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ABSTRACT

Cardiovascular Diseases (CVD), currently considered the leading cause of death world-
wide, highlight the imminent need for innovative therapies in the treatment of cardiac
pathologies. In this study, Cardiac Tissue Engineering (CTE) was highlighted as a promis-
ing approach, featuring the potential of Induced Pluripotent Stem Cell-Derived Car-
diomyocytes (iPSC-CMs). One of the main challenges was the difficulty for many sub-
strates to induce cellular maturation equivalent to that of an adult human heart. For
this reason, this research consisted of developing substrates based on gelatin and con-
ductive materials, such as Laser-Induced Graphene (LIG), which simulate the charac-
teristics of the natural myocardial microenvironment. LIG is obtained by laser irradi-
ating suitable carbon-based precursors by photoconverting sp> carbon atoms into sp?
carbon atoms, resulting in a three-dimensional structure of highly conductive porous
graphene. Thus, two groups that served as substrates for LIG were analyzed: (a) one
containing gelatin and sodium tetraborate decahydrate and (b) another composed of
gelatin, genipin and sodium tetraborate decahydrate. The mechanical and electrical prop-
erties of the films were studied before and after immersion in a solution of 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)-N-Hydroxysuccinimide (NHS). This crosslink-
ing agent has been used to improve the stability of substrates in in vitro physiological
environments. Out of the substrates analyzed, only the 2 immersed in EDC-NHS were
evaluated for their influence on viability, cell proliferation and expression of proteins
indicative of the contractile phenotype of iPSC-CMs, namely a-Actinin. The results
obtained indicate that the substrate containing genipin was promising, exhibiting con-
ductive properties similar to those of human heart tissue, consequently maintaining
cell viability and promoting the proliferation and maturation of iPSC-CMs. These cells
showed a morphology relatively similar to mature Cardiomyocytes (CMs) and a notable
expression of contractile proteins. The genipin film appears as a new proposal in the field
of CTE, signaling possible clinical advances in the fight against CVD and representing

significant progress in this area.
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ReEsumMmo

As doengas cardiovasculares (CVD), consideradas atualmente a principal causa de morte
a nivel mundial, evidenciam a necessidade iminente de terapias inovadoras no tratamento
de patologias cardiacas. Neste estudo, destacou-se a engenharia de tecidos cardiacos (CTE)
como uma abordagem promissora, ressaltando o potencial dos cardiomiocitos derivados
de células estaminais pluripotentes induzidas (iPSC-CMs). Um dos principais desafios é
a dificuldade de muitos substratos induzirem a maturagao celular equivalente a de um
coragao humano adulto. Por esse motivo, esta pesquisa consistiu no desenvolvimento de
substratos baseados em gelatina e materiais condutores, como o grafeno induzido por
laser (LIG), que simulam as caracteristicas do microambiente natural miocardico. O LIG
¢é obtido a partir da irradiagao a laser de precursores a base de carbono, convertendo
4tomos de carbono sp3 em sp?, resultando numa estrutura tridimensional de grafeno po-
roso altamento condutor. Assim, foram analisados dois grupos que serviram de substrato
para o LIG: (a) um contendo gelatina e tetraborato de sddio decahidratado e (b) outro
composto por gelatina, genipina e tetraborato de sédio decahidratado. Foram estudadas
as propriedades mecanicas e elétricas dos filmes antes e apds imersao numa solugao
de 1-Etil-3-(3-dimetilaminopropil)carbodiimida-N-Hidroxisuccinimida (EDC-NHS); este
agente reticulante foi utilizado para melhorar a estabilidade dos substratos em ambientes
fisiologicos in vitro. Dos substratos analisados, apenas os 2 imersos em EDC-NHS foram
avaliados quanto a sua influéncia na viabilidade, proliferacao celular e expressao das
proteinas indicativas do fendtipo contratil dos iPSC-CMs, nomeadamente a a-Actinina.
Os resultados obtidos indicam que o substrato contendo genipina revelou-se promissor,
exibindo propriedades condutoras semelhantes as do tecido cardiaco humano, manteve a
viabilidade celular e promoveu a prolifera¢ao e maturacao dos iPSC-CMs. Estas células
apresentaram uma morfologia relativamente semelhante a dos cardiomiécitos (CMs) ma-
duros e uma expressao notavel de proteinas contrateis. O filme com genipina surge como
uma nova proposta no campo da CTE, sinalizando possiveis avangos clinicos no combate

as CVD e representando um progresso significativo nesta area.
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INTRODUCTION

According to the World Health Organization (WHO), CVD are currently the leading
cause of death in the world, accounting for about 32% of all global deaths. It is estimated

that around 17.9 million people died in 2019 from these diseases [1].

Considering the worrying prevalence of CVD, it is essential to understand the com-
plexity and importance of the human heart, a vital organ for our survival. The heart is
among the most complex organs in terms of its functionality in the body, being composed
of three layers of tissue that form the wall of the heart. The outer layer is the epicardium,
the middle layer is the myocardium, and the inner layer is the endocardium. The thick
layer of the myocardium is formed by a highly branched network of individual cardiac
muscle cells, the CMs and these are responsible for the involuntary and rhythmic con-
tractions of the heart. Therefore, the cardiovascular system guarantees the necessary
blood flow to supply all body tissues with oxygen and nutrients, as well as to adequately

eliminate metabolic waste [2].

In this way, CTE has directed its research towards finding solutions to combat CVD,
thus exploring the potential of Induced Pluripotent Stem Cells (iPSCs) for the develop-
ment of new models of cardiac tissues, new disease models and drug screening. Interest
in iPSCs models has increased due to the clinical need for in vitro tissue models to mimic
the complexity of cardiac tissue and create new therapies for CVD [3]. These iPSCs mod-
els can overcome the limitations of adult cell models [4] and give rise to iPSC-CMs [5].
Although these models are promising, they also have limitations, since the substrates
where iPSC-CMs are cultivated do not allow maturation and functionality representative
of a mature and adult heart, which hinders the development of reliable and relevant
therapies for CVD [6-8].

In order to overcome these limitations, this project aims to bioengineer a culture sub-
strate that combines ECM components (gelatin) that will be functionalized with conduc-
tive materials, specifically LIG. LIG is obtained by laser irradiating suitable carbon-based
precursors by photoconverting sp3 carbon atoms into sp? carbon atoms, resulting in a
three-dimensional structure of highly conductive porous graphene. Electrical functional-
ization by incorporating conductive materials such as LIG into the substrate will serve to
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CHAPTER 1. INTRODUCTION

stimulate immature iPSC-CMs and enhance cardiac tissue maturation by combining the
biocompatibility and bioactivity of the ECM with the conductivity and anisotropy of the
LIG. H. T. H. Au et al. emphasized that the combination of mechanical, anisotropic, and
electrical characteristics is essential for creating functional cardiac tissue [9]. This will
allow the development of more biologically representative cardiac models similar to the
adult human myocardium.

Recently, graphene has also been described as a biocompatible conductive material
that can be used to electrically stimulate cells [10]. However, the standardized production
of graphene has some disadvantages, such as the long manufacturing time and the need
for high processing temperatures combined with the use of expensive and toxic chemicals,
which significantly hinder the wide application of this material [11]. On the other hand,
LIG production is achievable with computer-controlled laser systems, resulting in a one-
step, maskless, scalable and cost-effective approach for graphene fabrication with tunable
morphology, porosity and composition [12] on the desired substrates. In addition, LIG
is more environmentally friendly, flexible, and mechanically robust than graphene, and
it also boasts excellent electrical and thermal properties [13]. These factors led to the
consideration of LIG for this work. The synthesis of LIG on various substrates such as
Polyimide (PI) [14], textiles, wood and cellulose [15] has already been reported in various
studies. It has also been employed in various applications, from strain sensors [14] to
energy storage devices [16] and biosensors [15, 17, 18]. There are no reports of LIG
production using gelatin-only that can promote maturation of iPSC-CMs [19, 20].

Although it has never been reported, the appealing features of LIG and gelatin cre-
ated the hypothesis that gelatin/LIG platforms could be a versatile mean to stimulate
maturation. Furthermore, the aim is to generate highly conductive anisotropic topogra-
phies using this technology [21]. By allowing for the generation of combined anisotropy
and conductivity of the maturation of iPSC-CMs, tissue-specific anisotropy and tissue
biological function can be achieved.

Results were obtained proving the successful role of native cardiac ECM in promot-
ing the maturation of iPSC-CMs [19]. In addition, several biomaterials, both natural
and synthetic, have been used to mimic the cardiac biological environment. Such natu-
ral biomaterials include: collagen, fibrin, fibronectin, matrigel and decellularized ECM,
whereas the synthetic ones include: Polycaprolactone (PCL), Polylactic Acid (PLA) and
Polyethylene Glycol (PEG) [22].

