualitative attributions to prints regarding varying printing speed and flow.

Regarding the accuracy of the prints, figure 6.2 shows the printed strand width of each bioink
compared to the designed one (6.2a) and the degree of similarity between the control ink provided
by the manufacturer of the bioprinting set-up and each bioink in terms of printed area (6.2b). The
A3G5 blend shows the greatest printing accuracy, even though no statistical differences are found in this
parameter. Yet, in terms of strand width all compost blends were significantly different from the 6%
Alginate ink. This is a direct consequence of the presence (or absence) of gelatin in the blend, which
being thermoresponsive as aforementioned leads to lower viscosity and hence less precision in material
dispensing.

It is worth notice that the used bioprinting system does not allow printing complex structures, thus
making is unviable to print auxetic patches and constructs. The results of the proof-of-concept printing
of honeycomb auxetic structures are present in the appedix (B.2). Yet, for cell-laden bioprinting, a
honeycomb unit design was chosen for demonstration purposes.
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(a) (b)

Figure 6.2: Strand width (a) and overall (b) printing accuracy (* significant at p<0.05). Dashed line marks the designed width.

6.1.2 Crosslinking Tests

In order to ensure cell viability, it is of utmost importance to balance a short crosslinking time with
suitable mechanical resistance and degradation timings compatible with 7-day cell culture. As such,
ionic crosslinking with Ca2+ resulted of a 15-minute Ca2+ bath for seeded constructs and a 5-minute
one for bioprinted constructs, as a way to guarantee sufficient crosslinking without compromising cell
viability. Once seeded constructs had a height of 1 mm and bioprinted constructs had a height of 0.6mm,
Ca2+ immersion proved enough to crosslink all of the alginate portion of the gel.

For seeded constructs, EDC-NHS was used in the amounts aforementioned in 3.2.2 and sufficient
and efficient covalent crosslinking of both alginate and gelatin was ensured via a 15-minute immersion
bath. As EDC-NHS is a zero-length crosslinker, this reaction was followed by thorough washings with
PBS to remove unreacted EDC and NHS as well as toxic byproducts such as lysine and hydroxylysine
residues, once all these components are water-soluble [205].

As for the bioprinted cell-laden constructs, genipin was used to covalent crosslink the gelatin portion
of the gel. At different time-points, the extension of the reaction was assessed, as the intensity of the
color blue is directly proportional to the extension of the crosslinking process. As demonstrated in table
6.2, after 6h the crosslinking process was already extense, and after 8h it was completed for 0.1% and
0.05% genipin. Taking these results into account, a 0.05% genipin concentration was chosen, and the
genipin addition timing was adjusted thus both favoring cell viability and saving material.

Furthermore, it was observed that the inclusion of nanomaterials does not impact crosslinking timings
or extension.
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Table 6.2: Genipin-gelatin crosslinking.

6.1.3 Rheological Testing

The first rheological assessments focused on testing if different blends yielded different viscosities
or rheological behavior. As seen in figure 6.3, all blends exhibited shear thinning behavior, and whilst it
would be crucial to run more tests with more combinations of blends, one can speculate that the gelatin
content does not seem to influence the viscosity of the ink, whereas the alginate content seems to greatly
impact it. In fact, higher alginate content yielded a much higher viscosity, which is not desirable for
bioprinting as it requires a higher extrusion pressure, a situation detrimental to cell viability. With this in
mind, a lower alginate content is preferable.

To choose the final blend, both printing accuracy and rheology were taken into account, and the
choice between A3G5 and A3G3 relied on the notion that a higher gelatin content is favorable for a higher
cell adhesion and proliferation, once collagen-derived polymers contain in their molecular structure the
arginine-glycine-aspartic acid (RGD) sequence, which promotes cell adhesion as this sequence can be
recognized by integrins expressed on the cell surface (mainly α5β1 and αvβ3) ([206]).

A3G5 was then chosen as the final blend for bioprinting and cell seeding.

42



6.1 Bioink and Hydrogel Preparation and Characterization

Figure 6.3: Rheological behaviour of A3G5, A3G3, A5G3 and A5G5 blends.

Rheological behavior with and without the inclusion of different conductive nanomaterials was then
assessed, with results for viscosity present on figure 6.4. The inclusion of both MXenes and Carbon
Nanotubes does not impact the shear thinning behavior observed for the control (A3G5) bioink.

Different concentrations within the same nanomaterial group also do not appear to produce
significant changes in viscosity, but the inclusion of CNTs increases the viscosity significantly whereas
the inclusion of MXenes does not. This behavior might be due to properties like the size, the shape and
the aspect ratio of the conductive nanomaterials [207].

As Einstein stated and mathematically modulated in 1906, particles in a liquid serve as obstacles,
hampering the flow of the liquid and thus increasing the resistance to the latter, i.e, the viscosity [207].

Ti3C2 nanosheets can display diameters of 280-550 nm with an aspect ratio of 1600 ([208]). Carbon
nanotubes, on the other hand, measure 0.8-2.4nm in diameter and up to 1mm in length, with a much
higher aspect ratio of up to 10 000 [209].