In this project, gelatin was the biomaterial designed to mimic the ECM of the natural
heart, thereby creating a biologically suitable environment for cells.

In summary, the substrate consisting of gelatin will be functionalized with LIG, not
only allowing for the combination of the properties of gelatin and LIG but also, opening
new perspectives for applications in the area of Tissue Engineering (TE). The choice of
gelatin is driven by their cost advantage over pure collagen, enabling their broader use in
all conducted tests.

The objectives of the study include: (i) the determination of the formulation of the

2



biomaterial (focusing on the proportion between the non-cytotoxic materials used and the
mechanical properties of the films produced), (ii) the definition of the adequate conditions

for the efficient formation of LIG and (iii) to carry out cellular assays.

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

indicated, constitute original work carried out by the author.



2

STATE OF THE ART

The adult human heart has an extremely limited capacity for regeneration, with an
estimated renewal rate of CMs of 1% per year, which decreases with advancing age [23],
posing a significant challenge in the context of cardiac pathologies. There is evidence
pointing to an epidemic increase in heart failure, with one of the causes being the reduc-
tion in the number of CMs. This reduction in CMs can occur as a result of a cardiac event,
such as a heart attack, or due to degenerative processes over time, which can affect heart
function and contribute to the progression of heart failure. Therefore, current therapies
focus on preserving the remaining CMs but face the intrinsic challenge of regenerating
the lost CMs.

According to the review by Z. Lin and W. T. Pu, there are currently different strategies
under investigation to regenerate the myocardium, such as: (i) inducing existing CMs in
the heart to re-enter the cell cycle; (ii) delivering ex vivo isolated and expanded Cardiac
Progenitor Cells (CPCs) or their derivatives to the heart; (iii) enhancing the activity of
endogenous CPCs; and (iv) directly reprogramming non-CMs into CMs [24]. The authors
demonstrated the ability to induce the generation of new CMs by stimulating existing
CMs with growth factors, causing them to re-enter the cell cycle, and observed their
mechanical, electrical, and vascular integration in the myocardium. However, this pro-
cedure may present oncogenic potential, so it is crucial to evaluate this approach before
applying it in a clinical setting - strategy (i) [24]. Additionally, researchers also addressed
cell therapy as one of the approaches used for this problem. This approach involves the
transplantation of different types of cells for cardiac regeneration. To mitigate the risk of
arrhythmia associated with trials using this approach, more recent studies have utilized
cardiomyogenic activity progenitor cells or their differentiated derivatives. These cells
have been derived from pluripotent stem cells such as Embryonic Stem Cells (ESCs) or
iPSCs, as well as from adult progenitor cells present in the heart (resident CPCs or non-
resident CPCs located in non-cardiac areas). Injection of CMs derived from human ESCs
resulted in stable grafts that improved cardiac function in rats with myocardial infarction
[25]. However, in addition to important ethical considerations, there are challenges and
limitations to be considered, such as the relative immaturity of these ESCs-derived CMs,
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the need for immunosuppression to prevent graft rejection, and the safety and longevity
of grafts. The objective of this therapy is to isolate, amplify, differentiate, and then trans-
plant progenitor cells or their descendants - strategy (ii) [24]. An alternative strategy is
to enhance the regenerative activity of resident CPCs. Data indicates that CPCs do not
substantially differentiate into CMs during normal homeostasis. However, myocardial
injuries stimulate increased generation of CMs from non-myocardial cells - strategy (iii).
As a result, there are multiple cardiac regeneration strategies in development, each with
its own advantages and challenges [24]. With a focus on the cell therapy strategy (ii),
C. Fischer et al. demonstrated that adult cardiac tissue can be maintained under elec-
tromechanical stimuli, although some alterations at the structural, mechanical, and gene
expression levels are detected [26]. Nevertheless, an approach to tackle this challenge is
presented in the study conducted by H. V. Almeida et al., where it was demonstrated the
potential of human cardiac ECM on the phenotype and maturation characteristics of iPSC-
CMs. It was shown that human cardiac ECM can be decellularized, isolated, fragmented,
and successfully incorporated into three-dimensional iPSC-CMs aggregates, promoting
phenotypic, structural, and ultrastructural maturation of CMs, further enhancing cal-
cium handling. High cell viability and metabolic activity were observed over a period of
20 days. Thus, this strategy offers a solution for cardiac microenvironment regulation,

paving the way for advances in cell therapy, drug screening, and disease modeling [20].

Although biochemical approaches have shown great potential in the context of cardiac
regeneration, there are still some challenges to overcome. In this sense, TE emerges as an
alternative to tackle these challenges and seek innovative solutions, with CTE standing
out. CTE aims to develop structures that mimic the characteristics of the myocardial

ECM, with the goal of promoting cardiac tissue development [27].

CMs undergo changes in their cytoskeleton and morphology when exposed to dif-
ferent substrates. Therefore, when producing these substrates, it is crucial to consider
certain characteristics such as ease of fabrication, miniaturization, flexibility, and the

ability to maintain CMs contractility, ideally without external electrical stimulation [28].

In literature, there are several studies investigating the impact of scaffolds/substrates
on cellular behaviour. P. J. Gouveia et al. demonstrated that the use of scaffolds promot-
ing alignment of CMs results in better tissue cohesion, and scaffolds enhancing electrical
signal propagation among CMs exhibit high levels of proteins associated with muscle
contraction. Additionally, the application of external electrical fields to scaffolds seeded
with CMs has been shown to induce a higher rate of tissue maturation [28]. The study
by J. Wang et al. expressed the beneficial use of flexible and conductive substrates in
the maturation and development of CMs. It posited that a graphene substrate, as a con-
ductive biomimetic surface, could facilitate intrinsic electrical propagation, mimicking
the microenvironment of the native heart, to further promote the global maturation of
Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes (hiPSC-CMs) [10].

Within the field of CTE, biomaterials play a crucial role in influencing cell activity,

5



CHAPTER 2. STATE OF THE ART

adhesion, proliferation, maturation, and differentiation. Nanotechnology has been essen-
tial in enhancing engineered cardiac tissues, allowing for the optimization of substrate
properties for specific applications. Small differences in nanostructure can have impacts
on the macro-scale and tissue function. The ideal biomaterial for CTE needs to pos-
sess suitable properties such as the ability to support efficient attachment, growth, and
differentiation of CMs, resulting in the formation of functional cardiac tissue [29].

In CTE, natural and synthetic biomaterials have been used. Among natural bioma-
terials, collagen, fibrin, fibronectin, matrigel and decellularized ECM stand out [22, 29].
Among synthetic biomaterials, the following have been used: PCL, PLA and PEG [22,
30]. As mentioned earlier, the focus of this study will be collagen-based biomaterials
and their derivatives, such as gelatin, aiming to generate LIG. Gelatin exhibits intriguing
properties, and its combination with conductive materials may enhance its performance
in cellular stimulation.

Recently, conductive materials like graphene have also been used for TE applications
due to their unique mechanical, thermal, optical, and electrical properties, as well as their
biocompatibility. The study conducted by J. Wang et al. also demonstrated that graphene
can be used to enhance electrical stimulation of CMs and promote their differentiation
[10]. Although standard graphene production offers various advantages, it also has some
disadvantages, such as high production costs, long fabrication time, and the need for
high processing temperatures combined with the use of expensive and toxic chemicals.
In this regard, LIG overcomes these limitations, and its discovery from polymers in
2014 has garnered significant attention in recent years [13]. The laser induces localized
temperature increases, leading to selective graphitization and a shift from the native
hybridization of the carbons into precursor materials to sp? hybridization in graphene
structures. The LIG synthesis method enables efficient and cost-effective conversion of a
polymer substrate into LIG [31]. This results in an excellent alternative to conventional
graphene with adjustable morphology, porosity, and composition. Additionally, LIG
utilizes scalable and roll-to-roll compatible methods which jointly with its low toxicity,
flexibility, robustness and excellent mechanical and electrical properties make LIG a
promising candidate to use in TE applications. Another interesting advantage is the
ability to generate LIG from a wide range of carbon precursors using multiple lasers,
such as infrared, ultraviolet, and visible ranges. The study conducted by T. Pinheiro
et al. also highlighted that different operating parameters, such as Power and Speed,
resulted in different laser penetration depths and different properties of the final LIG
films. Therefore, careful optimization of these parameters is crucial [15]. The aromatic
composition of the precursor material also plays a significant role in the properties of the
films produced by laser irradiation/exposure. Additionally, the use of inert gases such
as Argon (Ar) has shown to be beneficial in increasing the efficiency of LIG production
compared to environments with oxygen presence. Table 2.1 presents certain substrates
that have been used as substrates for the production of LIG, as well as the applications
of the produced LIG films [31]. Materials such as: PI, Polydimethylsiloxane (PDMS),
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chitosan, gelatin, chromatographic paper and office paper were considered to be used

with different applications.

Table 2.1: Representation of different precursor materials capable of generating LIG and

their respective applications and objectives as substrates.

. Applications and Bibliographic
Substrates Description Objectives References
LIG electrodes produced M1croﬂu1d.1c
electrochemical
on PI substrates, . .
biosensor integrated
PI connected to . [32]
with LIG for the
PDMS . .
microchannels diagnosis of
) CVD.
Heart rate sensors
ut111zmg graphene—ba.sed Low-cost and easily
detection elements in .
. . . accessible sensor for
conjunction with the .
HeartPy toolkit for beginner developers of
PI and PDMS heart rate sensors [33]
Python. enablin
1° - LIG produced on PI . 8
experimentation and
substrates. idespread application
2° - LIG produced on wicesp PP '
PI substrates with PDMS
coating.
Approaches tested with
different materials:
1° - Flexible LIG
electrodes produced on | Flexible, low-cost, rapid,
PI and .
chitosan- PI substrates. and selective
2° - Flexible LIG electrochemical [34]
-Glucose .
. electrodes produced on biosensor for glucose
Oxidade (GOx) .
PI substrates, where the detection.

chitosan-GOx composite
was immobilized on their
surface.
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Materials Description Applications and Bibliographic
P Objectives References
PI film coated with Microsupercapacitors
elatin. Gelatin were fabricated usin
8 8
PT and gelatin absorbed the intense the prepared LIG 35]
laser impact and helped revealing enormous
adjust the surface potential for flexible
morphology. electronics.
Production of flexible
. Production of LIG from films frqm a few cl.ass of
Chitosan chitosan biopolvmers sustainable marine [36]
POy ' materials - chitosan
biopolymers.
Development of
Chromato- films electrochemical
-graphic and | Production of LIG from systeerrlrzls Il;istc;f 01?121)152 for
office paper paper with proper sen};ors ong Aper [15]
(cellulosic chemical treatment. . . paber, |
materials) increasing sustainability,
accessibility, and
reducing costs.

During film production, it is crucial to use agents to promote the crosslinking of
collagen or its derivatives. Without these agents, the films exhibit reduced stability and
mechanical properties in aqueous environments, which can result in their disintegration
over time. A study conducted by M.G. Haugh et al. investigated the effects of the
Dehydrothermal Treatment (DHT) on Collagen-Glycosaminoglycan (CG) scaffolds, where
increased temperature and duration of the treatment resulted in improved mechanical
properties of the scaffolds. It was concluded that DHT is a viable technique to enhance
the mechanical properties of CG scaffolds, making them more suitable for in vitro and
in vivo use [37]. Similar to DHT, genipin is also used as a crosslinking agent. In a study
conducted by H.G. Sundararaghavan et al., the effect of genipin treatment concentration
and the duration on the mechanical properties of type I collagen gels were investigated.
It was observed that genipin promotes crosslinking, thereby imparting stiffness to type
I collagen gels, which influences cellular behaviour. Thus, genipin is a useful agent for
modulating the mechanical properties and cellular behaviour in collagen gels [38].

Therefore, when developing the biomaterial, the choice of the crosslinking agent is
a crucial step. Moreover, the inclusion of a fire-retardant in the films composition is
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essential to give them higher termal resistance, i.e. a fire-retardant allows expanding the
range of laser operating conditions, which is benefecial for evaluating the best properties
for LIG formation [15]. To address the notable thermal degradation and ablation typically
witnessed when such substrates undergo laser irradiation, chemical treatments involving
specific retardants have been proposed. Notably, retardants based on phosphate [39, 40]
and boric derivatives such as boric acid [40] and sodium tetraborate (Borax)[41] have
been utilized. Specifically, boric-based inorganic metal hydrates, like borax, have been
intensively explored to mitigate thermal degradation of natural fibers, such as cellulose
[42], while concurrently serving as thermal dissipaters during laser-induced combustion,

owing to their endothermic decomposition processes that can prevent substrate ignition
[43].



3

MATERIALS AND METHODS

This chapter presents the experimental methodologies employed in the production
and subsequent characterization of the films developed throughout this project, as well
as the evaluation of their cell viability. Two distinct groups were tested: (a) containing
gelatin (CAS: 9000-70-8) and sodium tetraborate decahydrate (Na,B,O7-10H,0; >99.5%;
CAS: 1303-96-4) and (b) composed of gelatin (CAS: 9000-70-8), genipin (Cy1H140s5;
>98%; CAS: 6902-77-8) and sodium tetraborate decahydrate (Na,B;O-10H,0; >99.5%;
CAS: 1303-96-4). Gelatin was sourced from Merck, while sodium tetraborate decahydrate
and genipin were obtained from Sigma-Aldrich.

In approach (a), the crosslinking was achieved using DHT. According to this method,
increased temperatures allow for the formation of a denser and more robust polymeric
structure [44]. On the other hand, in approach (b), genipin was used, a chemical crosslink-
ing agent, which is responsible for forming covalent bonds between the polymeric chains
[38]. The main objective of the application of these 2 types of crosslinking agents is to
improve the physical and chemical characteristics of the gelatin films. Other crosslinking
technique was adopted during the swelling and degradation tests, the substrates that
underwent the crosslinking approaches (a) and (b) began to disintegrate upon contact
with the Phosphate-buffered saline (PBS) solution and the LIG quickly dissolved.

3.1 Biomaterial formulation and optimized conditions for LIG
generation
3.1.1 Film Formulation

3.1.1.1 Film composed of Gelatin and Sodium Tetraborate Decahydrate

Firstly, a solution was prepared using water as solvent, with 10% (w/v) gelatin, main-
taining the temperature at 45 °C. After one hour, a concentration of 1.91% (w/v) sodium
tetraborate decahydrate was added to the solution [15]. After 30 minutes, the temperature

was reduced to 25 °C. The procedure is presented in Figure 3.1.
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GENERATION
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Figure 3.1: Schematic representation of the production of Gel-NaB films.

3.1.1.2 Film composed of Gelatin, Genipin and Sodium Tetraborate Decahydrate

The procedure stated in section 3.1.1.1 was followed to produce the gelatin and
sodium tetraborate decahydrate solution.

A concentration of 0.0022% (w/v) of genipin was added to the solution, which was
then stirred for 3 hours. The color change of the solution from yellow to a bluish-green
shade indicated the occurrence of crosslinking [45]. The procedure is presented in Figure
3.2.

. Tetraborate -
Ge]_atm Decahydrate Genipin
& @) e
_', ! - === _’ & -
2 -— -— i e
¥, / ¥, / V. / F i /
T —— —_— .-""‘---.:_p’
Stirring and Stirring and Stirring and Heating of the
Hef‘attlng of the HF..'atI ngofthe  Heatingofthe . .~ 25°C
mixture for 1 mixture for 30 mixture for 3
hour at 45°C min at 45 °C hours at 25 °C

Figure 3.2: Schematic representation of the production of Gel-Gen-NaB films.

3.1.2 Film Deposition and Drying Method

Subsequently, molds were produced to deposit the solutions. The acetate material
was placed on a glass substrate to facilitate the removal of the film after drying.

The gelatin and sodium tetraborate decahydrate solution was casted in the mold,
which was placed on a heating plate with an initial temperature of 25 °C. The temper-
ature was gradually increased by 5 °C every 30 minutes until reaching 45 °C [46]. This
procedure is defined as Dehydrothermal Treatment (DHT) and aims to promote a slow
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drying of the film and prevent bubble formation. The film was then left to dry overnight,
approximately for 12 hours.

The solution composed of gelatin, genipin and sodium tetraborate decahydrate was
casted in the mold which was then placed on a heating plate at 25 °C. This temperature
was maintained constant throughout the night to ensure stable conditions during the

process. The procedure is presented in Figure 3.3.
Gel-NaB Gel-Gen-NaB
Fi. / iv. /4
—— ———
The temperature was

gradually increased by 5°C Th? te;‘nperature
every 30 minutes from 25 °C remaine ;{énstant -
2 =

until reaching 45 °C

Figure 3.3: Schematic representation of the drying method.

As previously mentioned, the films began to disintegrate upon contact with the
Phosphate-buffered saline (PBS) solution. To enhance their resistance, they were im-
mersed in an 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide-N-Hydroxysuccinimide
(EDC-NHS) solution, aiming to stabilize the substrate against degradation in aqueous
environments. Despite the toxicity of this chemical crosslinking agent for cells, it was
considered appropriate [47] since a strategy was developed to neutralize its harmful ef-
fects by submersing it in a PBS solution [47], in order to mitigate any harmful impact on
the cells.

3.1.3 Crosslinking treatment with EDC-NHS

Two solutions of EDC and NHS with concentrations of 5% and 2.5%, respectively,
were prepared [48].