At smaller shear rates, smaller particles will yield a higher viscosity, once for a same given solid
fraction, smaller particles entail more particles and thus a higher total particle surface area. Moreover,
considerable small particles also exhibit Brownian motion, which acts against an applied shear force,
thus properties like surface charge or adsorption have a potentially strong effect on the hydrodynamic
particle size for these smaller particles [207]. At higher shear rates, however, the viscosity difference
between smaller and larger particles is diminished as particles become favorably rearranged regarding
the flow direction. Furthermore, a higher aspect ratio will yield a higher intrinsic viscosity [207]. These
statements are corroborated by the results found in figure 6.4, as for higher shear rates there are no
significant differences in viscosity and these become much more apparent for lower shear rates.

It is also pertinent to consider the shape of the particles. Carbon nanotubes exhibit an elongated
tube-like shape whilst MXenes have a sheet-like shape. At higher shear rates, elongated particles become
oriented with the flow - therefore the intrinsic viscosity is lower. Opposingly, at rest (or at very small
shear rates), particles are distributed in a random fashion which entails that their effect on viscosity
is more accentuated (therefore these particles show higher low-shear viscosities and lower high-shear
viscosities) [207].

Another important factor to analyze is the particle surface charge (and inherent zeta potential, which
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quantifies the electrostatic momentum). Both Ti3C2 nanosheets and carbon nanotubes have a negative
surface charge, with zeta potentials ranging from -30 to -40 mV and -10 to -30 mV, respectively. These
high surface charges yield repulsions between particles and these effects dominate over attraction by
Van-der-Waals forces - as such, an energetic barrier arises and hinders close proximity, thus leading to
lower aggregation and lower viscosities. Nevertheless, it is still important to, once again, take particle
shape and size into account. Small particles are sensitive to zeta potential alterations (which occur,
for example, with pH). Particularly at low shear rates, an induced particle repulsion will increase the
viscosity because gravitational forces will function subordinately to Brownian motion [210].

Figure 6.4: Rheological behaviour of control blend MX0.1, MX0.3, MX0.5, CNT1, CNT3 and CNT5 blends.

Because the reaction of gelatin with genipin takes several hours, the impact of the beginning of said
reaction in the bioink’s rheology was assessed and results are shown in figure 6.5. Like previously stated
by Mainardi et al, the addition of genipin does not affect the viscosity of the bioink immediately, and even
after 6 hours of reaction results show that the viscosity does not increase significantly, which suggests
that a bioink containing genipin is still suitable for bioprinting extrusion [186].
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Figure 6.5: Rheological behaviour of control blend (A3G5) and blend with 0.1% genipin.

Regarding rheological behavior, static tests were also performed to assess how the loss and storage
moduli (G’ and G”, respectively) were affected by the inclusion of different conductive nanomaterials in
different concentrations. Interestingly, in figure 6.6 one can infer that the inclusion of carbon nanotubes
seems to prevent the crossover behavior that appears for control and low MXenes concentration bioinks.
This crossover point occurs when G’=G” (after which G’>G”) and it represents a shift from viscoelastic
liquid behavior to gel-like or viscoelastic solid behavior. Thus, and even though preferably more tests
would be conducted, it seems that the addition of a highly concentrated nanomaterial solution allows the
bioink to preserve its viscoelastic liquid behavior (that is, G”>G’).

(a) (b)

Figure 6.6: Rheological behaviour of control, MX0.1, MX0.3, MX0.5, CNT1, CNT3 and CNT5 blends: (a) Storage (G’) and
loss (G”) moduli for control, MX0.1, MX0.3 and MX0.5 blends; (b) Storage (G’) and loss (G”) moduli for control, CNT1,
CNT3 and CNT5 blends.
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6.1.4 Swelling and Degradation

In order to assess the physical properties of each hydrogel, swelling and degradation ratios were
investigated, with the results being shown on figure 6.7. Regarding the swelling ratio assay, it is possible
to postulate that the addition of MXenes and Carbon Nanotubes improves the swelling capacity of the
gel. Both MXenes and Carbon Nanotubes exhibit an intrinsically hydrophilic nature, which means they
are prone to incorporate more water, the main component of the fluid used for these tests, PBS [211, 212].
Moreover, one can assume that the inclusion of nanomaterials leads to an increased osmolarity within the
gels, which consequently induces an increased osmotic pressure hence attracting more water molecules.

Nevertheless, as it is possible to see on figure 6.7a, no group exhibits a high swelling ratio, and
this can be due to limitations inherent to the test. First, considering the nature of hydrogels, it is
both unobjective and difficult to ensure an even surface drying; secondly, to reduce material waste,
the biofabricated samples might have been too small to produce reliable results, and the thickness was
not always the same. As such, as there are many human errors that can affect the course of these
measurements, swelling results may not be completely accurate and ideally, if material resources and
time were more abundant, it would be beneficial to repeat these tests with bioprinted samples like the
ones used for cell culture.

Concerning the degradation results, as shown in figure 6.7b, the inclusion of nanomaterials leads to
an overall reduction of degradation overtime, which suggests that interactions of both MXenes and CNTs
with the polymeric network of the gel may arise. This is particularly relevant regarding the CNT5 group,
where a higher concentration of nanomaterials appears to lead to more mechanical stability and integrity
and thus lower degradation.

A high mass loss was observed for all groups, which can stem from the existence of uncrosslinked
material as well as the fact that alginate-containing gels tend to loose, overtime, Ca2+ ions through
diffusion, and as sodium alginate is water-soluble, it is highly prone to degradation. As such, it would be
of utmost importance to add a small amount of Ca2+ ions to cell culture medium when using alginate-
containing scaffolds or bioinks.