The Gel-NaB and Gel-Gen-NaB films were immersed in the EDC-NHS solution for 2
hours and then left to dry overnight. The following day, these films were immersed in a
PBS solution, and left to dry again overnight.

Subsequently, the films underwent laser exposure, where several laser power, scan
speed, Pulses per Inch (PPI), Z-axis position, image density and image enhancement were
tested.

3.1.4 Optimized Conditions for LIG Generation

Laser-Induced Graphene (LIG) was produced using a computer-controlled CO, laser
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cutting machine (VLS 3.50, Universal Laser Systems), with a 10.6 ym wavelength, a
pulsed cutting laser associated with a 2.0 type plano-convex lens and 50W power [49].
The vector image software Adobe Illustrator (Adobe Systems, Ireland) was used to draw
the adopted geometry: a 7 mm x 7 mm square, which is a suitable size for cell culture.

During all the experiments, nitrogen flow and exhaust were continuously on.

3.1.4.1 Film prior to immersion in EDC-NHS and PBS solutions

Both films, composed of: (a) gelatin and sodium tetraborate decahydrate (Gel-NaB)
and (b) gelatin, genipin, and sodium tetraborate decahydrate (Gel-Gen-NaB), prior to im-
mersion in 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-N-Hydroxysuccinimide
(NHS) and PBS solutions, were subjected to the laser parameters described in Table 3.1.

Table 3.1: Optimized values for the laser variables: Power, Speed, PPI, Z-axis Position,
Image Density and Image Enhancement of the mentioned films (prior to immersion in
EDC-NHS and PBS solutions).

Z-axis Image Image
Power [W] | Speed [m/s] | PPI Position | Density | Enhancement
0.25 0.2032 1000 | 0.300” 7 Auto: NO
Margin

The Power corresponds to the amount of energy emitted by the laser during its opera-
tion. The Speed refers to how quickly the laser moves across the material. PPI represent
the number of laser pulses applied per inch. The Z variable describes the separation be-
tween the laser lens and the surface of the material. Image Density quantifies the number
of dots etched by the laser in each square inch, while Image Enhancement adjusts the

processing of the image by the laser.

3.1.4.2 Film after immersion in EDC-NHS and PBS solutions

Both films, composed of: (a) gelatin and sodium tetraborate decahydrate (Gel-NaB-
EDC) and (b) gelatin, genipin, and sodium tetraborate decahydrate (Gel-Gen-NaB-EDC),
after immersion in EDC-NHS and PBS solutions, were subjected to laser exposure, ac-

cording to the parameters stated in Table 3.2.

Table 3.2: Optimized values for the laser variables: Power, Speed, PPI, Z-axis Position,
Image Density and Image Enhancement of the mentioned films (after immersion in
EDC-NHS and PBS solutions).

Z-axis Image Image
Power [W] | Speed [m/s] | PPI Position | Density | Enhancement
1 0.2286 1000 | 0.300” 7 Auto: No
Margin
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After the LIG production, a 0.05% (w/v) gelatin solution was deposited to ensure LIG
consistency during all experiments. Before carrying out the cell culture, the samples were
sterilized through a 20-minute bath in a 70% ethanol solution, followed by immersion
under UV light.

3.2 Characterization

3.2.1 Micro-Raman Spectroscopy

Raman spectroscopy is a technique that assesses the quality of graphene, providing
details about the electronic structure and atomic vibrations in the material. It allows
the identification of defects, impurities and the number of graphene layers by analyzing
three main peaks in Raman spectra: G, D, and 2D. The G peak is related to the vibration
of carbon atoms in graphene. The D peak reflects defects and impurities in graphene,
its presence being minimal in high-quality samples. The 2D peak is a second order of
the D peak, being fundamental for the determination of the number of graphene layers.
The equipment used for the analysis was the Renishaw in Via Qontor Raman Microscope
[50]. The wavelength of the laser used was 532 nm. A 1200 1/mm grating was used. The

acquisition time was 10 seconds and 3 accumulations were performed.

3.2.2 Four-Point Probe Resistivity Measurement Device

The equipment used to measure the sheet resistance of the material was the Biorad
HL5500 Hall Effect systems using the four-point probe method or Van der Pauw method,
which assumes homogeneity, isotropy, and uniformity of the sample thickness [51]. Af-
ter determining the sheet resistance of the film [()/sq], it was possible to calculate the

electrical conductivity of the material [S/m] through the following equation 3.1:

1 1
oO=—=
P Rsh'lL

(3.1)

, where o corresponds to conductivity [S/m], p corresponds to resistivity [(Q-m], Ry, cor-
responds to the sheet resistance of the material [(Q2/sq], and t corresponds to the thickness
of LIG [m]. The thickness of the LIG was determined through the Scanning Electron
Microscopy (SEM) technique.

3.2.3 SEM

SEM is a technique that provides information on the morphology and topography of a
substrate surface [52]. The equipment used for this analysis was the Hitachi TM3030 Plus
Tabletop microscope [53] and due to the need for electrical conduction in this technique,
the samples were coated with 20 nm Iridium (Ir) layer [54]. In addition, SEM was used
to measure the thickness of the LIG, allowing for the conductivity to be calculated from
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the sheet resistance, as mentioned earlier. The porosity of the LIG produced was also

obtained from the analysis of SEM images using Fiji software.

3.2.4 Optical Stereo Microscope

Leica M80 Optical Stereo Microscope was used to study the surface morphology of
the samples [55].

3.2.5 Cellular Assays

Cell culture was performed at NOVA Medical School using undifferentiated single
Human Induced Pluripotent Stem Cells (hiPSCs), which were expanded in Essential 8
Medium in a 12-well plate. Differentiation was initiated by replacing the medium in each
well with 1.5 mL of RPMI, supplemented with B27 serum without insulin (GibcoTM), 12
pM CHIR, 100 ng/mL Activin A, and 270 uM of Ascorbic Acid, to induce Cardiomyocytes
(CMs) differentiation. The procedure done along the culture period followed a previously
published protocol [56].

3.2.5.1 Live/Dead Staining

Cell viability and their morphological changes were assessed on days 1, 3, and 6
using an Invitrogen viability/toxicity kit from Thermo Fisher Scientific. 2 L of ethidium
homodimer-1 and 0.5 yL of calcein AM were added to 0.5 mL of PBS solution per well as
described in the manufacturer’s protocol. Images of the cells were captured using a Carl
Zeiss Microscopy GmbH microscope, 15 minutes after performing the viability assay and
analysed using Image] software. First, all cells were counted, and then the percentage of
viable cells was calculated, compared to a control group where the viability is 100%. To
calculate cell size, the aforementioned software was also used. Statistical analyses, using
GraphPad Prism software, were performed and data were expressed as mean + Standard
Deviation (SD). A one-way ANOVA, followed by Tukey’s post hoc test, was utilized for
identifying significant group differences.

3.2.5.2 Presto Blue Assay

Cell proliferation was assessed with the PrestoBlue’™ Assay (Invitrogen), using the
Invitrogen’s PrestoBlue™ Cell Viability Reagent from Thermo Fisher Scientific. Ina 1:10
concentration, as per the manufacturer’s protocol, the reagent was added to each well,
followed by a 30-minute incubation. Then, 100 uL in duplicates was withdrawn from
each well to a 96-well plate. This plate was then placed in a SpectraMax i3x Multi-Mode
Microplate Reader for fluorescence evaluation, through SoftMax Pro software. The results
were then compared with those of a control group. This assay was performed on days 1,
3, and 6, on 5 samples of each group.
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3.2.5.3 Immunofluorescence Staining

The immunofluorescence protocol begins with the fixation of the cells, followed by
washing the samples in a PBS bath for 30 minutes, and then permeabilization in 0.1% Tri-
ton X-100 (Sigma-Aldrich) for 30 minutes. The samples are then incubated in a blocking
solution with 2% Bovine serum albumin (BSA) (Sigma-Aldrich) for 30 minutes to prevent
nonspecific binding. Subsequently, they are incubated with the primary antibody, Mono-
clonal Anti-a-Actinin (Sigma-Aldrich), diluted in a blocking solution at 1:800, overnight.
After three 5-minute washes in PBS, the secondary antibody, Goat anti-Mouse IgG, Alexa
Fluor™ 488 (Thermo Fisher Scientific), diluted at 1:500 in the blocking solution, which
ended up being applied to the samples and incubated for 1 hour. After a one-hour wash
in PBS, the cells are treated with 4’,6-Diamidino-2-phenylindole (DAPI) diluted in PBS
at 1:100 for nuclear staining, during 15 minutes. Finally, the samples are washed three
times in PBS, each wash lasting 5 minutes, before the visualization under the Carl Zeiss

Microscopy microscope.