It is also important to point out that the samples used for degradation assessment might not have
been suitable for producing reliable results as they were too small (once this test required five samples
per group per time point, amounting to a total of 140 samples).

(a) (b)

Figure 6.7: Swelling and degradation ratios of all blends: (a) Swelling ratio (%) of control, MX0.1, MX0.3, MX0.5, CNT1,
CNT3 and CNT5; (b) Degradation ratio of control, MX0.1, MX0.3, CNT1, CNT3 and CNT5.
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6.1.5 Electrical Characterization

Considering the nature of this work and the importance of producing materials compatible with
excitable tissue, electrical conductivity was assessed and the results are found in figure 6.8.

In figure 6.8a it is possible to speculate that for this formulation, regardless of the inclusion of
nanomaterials, electrical conductivity exhibits a high dependency with frequency. It is also possible
to see that control gel (without particles) is already conductive on its own, which is due to the inherently
conductive properties of ionically crosslinked sodium alginate (ionic conductivity), as well as the
presence of water in the hydrogel.

It is possible to postulate that not only the inclusion of MXenes seems to increase the conductivity
of the gel as also a higher concentration yields a higher conductivity - this means that for this gel
formulation, the used MXenes concentrations are under the percolation threshold. As for the carbon
nanotubes, even though the inclusion of these nanomaterials increases the conductivity, it can be stated
that an increase in CNT concentration leads to a decrease in conductivity. This strongly suggests that
for this formulation, the CNT percolation threshold is between 1 and 3 mg/mL. A higher CNT content
leads to particle aggregation, which entails a less uniform dispersion of the conductive particles within
the gel network and as such the percolation pathways are prolonged. It was found that the addition of
these particles induced an increase in conductivity close to the values of native cardiac tissue (around
5µS/cm).

In fact, for a 3Hz frequency - the frequency of electrical cell stimulation - there are significant
differences between the control and both the MX0.5 and CNT1 groups (figure 6.8b). Based upon such
findings, these two groups were chosen for cell culture and further testing.

(a) (b)

Figure 6.8: Electrical conductivity of all blends: control, MX0.1, MX0.3, MX0.5, CNT1, CNT3 and CNT5: (a)Electrical
conductivity with different frequencies; (b)Electrical conductivity at 3Hz (* significant at p<0.05)

6.1.6 Conductive Nanomaterials Characterization

Both Ti3C2 nanosheets and carbon nanotubes were observed under scanning electron microscopy
(SEM) imaging and results are presented in figures 6.9 and 6.10, respectively. MXenes nanoflakes exhibit
a sheet-like structure that tends to aggregate in a stack of flakes, as seen on figure 6.9. Differently, CNTs,
which are single-walled, consist of a single graphene layer rolled-up forming thus an elongated structure.
Each nanotube can measure up to 1mm in length, as previously mentioned and as seen on figure 6.10.
CNTs also tend to aggregate in cluster-like structures.
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Figure 6.9: Scanning electron microscopy (SEM) images of MXenes.

Figure 6.10: Scanning electron microscopy (SEM) images of carbon nanotubes (CNTs).

6.1.7 SEM and AFM

To assess structural and mechanical differences between control and nanomaterial-containing
crosslinked gels, scanning electron microscopy (SEM) imaging and atomic force microscopy (AFM),
respectively, were performed. SEM imaging results are shown in figures 6.11 to 6.17. Regarding the
control, the MXenes and CNT-containing gels, it is possible to state that the inclusion of nanomaterials
improves pore size and shape, as in the control no visible pores are found in the cross-section images.
Yet, changes in conductive nanomaterials type or concentration do not seem to produce any differences
in structure. No surface deep pores are found, which is coherent with the biofabrication method.

Figure 6.11: SEM imaging for control hydrogel (without nanomaterials).
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Figure 6.12: SEM imaging for hydrogel with 0.1mg/mL MXenes.

Figure 6.13: SEM imaging for hydrogel with 0.3mg/mL MXenes.

Figure 6.14: SEM imaging for hydrogel with 0.5mg/mL MXenes.

Figure 6.15: SEM imaging for hydrogel with 1mg/mL carbon nanotubes.

Figure 6.16: SEM imaging for hydrogel with 3mg/mL carbon nanotubes.
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Figure 6.17: SEM imaging for hydrogel with 5mg/mL carbon nanotubes.

Regarding the AFM results for the control and chosen groups for cell culture (MX0.5 and CNT1),
present in figure 6.18, it is possible to see that the control appears to be too stiff, exhibiting a very high
Young’s Modulus. Although more tests would be required to understand the underlying phenomenon, it
is reasonable to postulate that this significant stiffness might be due to an excessive crosslinking time.

Considering that the systolic native human heart exhibits a Young’s modulus of 8-15 kPa ([213]), one
can affirm that the CNT1 gel shows mechanical properties similar to those of the native cardiac tissue.

Figure 6.18: Young’s modulus for control, MX0.5 and CNT1 blends after double crosslink.(* significant at p<0.05)

50



6.2 Bioprinting of 3D Constructs for Cardiomyocyte Culture

6.2 Bioprinting of 3D Constructs for Cardiomyocyte Culture

Microscopy images of the cell-laden bioprinted constructs, immediately after printing, are shown in
figure 6.19. Well outlined printed strands can be seen, as well as corners and curves. As it is possible
to observe, hiPSC-CMs were successfully encapsulated in the hydrogel, presenting an homogenous
distribution along the printed structures for the 3 groups (control, MX0.5 and CNT1). It is also noticeable
that immediately after printing, cells exhibited a clear round shape, without aggregation in clumps and
without evident signs of cellular death. Nevertheless, in order to assess whether the bioprinting extrusion
process leads to significant cell death it is important to take into account the cell viability throughout the
following culture days.

Figure 6.19: Representative microscopy images of cell-laden bioprinted constructs immediately after printing.

6.3 Evaluation of Cardiomyocyte Viability in 3D Constructs

6.3.1 Cell Viability Assays

Results for live/dead staining for seeded constructs are shown in figure 6.20. As the seeded
constructs did not exhibit surface pores (as previously seen), there was poor cell adhesion to the surface.
Nevertheless, hiPSC-CMs were able to keep their metabolic activity under the gel, and the high cellular
viability (results in figure 6.22) suggests low material cytotoxicity. Thus, the results suggest that the
inclusion of CNTs and MXenes does not compromisse the viability of the cardiomyocytes, with a cell
viability, after the first day of culture, of 89,5± 3,03% and 83,4±7,90% for CNTs-containing-scaffolds
and MXenes-containing-scaffolds, respectively, and 83,6± 4,28% viability for the cells seeded in the
control scaffold.

As it is possible to see on figure 6.22a, cell viability decreases on day 3, with 82,4±4,43%,
79,1±3,32% and 74,8±6,86% values being recorded for CNT, MXenes and control scaffolds,
respectively. This diminution may be due to the presence of contaminants, the release of ions and
material and inclusively the presence of less viable cells or some cell damaging throughout the seeding
process. Nonetheless, cell viability rises until day 6 of cell culture, as proliferation of hiPSC-CMs
increases, and for CNT-containing-scaffolds and MXenes-containing scaffolds, the cell viability values
rise to 84,1±6,99 % and 95,8 ±1,28 % whereas the control scaffold cells exhibit 93,6±1,99 % viability,
which is not significantly different from the values registered for the conductive nanomaterial-containing
scaffold sheets.

After 3 days for both CNT1 and MX0.5 groups and 6 days for all groups, hiPSC-CMs exhibited
maturation signs - their shape changed to an elongated one, which is associated with an increase in the
expression of Alfa-Actinin (ACTA1), and some hiPSC-CMs began to cluster. After 6 days there was
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synchronous contraction. Therefore, this results suggest that the inclusion of both carbon nanotubes and
titanium carbide MXenes favor the cardiomyocyte maturation.

Figure 6.20: Representative images of live/dead staining assays for control, CNT1 and MX0.5 seeded constructs, for days 1, 3
and 6. Scale bar = 200 µM.

Results for live/dead staining for cell-laden bioprinted constructs are shown in figure 6.21.After the
first day of culture, bioprinted cells exhibited cell viability values of 81,5±6,42% and 75,2±1,20% for
the CNT and MXenes constructs, respectively, versus a viability of 70,5±5,37% for the control construct.
These results suggest that the extrusion process did not damage cells to the point of compromising their
survival, as well as its noticeable that the addition of these conductive nanomaterials did not hinder
the cell viability (as this parameter is inclusively higher for nanomaterial-containing constructs). As it
was observed for the seeded cells, for the bioprinted cell-laden constructs there was also a cell viability
reduction registered after 3 days of culture, with values of 63,5±8,82%, 69,9±5,54% and 66,8±8,44%
for CNTs, MXenes and control constructs, respectively. This reduction is likely due to the existence
of less viable cells in the bioink on day 0, as well as to some cell damage throughout the extrusion
process. As postulated for the seeding experiment, another factor contributing to this viability decrease
after 3 days can be the leaching of certain ions like Ca2+ or the presence of contaminants (figure 6.22b).
However, after 6 days of culture there was material disintegration (particularly in the control group)
which is presumably due to insufficient crosslinking, which appears to have led to cells escaping the
material and consequently being aspirated in medium changes (as for the control group, day 6, there were
practically no encapsulated cells, live or dead). Nevertheless, it was possible to analyze some live/dead
images regarding CNT1 and MX0.5 constructs and cell viability values seem to remain at 69,5±6,61%
and 68,2±9,39% for CNT1 and MX0.5, respectively.

Unlike in seeded constructs, hiPSC-CMs did not exhibit a mature phenotype nor signs of contractile
phenotype differentiation, displaying a round morphology with absence of synchronous beating. This
shows that there is still a long way to go in terms of bioink formulation optimization, targeting a more
suitable environment for cell growth and differentiation. A significant limitation throughout this process
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was the autofluorescence of the material itself, as genipin exhibited fluorescence on the red channel.
Additionally, a short culture time can also contribute to the lack of mature phenotype.

Figure 6.21: Representative images of live/dead staining assays for control, CNT1 and MX0.5 bioprinted cell-laden constructs,
for days 1, 3 and 6. Scale bar = 200 µM.

(a) (b)

Figure 6.22: Cell viability after 1, 3 and 6 days: (a) Cell viability in seeded constructs; (b) Cell viability in cell-laden bioprinted
constructs (no viable control bioprinted construct at day 6) No signficant differences at p<0.05.