3.2.5.4 SEM

The samples were immersed in baths of 50, 70, 80, 90, and 100% ethanol for 5 minutes
each, respectively. The samples were then coated with a 20 nm Gold(Au)/Palladium(Pd)

conductive layer and analyzed using SEM to evaluate the presence of cells.
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4

REsuULTS AND DISCUSSION

In this chapter, the results of the experimental methodologies used to characterize the
films developed and the LIG produced in them are presented. Additionally, the assess-
ment of cell viability on substrates is discussed. As previously mentioned, two distinct
groups were tested: (a) one containing gelatin and sodium tetraborate decahydrate and
(b) another composed of gelatin, genipin and sodium tetraborate decahydrate. The results
of film characterizations before and after immersion in EDC-NHS and PBS solutions will

be presented.

4.1 Characterization of films

4.1.1 Film prior to immersion in EDC-NHS and PBS solutions

Regarding the properties of the Gel-NaB film, it is important to mention that it has a
yellow color, also being translucent and brittle, while the Gel-Gen-NaB film has a blue
color, is slightly less translucent and exhibits a lower susceptibility to breaking, which

can be seen in Figure 4.1.

(a) Gel-NaB film. (b) Gel-Gen-NaB film.

Figure 4.1: Comparison between the films produced. Scale bar corresponds to 1 cm.
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The fact that the Gel-NaB film is more brittle may be associated to the DHT that
occurred, in which the gradual increase in the film’s drying temperature led to the evapo-

ration of water molecules, decreasing the mechanical integrity of the film.

It should be noted that during film production it is crucial to minimize the presence
of bubbles in the solution, as these bubbles can influence LIG production, impacting the

characteristics of the film.

The optimization of the laser processing parameters was carried out in parallel with
the development of the film formulation. After producing several films and carrying out
optimizations in the laser process, the ideal parameters were achieved for the variables
Power, Speed, PPI, Z-axis Position, Image Density and Image Enhancement. These values
are detailed in Table 3.1 of Chapter 3.1.4.1 of Materials and Methods. Image Density
values below 7 compromised the desired standard and, as such, this value was adopted.
It is concluded that, for the substrates in question, it is preferable to use a higher vertical
resolution, that is, a greater number of pixel lines per vertical inch, producing more
accurate vector details [57].

As the film produced is not entirely homogeneous, variations in the laser effect occur,
resulting in the synthesis of LIG with variable characteristics throughout the sample,
which can be seen in Figure 4.2. Consequently, there is intra-sample variation in the

chemical properties of the LIG generated.

(a) Gel-NaB film. (b) Gel-Gen-NaB film.

Figure 4.2: Images of the LIG produced from the substrates. Scale bar corresponds to 1
mm.

The morphology of the LIG generated in the developed film was carried out using the
SEM technique. The purpose was to investigate how the same laser operating conditions

influence the topography of the film surface. The results are presented in Figure 4.3.
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(b) Gel-Gen-NaB film.

Figure 4.3: SEM analysis of the films produced. Scale bar corresponds to 200 ym, except
for the 4" column of images, where it corresponds to 10 ym.

The analysis of both films revealed different morphological features. The Gel-NaB
film had a higher porosity of (56 + 2) % compared to the Gel-Gen-NaB film, which had
a porosity of (52 + 3) %. The presence of marks resulting from the laser action on the
films is noticeable, presenting the formation of “channels”. The porosity was determined
using the image volume method, which involves summing up the porosity pixels from
all analyzed images and then dividing this total by the sum of the areas observed in these
images. This resulting value is then multiplied by 100%.

A cross-section analysis was also carried out in three squares of each group with LIG
generated, with the aim of converting the sheet resistance (Ry;) [(2/sq] obtained by the
Hall Effect into conductivity [S/m]. It can be seen in Figure 4.4 the SEM images of the
generated film and LIG.

Using Image] software, the thickness of the films was determined. The Gel-NaB film
had a thickness of (270 + 200) ym, while that of LIG was (330 + 200) ym. In turn, the
Gel-Gen-NaB film recorded a thickness of (280 + 80) ym and the LIG of (300 + 80) ym.
It is observed that the thickness of the two films are very similar. However, the thickness
of the LIG is consistently higher in both cases, which would be expected. This is due to
the process induced by the laser that converts the material into LIG, resulting in multiple

layers and, consequently, an increase in the total thickness of the material.
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(b) Gel-Gen-NaB film.

Figure 4.4: SEM analysis to determine the thickness of the LIG and film produced. Scale
bar corresponds to 500 ym. n=3.

Raman spectroscopy was used to study and identify the presence of LIG in the sample.
Three distinct peaks are generally identified in the Raman spectrum: the D, G and 2D
peak. Peak D, located at approximately 1350 cm~! in the Raman spectrum, is a crucial
indicator of the presence of defects or disorders in carbon-based materials. This peak
is characteristic of materials containing sp2-hybridized carbon atoms, which form a flat
hexagonal network typical of graphene and other forms of carbon. However, unlike the G
peak, which reflects the presence and quality of sp? carbon, the D peak arises specifically
due to the perturbation of this perfect hexagonal lattice. The presence and intensity of
peak D are directly proportional to the degree of disorder or imperfection in the material.
This may include point defects or other irregularities in the hexagonal structure. In a
perfect graphene crystal, for example, peak D would be absent, since there would be no
disorder or defects to cause its formation. The appearance of this peak is a consequence
of first-order inelastic processes that only occur when there are defects in the material.
The relationship between the intensities of peaks D and G is used to evaluate the quality
of the material, whereas a higher I(D)/I(G) ratio indicates a greater amount of disorder
or defects. Peak G is found around 1580 cm~! and, as previously mentioned, its presence
serves as an indicator of the presence of sp? carbon structures, typical of graphene and
graphite. Therefore, the G peak is the result of first-order inelastic processes and is
associated with the stretching vibration in the plane of the bonds of sp? carbon atoms.
The 2D peak, also called the G’ peak, is found at around 2700 cm™! and is the result
of a second-order inelastic dispersion process. In monolayer graphene, the 2D peak is
particularly notable because it appears as a single, well-defined, high-intensity peak,
contrasting with graphite, where it is possible to observe multiple 2D components. The
presence and shape of this peak are indicatives of the number of graphene layers present
in the sample as well as possible tensions or deformations in the material. For example,
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a I(2D)/1(G) intensity ratio that is significantly greater than one typically indicates the
presence of a monolayer graphene [15].
The substrates which were analyzed and the spectra are shown in Figure 4.5.
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Figure 4.5: Raman spectra of the LIG produced in the films of Gel-NaB and Gel-Gen-NaB.
n=3.

Three distinct peaks were identified in the Raman spectrum of the Gel-NaB film,
located around (1349 + 5), (1592 + 5) and (2690 + 50) cm™!, and correspond to the D, G
and 2D peaks characteristic of carbon-based structures [58]. In the Gel-Gen-NaB film,
only two well-defined peaks were recognized, located approximately at (1363 + 4) and
(1587 + 3) cm™!. These values coincide with peaks D and G, mentioned above. In the Table
4.1 the ratios between the intensities of peaks D and G and 2D and G are represented.

Table 4.1: Chemical properties obtained by Raman spectroscopy and electrical
properties of LIG produced from the substrates of Gel-NaB and Gel-Gen-NaB. n=3.
Results presented as mean + standard error.

Substrate I(D)/I(G) | 1I(2D)/I(G) | Rg; [QQ/sq] | trig [pm] | o[S/m]
Gel-NaB 0.95 + 0.05 0.3+0.2 292420 | 330+200| 14+9
Gel-Gen-NaB | 0.85 + 0.03 | 0.02 + 0.01 162 + 50 300 £ 80 23+3

The I(D)/I(G) ratio showed that the Gel-NaB film presents a slight predominance of
disorder, with a ratio of 0.95 + 0.05, compared to the Gel-Gen-NaB film which registered
0.85 + 0.03. This result suggests that the former has a greater amount of disorder or
defects in its sp? carbon structure. In contrast, analysis of the 1(2D)/I(G) ratio revealed
more pronounced differences. The Gel-NaB film showed a ratio of 0.3 + 0.2, while the Gel-

Gen-NaB film registered a very low value of 0.02 + 0.01, signaling a potential presence
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of multiple layers of graphene or a structure that comes closer to that of graphite (it
should be considered that to calculate the ratio between the intensities of the 2D and G
peaks, for the Gel-Gen-NaB film (where the 2D peak is less pronounced), it was assumed
that the intensity around (2904 + 60) cm™! represented that of the 2D peak). These
results, obtained under identical laser conditions, emphasize the fundamental influence
that the substrate has in determining the quality and structure of the generated LIG. In
conclusion, the LIG of the Gel-NaB film revealed itself to be more disordered, but closer
to a structure with fewer layers compared to that of the Gel-Gen-NaB film, with the latter
then revealing itself to be a multilayered and more ordered structure.