6.3.2 Cell Metabolic Activity Assay

In this assay, the effect on including carbon nanotubes and MXenes on the gel formulation in terms of
cell metabolism was assessed. As present in table 6.3, growth ratio and doubling times of the metabolic
activity were calculated from the exponential fitting curve, present in figure 6.23.

The results of this assay showed that, for seeded constructs, the addition of both carbon nanotubes and
MXenes increased the metabolic activity of hiPSC-CMs, which matches with the findings documented
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in the literature.
V. Martinelli and her group had previously shown that the presence of carbon nanotubes enhances the

maturation and proliferation of cardiomyocytes. Particularly, their findings suggest that the presence of
CNTs yields a more defined and mature sarcomeric phenotype, associated with an increase of connexin-
43 gene expression and gap junction areas. Moreover, a more mature electrophysiological phenotype and
calcium transients were achieved. In addition, not only did the presence of CNTs boosted cardiomyocyte
metabolism, it also hampered the proliferation of fibroblastic cells, thus also promoting functional cell
maturation of cardiomyocytes ([214]).

Regarding MXenes, G.Ye and coworkers had proved that the addition of this type of nanomaterials
not only favors the functional maturation of cardiomyocytes as it also improves the repair of myocardium
infarcted sites [215].

It is reasonable to postulate, considering the results obtained in 6.1.4, that the presence of
nanomaterials increases water intake which not only is beneficial for cell growth as it will also favor
the diffusion of nutrients and ions like Ca2+ - and, particularly, the latter can enter cells and activate the
expression of proliferation genes ([124]).

Table 6.3: Values of metabolic activity (M.A.) growth ratio and metabolic activity (M.A.) doubling time as parameters and
derived parameters (respectively) of exponential fitting for each group.

Cell Seedig Group M.A. Growth Ratio M.A. Doubling Time (Days)

Control 0.2834 2.446
MX0.5 0.3097 2.238
CNT1 0.3289 2.107

Figure 6.23: Graphical depiction of Presto Blue assay for seeded constructs, days 1, 3 and 6 with exponential fitting. n=3

Regarding the cell-laden bioprinted constructs, results are quite different. Like it was found for
the seeded constructs, results should indicate an increase in metabolic activity with the inclusion of
nanomaterials. As it was possible to see in figure 6.21, cells are overall scattered and not coupled, which
would be of utmost importance for their growth and maturation. Additionally, and as aforementioned,
the material began to degrade, which is also detrimental to cell metabolism. Furthermore, as one can
see in table 6.4, whereas the addition of CNTs appears to slightly enhance metabolic activity, adding
MXenes seems to hinder such growth although not in a statistically significant fashion (p<0.05), which
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ought to be associated with problems inherent to the protocol and not to the Ti3C2 nanosheets.

Table 6.4: Values of metabolic activity (M.A.) growth ratio and metabolic activity (M.A.) doubling time as parameters and
derived parameters (respectively) of exponential fitting for each bioprinted cell-laden group.

Bioprinting Group M.A. Growth Ratio M.A. Doubling Time (Days)

Control 0.3919 1.769
MX0.5 0.3282 2.112
CNT1 0.3949 1.755

Figure 6.24: Graphical depiction of Presto Blue assay for bioprinted cell-laden constructs, days 1, 3 and 6 with exponential
fitting. n=3

6.3.3 Phenotype and Morphology Assessment

In a Immunofluorescence Staining assay, it is supposed to be possible to observe blue and green
stainings, with the blue stains corresponding to cell nuclei and green to alfa-actinin, a contractile protein
and indicator of maturation, as its presence entails cardiomyocyte contraction.

However, it was not possible to carry these tests with the bioprinted constructs, as the small
dimensions of the latter led to high degradation. As for the seeded constructs, logistics limitations
dictated that the immunofluorescence tests could only be done 4 weeks after cell culture, which
irrevocably led to some degradation and cell loss. As such, it was only possible to perform this assay on
the control and MX0.5 groups.

As it is possible to see on figure 6.25, there is evidence of actinin being present, though no clear
structures are observed - the blue stains observed on figure 6.25a are a result of the fluorescence of the
gelatin itself. This is both due to construct degradation, with subsequent loss of cell material, and to the
inadequacy of the protocol to the used hydrogels - in fact, as gelatin presents blue fluorescence, a blue
staining solution should not be used. As such, in the future, this protocol ought to be optimized in order
to be suitable for gelatin-containing constructs. More robust constructs would also be needed, as well as
it would be vital to try to perform this assay right after culture.

Nevertheless, as aforementioned, there seems to be evidence of actinin being present, which is
coherent with the microscopy findings, where mature phenotypes were observed for the seeded cells.
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(a) (b)

Figure 6.25: Immunofluorescence staining results for cell seeded constructs: (a) Control and (b) MX0.5. Cells are coloured in
green. Other groups were not viable for this assay.

Regarding now the scanning electron microscopy images of the seeded and bioprinted constructs,
respectively figures 6.26 and 6.27,one can find round structures with dimensions compatible with those
found in hiPSC-CMs. Their round shape and low number are presumably due to cell detachment
throughout the dehydration process. Another hypothesis may be that cells are embedded in the hydrogel
matrix thus not being easily observed. Nevertheless, there appears to be a higher amount of cells, for all
groups, on day 6, which is coherent with the metabolic assay results.
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Figure 6.26: Scanning electron microscopy (SEM) imaging of seeded constructs.

Figure 6.27: Scanning electron microscopy (SEM) imaging of bioprinted constructs.
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6.3.4 Electrical Stimulation

To determine whether the fabricated stimulation device is appropriated to stimulate cardiomyocytes
and to assess if the 6-day stimulation process induces any changes in cell metabolism, metabolic activity
assays were conducted. The results for the PrestoBlue assay are found in figure 6.28, where the ratio
between relative flourescence on days 6 and 1 is presented (St standing for the stimulated groups).

As it is possible to notice, the difference in flourescence - and thus, the difference in metabolic
activity - is far greater for the stimulated samples when conductive nanomaterials are applied. On the
other hand, for the control constructs, withouth CNTs or MXenes, there appears to be a slight decrease in
metabolic activity when electrical stimulation is performed. This may be due to cell sensitivity to higher
electric fields.

It is therefore reasonable to postulate that submitting cell-laden printed constructs (containing
conductive nanomaterials) to electrical stimulation has the ability to increase cell metabollic activity,
a positive indicator of viability and maturation.

Figure 6.28: Ratio between relative flourescence on day 6 and day 1. Significant differences (p<0.05) for all pairs except CNT1
with CNT1 St
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Chapter 7

Conclusion and Future Perspectives

The results presented in this study, which concerned the viability of alginate-gelatin hydrogels and the
inclusion, in the latter, of carbon nanotubes and MXenes, regarding hiPSC-CMs seeding and bioprinting,
suggest that there is indeed a beneficial effect inherent to the addition of these nanomaterials in hiPSC-
CMs proliferation without compromising their viability, particularly for seeded constructs.

It was not possible, however, to assess how the presence of MXenes and CNTs affects the maturation
and development of a contractile phenotype, although the microscopy results for the seeded constructs
strongly suggested maturation, with evidence of contractile phenotype morphology - cells began to
elongate and clusters were formed, with synchronous beating after 6 days of culture. Nonetheless,
regarding 3D bioprinting, the developed hydrogel did not reveal a positive effect on the maturation of the
cardiomyocytes, as the cells maintained an immature morphology, displaying a round phenotype without
aggregation in clusters or any evidence of contractile activity. Moreover, the printed constructs were too
small and thin to conduct a week-long experiment and the use of genipin also requires further testing to
ensure optimal crosslinking. As for the seeded constructs, the biofabrication method that was employed
(bioprinting followed by double crosslinking, thorough sterilization and washes and finally cell seeding)
did not prove to be suitable for a proper cell adhesion as the surface pores were of very small depth.
Aspects that could be improved in this field are explored in the future work section.

Throughout the development of this experimental work, it was also evident that the inclusion of both
CNTs and MXenes provided the hydrogel with enhanced physical stability and mechanical properties
compatible with those of the native cardiac tissue. Moreover, the addition of these nanomaterials proved
to be beneficial towards the achievement of a higher electrical conductivity, as this property was increased
to values similar to those of the contractile tissue. What’s more, the electronic microscopy results
revealed that by adding carbon nanotubes and MXenes there was a positive effect of pore formation
and definition, which is of the utmost importance for cell incorporation and hosting.

As a corollary of this dissertation and the work herein described and developed, it is now pertinent
to go back to the initially proposed research questions and strive to answer them by summarizing
some of this dissertation’s findings. Regarding the first question – what has the scientific community
outputted regarding the development of conductive materials for cardiac regeneration? – one can point
out that the state-of-art on this topic hints at the development of synthetic conductive inks or the
adaptation of natural materials by addition of conductive nanomaterials. The most relevant findings
were summarized on section 2.4. Considering now the second question – which was focused on the most
suitable materials and concentrations for bioprinting, – for the purpose of this work it was considered
that an hydrogel consisting of sodium alginate and gelatin would yield a printable material, as the
resulting polymeric matrix exhibited shear thinning effect and an overall dominance of viscoelastic liquid
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behavior. Moreover, blends with these materials were able to withstand shape. As for the most favorable
concentrations, printability and rheology tests were performed, and it was seen that a combination of 3%
sodium alginate with 5% gelatin yielded the best printability while maintaining a lower viscosity (when
compared to other blends) which would be preferable to prevent increased extrusion pression and the
subsequent inherent cell damage. Moreover, a thorough literature review strongly suggested that both
carbon nanotubes and titanium carbide MXenes were not only biocompatible as they also maintained
the hydrogel’s properties regarding printability and rheology. These premises were corroborated by the
experimental work, and it was clear that adding these nanomaterials did not induce significant changes
(p<0.05) in viscosity or printability, while the conductivity was significantly improved. As an answer
for both the third and fourth questions – which focused on characterization and the research for a native
tissue-like behavior – different nanomaterial concentrations were studied and the most relevant results
– rheological behavior, electrical conductivity and Young’s Modulus – determined that the blends with
1mg/mL CNT and 0.5mg/mL MXenes exhibited more native heart-like characteristics and thus these
would be used for further experiments with cardiomyocytes.