In regards to the electrical and conductive properties of the LIG, the sheet resistance
(Rs) [Q/sq] and conductivity (o) [S/m] values are also represented in Table 4.1. When
evaluating the resistivity of materials, it is important to consider some limitations due to
the porous characteristics of the LIG produced from the substrates, which can be seen
from the SEM images in Figure 4.3.

In Table 4.2, a literature review is presented focusing on the chemical and electrical
properties of LIG produced from different substrates. The objective is the comparison the
obtained results with the characteristics reported in the literature for LIG derived from

different polymeric materials.

Table 4.2: Comparison of the chemical properties obtained by Raman spectroscopy and
electrical properties of LIG produced from different substrates.

Substrate I(D)/I(G) | I(2D)/I(G) | Ry | Ref.
Gel-Gen-NaB 0.85 0.02 162 | -
Polyimide (PI) 0.44 0.88 15 | [12]
PI 0.60 0.60 | n.a. |[59]
PI <1 >0.2 85 | [60]
Polyetherimide (PEI) 0.20 0.65 84 | [40]
PI/Polydimethylsiloxane (PDMS) 0.72 0.61 80 | [61]
Kraft lignin/poly(ethylene oxide) (KL/PEO) 0.50 0.40 363 | [62]

It is concluded that the LIG generated on PI [60], Gel-NaB and Gel-Gen-NaB sub-
strates presents greater disorder compared to the other substrates listed in Table 4.2.
The LIG generated on the Gel-Gen-NaB substrate stands out for being the closest to the
graphite structure in terms of multilayers. On the other hand, the PEI material stands out
for its highly ordered structure, which suggests that this substrate is a potential candidate
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to produce high-quality graphene. The impact of genipin on the structure of Gel-Gen-
NaB is notable, bringing it closer to graphite. In future studies, it could be interesting to
investigate the impact of different concentrations of genipin on the final structure.

Regarding the conductive properties of materials, sheet resistance is an important
metric that measures the electrical resistance of a material, and, generally, materials
with lower sheet resistance have better electrical conductivity. Among the substrates
analyzed, Gel-Gen-NaB stands out for presenting a significantly lower sheet resistance,
(162 + 50) QQ/sq, compared to Gel-NaB, (292 + 20) QO/sq. Furthermore, Gel-Gen-NaB also
demonstrates superior electrical conductivity when compared to Gel-NaB. This difference
indicates that the addition of genipin contributes positively to electrical conductivity.
Furthermore, when analyzing the ratios between peak intensities, it is observed that the
Gel-Gen-NaB substrate is closer to the graphite structure. This suggests that a structure
closer to graphite may have benefits in terms of electrical conductivity. On the other
hand, the PI substrate [12] not only presents the lowest sheet resistance - signaling the
best conductivity among the listed materials - but also, I(D)/I(G) and I(2D)/1(G) values
that suggest a structure closer to graphene. This may reinforce the potential relationship
between the material’s structure and its electrical conductivity. In contrast, the KL/PEO
substrate, which exhibited the highest sheet resistance, had an intermediate I(D)/I(G)
ratio.

While only sheet resistance values are provided, it’s key to understand that conduc-
tivity is intrinsically tied to the thickness of the LIG on the material. This means that a
material, even with a higher sheet resistance, can exhibit high conductivity if the LIG is
sufficiently thin. Typically, materials are compared based on their conductivity and the
intensity ratio between peaks. However, given the available data, the comparison was

primarily based on sheet resistance values and intensity ratios.

4.1.2 Film after immersion in EDC-NHS and PBS solutions

Regarding the properties of the films after immersion in the EDC-NHS solution, it
was observed that they presented a slightly more pleated structure after drying since the
EDC-NHS solution is often used to promote crosslinking in biological polymers. When
films are immersed in this solution, it is possible for film molecules to react and form
crosslinks. This reaction alters the original structure of the films and, upon drying, these
new bonds can cause localized contractions in the polymer matrix, resulting in the pleated
appearance observed.

After preparing the film for laser processing, the previously used parameters were
applied. However, due to the different chemical characteristics of these films, it became
evident that these parameters did not produce the desired LIG pattern. Thus, it was
concluded that it was essential to evaluate the laser processing conditions adequate to
produce LIG in the newly prepared films.

Therefore, optimization of the parameters for the films in question was undertaken.
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Initially, operation was conducted with a power of 0.25 W (0.5%) and a speed of 0.2032
m/s (16%). After optimization, adjustments were made to a power of 1 W (2%) and a
speed of 0.2286 m/s (18%). Although the changes were not very significant, they were
crucial to achieving the desired standard and obtaining LIG with visibly satisfactory

characteristics, which can be seen in Figure 4.6.

(a) Gel-NaB-EDC (b) Gel-Gen-NaB-EDC
film. film.

Figure 4.6: Images of the LIG produced from the substrates. Scale bar corresponds to 1
mm.

The PPI, Z-axis position, Image Density, and Image Enhancement values were kept
constant. During the optimization process, power and speed values were adjusted. Power
ranged from 0.1% (equivalent to 0.05W) to 5% (equivalent to 2.5W), and speed varied
from 5% (0.0636m/s) to 25% (0.3175m/s). The selected values aimed to closely match
the electrical conductivity of cardiac tissue, which ranges from 0.16 S/m longitudinally
to 0.005 S/m transversely [63]. These values are detailed in Table 3.2 of Chapter 3.1.4.2
from the Materials and Methods section.

When analyzing the morphology of LIG in the films, it was observed that, after the im-
mersion in the EDC-NHS solution, it presented a higher porosity than those not subjected
to the immersion process. Specifically, the Gel-NaB-EDC film has a porosity of (66 + 4) %,
while the Gel-Gen-NaB-EDC film has an even higher porosity of (70 + 2) %. The marks
from the laser action appear less pronounced on the films that underwent immersion,
which can be seen in Figure 4.7. Among the immersed films, the Gel-Gen-NaB-EDC film
displays a more irregular structure compared to the Gel-NaB-EDC film, leading to a less

defined pattern.
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(b) Gel-Gen-NaB-EDC film.

Figure 4.7: SEM analysis of the films produced. Scale bar corresponds to 200 ym, except
for the 4" column of images, where it corresponds to 10 ym.

The thickness of the films was evaluated. The Gel-NaB-EDC film had a thickness
of (140 + 20) ym, while its LIG was (170 + 30) um. On the other hand, the Gel-Gen-
NaB-EDC film had a thickness of (170 + 30) ym and its LIG was (240 + 40) ym. In both
cases, the thickness of the LIG was greater than that of the original film. It is notable that
the increase in LIG thickness was more pronounced in the Gel-Gen-NaB-EDC film than
in the Gel-NaB-EDC film, which can be seen in Figure 4.8. A potential reason for this
could be that genipin enhances the laser energy absorption or influences a distinct heat

distribution during the laser process, leading to a thicker LIG layer.

(b) Gel-Gen-NaB-EDC film.

Figure 4.8: SEM analysis to determine the thickness of the LIG and film produced. Scale
bar corresponds to 500 ym. n=3.
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When comparing the thickness before and after immersion in the EDC-NHS solution,
it is observed that it decreases after immersion. A possible explanation for this is the
action of the EDC-NHS solution, which may have promoted the formation of crosslinks
between the film molecules, making the matrix more compact. This compaction can result
in a decrease in overall thickness. Furthermore, the EDC-NHS solution may have removed
or solubilized less-bound or non-crosslinked components of the film, contributing to the

thinner thickness after immersion.

The substrates were analyzed using Raman spectroscopy, and the spectra are shown
in Figure 4.9.
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Figure 4.9: Raman spectra of LIG produced in films of Gel-NaB-EDC and Gel-Gen-NaB-
EDC. n=3.

Three distinct peaks were identified in the Raman spectrum of the Gel-NaB-EDC film,
located around (1358 + 8), (1587 + 5) and (2932 + 50) cm™!, which correspond to the D,
G and 2D peaks characteristic of carbon-based structures. In the spectrum of the Gel-
Gen-NaB-EDC film the peaks are located approximately at (1345 + 10), (1587 + 6) and
(2927 + 40) cm~!. When comparing with the spectra of other substrates, it is observed
that the 2D peaks of these two films are further from the reference value, 2700 cm™.
This displacement may be indicative of changes in the order and alignment of the carbon
planes in the films. The ratios between the intensities of peaks D and G, as well as 2D

and G, are represented in Table 4.3.
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Table 4.3: Chemical properties obtained by Raman spectroscopy and electrical
properties of the LIG produced from the substrates of Gel-NaB-EDC and
Gel-Gen-NaB-EDC. n=3. Results presented as mean + standard error.