While there were some favorable results to be extracted from the cell seeding experiments, regarding
now the fifth question – this is, whether cardiomyocytes could be effectively seeded in the developed
scaffolds and if so which characteristics should the latter display – even though cells were able to
show viability and maturation signs, the adhesion to the hydrogel sheet was poor, and in the future
this procedure would benefit from the addition of an agarose well to promote cell attachment to the
substrate. Nevertheless, even though the scaffolds did not exhibit sufficient porosity (confirmed by
scanning electronic microscopy imaging), they exhibited good biocompatibility and cells revealed both
optimal viability results, as they also displayed increased metabolic activity and early maturation signs
when in contact with the conductive nanomaterials.

Lastly, taking a look at the sixth question – if whether the bioprinting process induces cell damage
and if said cells are metabolically active as well as the constructs stable – the cell viability results after the
first 24h of culture were sufficiently satisfactory so that it is reasonable to say that, with these bioinks, the
extrusion process did not appear to be detrimental for cell viability. Moreover, these printed cells were
metabolically active, even though they did not display any signs of early-maturation. For these least
favorable results, material degradation ought to be a key part and thus a more robust construct should be
preferred in bioprinting.

7.1 Future Work

Evidently, it would be very pertinent to repeat the seeding and bioprinting experiments with a new
focus on cell maturation. Besides, a more in-depth electrical stimulation procedure would also be a very
suitable addition to this study. Additionally, the dimensions of the bioprinted constructs ought to be
reviewed, as the chosen ones did not prove suitable for the desired purposes.

In order to favor hiPSC-CMs maturation, new hydrogel concentrations and covalent crosslinking
methods could also be evaluated. More tests regarding genipin crosslinking should be employed,
as well as test the use of other crosslinkers like dialdehyde carboxymethyl cellulose (DCMC) or
dialdehyde starch, as a way to favor both cell development and the physical properties of the gel, without
compromising the printability of the bioink.

As for the seeding of hiPSC-CMs in the developed hydrogel, even though the latter proved suitable
for cell culture and yielded interesting cell viability and metabolic activity results, the adhesion of the
cardiomyocytes to the printed scaffold was visibly scanty, and in order to improve this aspect, an agarose

60



7.2 Final Remarks

well could be employed before seeding, aiming to trap the cells and promote their adhesion to the
material. Other complementary biofabrication methods could also be investigated, such as lyophilization,
targeting the formation of bigger and better defined pores.

In the future, it would also be beneficial to repeat the experiments that lead to less reliable results.

7.2 Final Remarks

In conclusion, this study supports the findings previously reported in the available literature,
providing the scientific community with complementary information that papably corroborates that by
adding conductive nanomaterials to a hydrogel it is possible to positively impact the metabolism and
maturation of cardiac cells, while also enhancing the physical and mechanical properties of the gel and
providing the biomaterial with conductivity compatible with the development of cardiomyocytes.

Additionally, the work herein developed and reported also indicates that more work needs to be
carried towards the development of ideal compositions for hydrogels to be employed in 3D bioprinting.

Lastly, and even though the developed hydrogels did not prove optimal for cell hosting, they configure
a contribute to the study of biomaterials and particularly conductive hydrogels, and can certainly be
regarded as a starting point for further research that will hopefully lead to the development of the ideal
conductive bioink for cardiac regeneration.
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Appendix A

Additional Protocols

A.1 Hydrogel and Bioinks Production

Figure A.1: Schematic representation of the hydrogel production protocol.

Figure A.2: Schematic representation of the hydrogel sheet production protocol.
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A.2 Cardiomyocytes Differentiation Protocol

A.2 Cardiomyocytes Differentiation Protocol

The hiPSCs differentiation process followed the protocol detailed in [216]. Briefly, undifferentiated
single hiPSCs were cultured and proliferated in a 12-well plate using Essential 8 Medium. Day 0 of
differentiation was set at the moment when the culture reached 80% of confluency and differentiation
began with medium replacements – to each well, the existing medium was removed and replaced with
1,5 mL of RPMI medium with a suplement of B27 serum without Insulin (GibcoTM), 12 µM CHIR,
270 µMM of Ascorbic Acid and 100ng/mL Activin A, as to induce cardiomyocyte differentiation. After
24h (on day 1), the medium was again exchanged and for the following 48h cells were incubated with
2 mL of RPMI+B27 serum without insulin, with a supplement of 270 µMM of Ascorbic Acid and 5
µM IWP4. On day 3, the medium was again exchanged following the protocol for day 1 and cells were
incubated for another 3 days. On day 6, the medium in each well was removed and replaced with 1,5
mL RPMI+B27 without insulin. From day 7 onwards, cardiomyocytes were incubated with fresh CM
Maintenance Medium (RPMI+B27 serum with insulin) that was exchanged every two days. Cultures
were kept for 50 days and spontaneous contractility, coherent with CM differentiation, was observed
from days 8 to 10.

A.3 Electrical Stimulation Device

The electrical simulation device was developed at CENIMAT and consisted of a 12-well plate with
12 electrodes made of paralell L-shaped sections of silver wire and a stimulation device connected to
an Arduino, adapting the instructions provided by the work of L.Leppik et al [217]. Both the anodes
and cathodes were connected in series with a single wire. The latter allows the connection to the signal
machine, with one wire connected to each polarity. There was a direct current offset in the system due
to the half-cell potential of the silver electrode. A depiction of the stimulation circuit is found in figure
A.3.

Figure A.3: Depiction of the 12-electrode stimulator.
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A.4 Ti3C2 MXenes Synthesis

A.4 Ti3C2 MXenes Synthesis

Conductive MXenes were synthesised at CENIMAT | i3n. Briefly, 76mmol LiF (Sigma-Aldrich) was
dissolved in 30mL of 6M HCl solution (Merck), with continuous stirring for 10 minutes. After complete
dissolution, 1.2g of Ti3AlC2 poder was added to the previous solution, with stirring at 45ºC for 40h to
etch Al element. After etching, the suspension was transferred to centrifuge tubes and washed several
times with deionized (DI) water until the pH of the supernatant was around 6. Each washing was carried
by hand shaking and centrifuging at 3000 rpm for 5 minutes. The precipitate was vacuum-dried at 40ºC
for 24h, afterwhich the resulting MXene black poder was dispersed in a certain amount of water and
other polar solventes and sonicated for 1hour.
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Appendix B

Additional Results

B.1 Rheological Testing - Shear Viscosity

Figure B.1: Different runs of control bioink shear viscosity testing.

Figure B.2: Different runs of CNT1 bioink shear viscosity testing.
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B.1 Rheological Testing - Shear Viscosity

Figure B.3: Different runs of CNT3 bioink shear viscosity testing.

Figure B.4: Different runs of CNT5 bioink shear viscosity testing.

Figure B.5: Different runs of MX0.1 bioink shear viscosity testing.
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B.2 Printed Designs

Figure B.6: Different runs of MX0.3 bioink shear viscosity testing.

Figure B.7: Different runs of MX0.5 bioink shear viscosity testing.

B.2 Printed Designs

(a) (b)

Figure B.8: Proof-of-concept of the bioprinting of a reentrant honeycomb pattern: (a) STL design and (b) Printing ouput with
TissueStart Standard Ink (ideal ink).
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Appendix C

Scientific Output

Section presenting the abstract and poster of the Advances in 3D Bioprinting Conference, held in
Haifa, Israel,10-12 September 2023, ("From 2D to 3D: Enhancing Cardiomyocyte Maturation in 3D
Conductive Environment for Cardiovascular Tissue Engineering")
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From 2D to 3D: Enhancing Cardiomyocyte Maturation in 3D Conductive Environment for 

Cardiovascular Tissue Engineering 

Advancements and development in tissue engineering and effective therapies for cardiovascular 

diseases are crucial to address mortality rates associated with these conditions. Cardiomyocyte-

based tissue engineering has been widely used to create in vitro disease models [1], [2]. 

However, the resulting cardiomyocytes and tissues often lack maturity, limiting their 

applications. To address this issue, conductive materials like graphene have been utilized to 

promote the maturation of cardiomyocytes [3]. 

Current knowledge on cardiac tissue maturation largely comes from 2D culture studies, which 

may not accurately represent physiological conditions in tissues since cells reside in a 3D 

microenvironment. Therefore, 3D-bioprinting emerged as a tool for developing biomimetic 

tissue constructs. 

This study aims to bioengineer a conductive 3D scaffold using Gelatin and Alginate, combined 

with CNTs and Mxenes. Two different approaches will be used: first, a conductive lyophilized 

scaffold for cell seeding, and second, 3D-printing of the conductive hydrogel containing 

cardiomyocytes. 

The hypothesis is that the presence of the conductive materials will stimulate the 

cardiomyocytes and enhance their maturation within the 3D microenvironment of the 

constructs. These in vitro systems will mimic the cardiac microenvironment, providing a platform 

for developing cardiac therapies using more representative cardiac tissues. 

Extensive characterization of the obtained material was conducted, including electrical, 

mechanical, and microscopy analyses. Cells were then cultured for six days within these 

scaffolds, and some groups demonstrated beating behavior on the sixth day. Throughout the 

culture period, the cardiomyocytes remained viable and metabolically active. Various aspects, 

such as cell viability, metabolic activity, morphological structure, and immunofluorescence, were 

evaluated. For comparison, material without conductive elements served as the control.  

This study sheds light on the effects and differences that the environment has on cell maturation 

when conductive nanomaterials are present in a 3D setting. The findings offer valuable insights 

into cell maturation and exhibit potential applications in cardiac tissue engineering. 

 

[1] H. V. Almeida et al., “Human Extracellular-Matrix Functionalization of 3D hiPSC-Based 

Cardiac Tissues Improves Cardiomyocyte Maturation,” ACS Appl Bio Mater, vol. 4, no. 2, 

pp. 1888–1899, 2021, doi: 10.1021/acsabm.0c01490. 

[2] B. Abecasis et al., “Toward a Microencapsulated 3D hiPSC-Derived in vitro Cardiac 

Microtissue for Recapitulation of Human Heart Microenvironment Features,” Front 

Bioeng Biotechnol, vol. 8, no. November, pp. 1–16, 2020, doi: 

10.3389/fbioe.2020.580744. 

[3] J. Wang et al., “Graphene Sheet-Induced Global Maturation of Cardiomyocytes Derived 

from Human Induced Pluripotent Stem Cells,” ACS Appl Mater Interfaces, vol. 9, no. 31, 

pp. 25929–25940, 2017, doi: 10.1021/acsami.7b08777. 
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