Substrate I(D)/I(G) | I(2D)/I(G) | Rsy [QQ/sq] | trig [pm] | o[S/m]

Gel-NaB-EDC 0.84+0.04 | 0.06 £0.01 | 1530+30 | 170+ 30 | 4.0+ 0.7

Gel-Gen-NaB-EDC | 0.79 £ 0.02 | 0.09 £ 0.02 | 5730+ 30 | 240+40 | 0.8 +0.2

The Gel-NaB-EDC film exhibits a I(D)/I(G) ratio of 0.84 + 0.04, indicating that, like
the Gel-NaB film (with a I(D)/I(G) ratio of 0.95 + 0.05), there is a significant amount of
disorder or defects in its sp? carbon structure. However, this value is slightly lower than
that of the film without EDC-NHS, suggesting that the introduction of EDC-NHS may
have promoted better ordering of its structure. On the other hand, the Gel-Gen-NaB-EDC
film has a I(D)/I(G) ratio of 0.79 + 0.02, lower than its counterpart without EDC-NHS
(with 0.85 + 0.03). This lower value suggests a slightly more ordered structure, possibly
due to EDC-NHS, which may favor more stable crosslinks. Regarding the I(2D)/I(G)
ratio, Gel-NaB-EDC presents a value of 0.06 + 0.01, lower than that of the film without
EDC-NHS (0.3 + 0.2). This decrease suggests that the presence of EDC-NHS may have
led to a more layered structure. The Gel-Gen-NaB-EDC film has a I(2D)/I(G) ratio of 0.09
+ 0.02, higher than that of the film without EDC-NHS (0.02 + 0.01), reinforcing the idea
that EDC-NHS can affect the formation of multilayers.

In conclusion, EDC-NHS appears to influence the ordering and multilayer structure
of LIG in films. Both Gel-NaB-EDC and Gel-Gen-NaB-EDC films, when treated with
EDC-NHS, show a more ordered structure than their counterparts without EDC-NHS,
as revealed by the I(D)/I(G) ratio. However, when evaluating the number of layers, mea-
sured by the I(2D)/I(G) ratio, it becomes clear that EDC-NHS does not have a uniform
effect: while in Gel-NaB-EDC, EDC-NHS seems to favor the formation of more layers,
while in Gel-Gen-NaB-EDC the effect is the opposite. This highlights the importance
of considering the specific interaction between film type and EDC-NHS, reflecting the
inherent complexity in modulating LIG properties based on the reagents and preparation
methods used.

Regarding the electrical properties of LIG, the Ry, ((2/sq) and conductivity (o) (S/m)
values are represented in Table 4.3. Among the films analyzed, Gel-NaB-EDC has a
sheet resistance of (1530 + 30) (2/sq. This value is lower than that recorded for the Gel-
Gen-NaB-EDC film, which is (5730 + 30) (2/sq. This distinction suggests that, although
the presence of genipin, in the context without EDC-NHS, improved conductivity (as
observed in previous results), when combined with EDC-NHS, it appears to increase sheet
resistance and, consequently, reduce electrical conductivity of the material. Therefore,

the combination of genipin and EDC-NHS may not be the most suitable for optimizing
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electrical conductivity.

Regarding the ratios between the peak intensities of the films with EDC-NHS, differ-
ences are observed in their characteristics. The Gel-NaB-EDC film, despite having lower
sheet resistance and, consequently, greater conductivity, reveals I(D)/I(G) and I(2D)/I(G)
ratios which suggest a more disordered structure. On the other hand, Gel-Gen-NaB-EDC,
with its higher sheet resistance, appears to have a less graphite-like structure, as inferred
from the I(2D)/1(G) ratio. This analysis illustrates that, even though peak ratios provide
information about the structure of the material, other factors, possibly related to the
combination of genipin and EDC-NHS, play a crucial role in the electrical properties. In
conclusion, the Gel-NaB-EDC film, although showing a more disordered structure, has a
higher electrical conductivity. In contrast, Gel-Gen-NaB-EDC, even with a slightly more
organized structure, does not exhibit such outstanding electrical properties.

When comparing the conductivity values, with and without EDC-NHS, it is evident
that the Gel-Gen-NaB-EDC film is closer to the typical conductivity values of natural
cardiac tissue, which ranges from 0.16 S/m longitudinally to 0.005 S/m transversely [63].

4.1.3 Challenges faced during the film development process

During the film development process, several challenges arose, mainly in determin-
ing the appropriate concentrations of gelatin and NaB, as well as the apropriate drying
method. Different concentrations of gelatin, such as 5, 10, and 25% (w/v), were tested.
At a concentration of 5% (w/v), problems emerged in the production of LIG due to an
insufficient concentration of gelatin. Increasing to 25% (w/v), the film became quite
thick, with a texture similar to rubber, which can be seen in Figure 4.10. After the laser
processing step, the generated square displayed a brownish hue and a powdery residue
was formed, causing the material to disintegrate. Finally, when using a concentration of

10% (w/v), it was possible to produce robust and homogeneous LIG.

(a) (b)

Figure 4.10: Gel-NaB film with a concentration of 25% (w/v) gelatin. Scale bar
corresponds to 3 cm.

Two different concentrations of NaB: 1.91 and 3.82% (w/v), were also tested. The

concentration of 3.82% (w/v) was initially chosen based on previous studies carried
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out on paper [15]. With this concentration, after the film dried, sodium tetraborate
decahydrate crystals appeared, preventing the formation of LIG, which can be seen in
Figure 4.11. Consequently, it became evident that this concentration was too high. Thus,

the NaB concentration was halved, which allowed for adequate LIG production.

Figure 4.11: Gel-NaB film with a concentration of 3.82% (w/v) NaB. Scale bar corre-
sponds to 1.5 cm.

As for the drying process, different methods were explored, such as the oven and the
heating plate. In the oven, during the DHT of one of the films, the temperature was
increased by 5 °C every 10 minutes, from 25 °C to 140 °C over a period of 12 hours.
However, visible cracks were observed in the film after the drying step, which can be
seen in Figure 4.12. On the heating plate, when the temperature was slowly increased
to approximately 80 °C, the film also became fragile and very brittle. Therefore, it was
determined that the best drying approach would be to use the heating plate at a lower
temperature. In the specific case of the Gel-NaB film, the ideal was to gradually increase

the temperature by 5 °C every 30 minutes, until reaching 45 °C.

Figure 4.12: Gel-NaB film subjected to DHT, with a gradual increase in temperature of 5
°C every 10 minutes, from 25 °C to 140 °C.
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4.2 Cellular assays

4.2.1 Cells Viability and Morphology Assessment

The films used as substrates for cell culture were: Gel-NaB-EDC and Gel-Gen-NaB-
EDC. The viability of Induced Pluripotent Stem Cell-Derived Cardiomyocytes (iPSC-
CMs) was qualitatively assessed using the Live/Dead assay on days 1, 3 and 6, as shown
in Figure 4.13. Due to the intense fluorescence signal of the substrates, especially in the
red region, it was not possible to observe dead cells. Therefore, the decision was made to

draw comparisons based on a graph representing the total area of living cells.

(a) Gel-NaB-EDC film. Days 1, 3 and 6, respectively.

(b) Gel-Gen-NaB-EDC film. Days 1, 3 and 6, respectively.

Figure 4.13: Representative image of the Live/Dead Assay for the films. Scale bar
corresponds to 20 ym.

As illustrated in Figure 4.14, the Gel-NaB-EDC film exhibited variable behavior over
time. Initially, a drastic reduction in live cells was observed between days 1 and 3, fol-
lowed by a significant increase until day 6. On the other hand, the Gel-Gen-NaB-EDC
film showed a more stable trend of decrease in living cells. On the first day, the film with
genipin showed a much higher total area of living cells compared to the film without
genipin, indicating that it may be more biocompatible or efficient in promoting initial

cell adhesion.
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Figure 4.14: Graph representing the Total Area of Living Cells at 3 different timepoints.
n=3. Throughout, data are presented as mean + SD *p < 0.05, **p < 0.01, **p < 0.001,
#*p < 0.0001, ns, not significant, determined by one-way ANOVA followed by Tukey’s
HSD test (GraphPad Software).

Although the cells show good proliferation, it is essential to take cellular morphology
into account. After 6 days of culture, the cells on the Gel-NaB-EDC film still have a
rounded shape and not the elongated morphology expected from differentiated iPSC-
CMs, which can be seen in Figure 4.15.

(a) Gel-NaB-EDC film. Day 6.

(b) Gel-Gen-NaB-EDC film. Day 6.

Figure 4.15: Morphometric analysis of the films on the sixth day of the Live/Dead Assay.
Scale bar corresponds to 20 ym.
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Like other cell types, iPSC-CMs react to the rigidity of the substrate they come into
contact with. As a result of this interaction, they form a large protein complex called focal
adhesions, which connects the cellular cytoskeleton to the matrix. On softer substrates,
it is often observed the formation of a greater number of focal adhesions but of smaller
dimensions. These do not disperse widely throughout the matrix, resulting in a more
rounded cell morphology [64]. Therefore, it is clear that the stiffness of the substrate
directly influences the morphology and function of iPSC-CMs. Substrates with an ideal
stiffness can promote the maturation and adequate sarcomeric organization of iPSC-CMs
in culture. The observed behavior of the cells in the film is probably a consequence of
its low rigidity. Cellular morphology is a crucial indicator of the phenotype and differen-
tiation level of iPSC-CM:s, as it reflects specific gene expression and cell differentiation
profiles. It should be noted that, unlike many other cells, adult CMs have a limited ca-
pacity for proliferation and a highly organized structure with sarcomeres. The stiffness
response may affect this sarcomeric organization.

Thus, the cells encapsulated in the Gel-NaB-EDC film do not show signs of contrac-
tile phenotypic differentiation after 6 days due to their rounded morphology. On the
other hand, those encapsulated in the Gel-Gen-NaB-EDC film have a more developed
morphology, reflecting the possible influence of film rigidity on the differentiation of
iPSC-CMs.

When analyzing images of cells in culture, it is crucial to consider the Average Size,
which represents the average size of the cells. The Average Size is calculated from the
average of the areas of all particles identified in the image and can provide information
about cellular behavior, such as proliferation, grouping and differentiation, which can be

seen in Figure 4.16.
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Figure 4.16: Average Size of iPSC-CMs at 3 different timepoints. n=3. Throughout, data
are presented as mean + SD *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, ns, not
significant, determined by one-way ANOVA followed by Tukey’s HSD test (GraphPad
Software).
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In the Gel-NaB-EDC film, an initial increase in the average cell size is observed,
followed by a reduction. However, the average size on the sixth day still exceeds that on
the first day, which indicates possible cell growth or clustering over time. On the other
hand, in the Gel-Gen-NaB-EDC film, the average cell size increases notably on the third
day, then reduces on the sixth day, although it remains higher than on the first day. This
pattern suggests that the cells may be proliferating or clustering intensely at first, then
stabilizing.

Throughout the study period, the Gel-Gen-NaB-EDC film presented, on average,
larger cells, when compared to the Gel-NaB-EDC. This indicates that the properties
of the film with genipin might be more favorable to cellular behavior, resulting in an
increase in cell size.

In conclusion, the results indicate that both substrates influence the differentiation
and maturation of iPSC-CMs, as evidenced by the observed increase in cell size. Notably,
the Gel-Gen-NaB-EDC film presented a better performance in terms of biocompatibility
and promotion of differentiation of iPSC-CMs in the long term. This is corroborated
by the more notable presence of live cells, as well as the increase in their average size
during the study. Cell morphology on the Gel-Gen-NaB-EDC film also suggests that the
rigidity of this substrate exerts a greater influence on the differentiation of iPSC-CMs, a
vital characteristic for cardiac functionality. Therefore, in contexts such as Cardiac Tissue
Engineering (CTE), the Gel-Gen-NaB-EDC film may be the most suitable option.

4.2.2 Metabolic Activity

The metabolic activity of the cultures, assessed by the PrestoBlue™™ assay after 1, 3

and 6 days of culture, is shown in Figure 4.17.
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Figure 4.17: Graph of PrestoBlue™ assay results for days 1, 3 and 6. Exponential adjust-
ment. n=3.

At the beginning of the culture (Day 1), the cells of the Gel-Gen-NaB-EDC film showed
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a significantly higher Relative Fluorescent Units (RFUs) value than those of the Gel-NaB-
EDC film, suggesting greater cell viability or proliferation in the genipin film. Although
cells in both films showed an increase in RFUs over time, those in the genipin film main-
tained higher values, thereby standing out in promoting the desired cellular behavior.
From the exponential adjustment of the curve presented in Figure 4.17, the doubling
time was calculated for each group, as indicated in Table 4.4. These values were obtained

from the exponential curve fit.

Table 4.4: Exponential adjustment value equivalent to the growth rate and cell doubling
time for each group. n=3.

Substrate Growth Ratio | Doubling Time (Days)
Gel-NaB-EDC 0.29 2.38
Gel-Gen-NaB-EDC 0.30 2.30

In the Gel-NaB-EDC film, the Growth Ratio is 0.29, and the Doubling Time, is 2.38
days. On the other hand, the Gel-Gen-NaB-EDC film has a slightly higher Growth Ratio
of 0.30 and a slightly shorter Doubling Time of 2.30 days. This difference, although
subtle, suggests that the cells in the film with genipin (Gel-Gen-NaB-EDC) proliferate
a little more quickly, managing to double their population in a shorter period. Thus,
for Tissue Engineering (TE) applications, the Gel-Gen-NaB-EDC film appears to be a
more promising option, contributing to creating a more favorable environment for cell

proliferation.

4.2.3 Immunofluorescence Staining

Immunofluorescence makes it possible to visualize specific proteins in cellular sam-
ples. Alpha Actinin (a-Actinin), highlighted in green, is a muscle cytoskeleton protein
expressed in CMs. Their location in the Z lines of sarcomeres indicates the organization
of the heart’s contractile fibers, and their presence and organization are indicative of the
maturation and functionality of these CMs. On the other hand, DAPI, when binding to
DNA, identifies cell nuclei with a blue color [65].
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(a) Gel-NaB-EDC film.

(b) Gel-Gen-NaB-EDC film.

Figure 4.18: Representative image of Immunofluorescence on the 6/ day of cell culture
for the films. Scale bar corresponds to 20 ym.

When evaluating the fluorescence intensity on the sixth day, it was noticed that the
Gel-NaB-EDC film presented green aggregates characteristic of a-Actinin. The organi-
zation and density of these aggregates reflect the degree of maturation of the iPSC-CMs,
as the most mature tend to exhibit a more defined sarcomeric structure. However, the
disposition of these aggregates in the Gel-NaB-EDC film differs from that observed in the
Gel-Gen-NaB-EDC film, suggesting that in the latter, the iPSC-CMs present more cohe-
sive and advanced sarcomeric structures. The absence of blue coloration was observed in
the Gel-NaB-EDC film, indicating limited visualization of cell nuclei. In contrast, in the
Gel-Gen-NaB-EDC film, cell nuclei are clearly visible, indicating cell viability. Combin-
ing these observations with the data on cell proliferation already discussed, the proposal
is reinforced that the Gel-Gen-NaB-EDC film offers a more favorable environment for the

development and maturation of iPSC-CMs.

4.2.4 SEM

When observing the SEM images of the Gel-NaB-EDC and Gel-Gen-NaB-EDC films
seeded with cells, it is important to highlight that human adult CMs generally have
lengths of the order of 100 ym and widths between 10-30 ym [66]. When analyzing the
images, structures that stood out and presented circular shapes, typical of these cells,
were sought.

However, a significant difference was observed between the two samples. In the Gel-
Gen-NaB-EDC film, there was a greater number of more prominent circular structures.

These, due to their dimensions, could indicate mature iPSC-CMs or clusters of these cells.
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This observation suggests that the substrate Gel-Gen-NaB-EDC may promote the devel-
opment of more mature iPSC-CMs or the formation of denser clusters, when compared
to Gel-NaB-EDC.

(b) Gel-Gen-NaB-EDC film. Days 1, 3 and 6, respectively.

Figure 4.19: SEM images of days 1, 3 and 6 of cell culture of the films. Scale bar
corresponds to 20 ym.

Therefore, and considering all the cellular characterizations carried out, it is clear that
the film with genipin stood out in promoting ideal conditions for the growth and differen-
tiation of iPSC-CMs. Cell viability on the genipin film was significantly better, indicating
its greater compatibility with iPSC-CMs. Regarding morphology, the iPSC-CMs cultured
on this film exhibited more defined contours, aligning more with the typical morphology
of mature CMs. At the same time, the film with genipin promoted greater cell prolifer-
ation over time, highlighting its role as a favorable environment for the maturation of
iPSC-CMs. Regarding cellular structuring, organization and density of a-Actinin aggre-
gates were more evident in the film with genipin and a clearer visualization of cell nuclei
was also observed, highlighting the presence and potential maturation of iPSC-CMs.

Taking these characteristics into account, there is no doubt that the genipin film would

be the substrate of choice for the next stage of electrical stimulation of iPSC-CMs.

36



5

CONCLUSIONS AND FUTURE PERSPECTIVES

The growing prevalence of Cardiovascular Diseases (CVD), recognized as the leading
cause of global death, highlights the importance of developing innovative therapeutic
alternatives in the treatment of cardiac pathologies [1]. CTE has stood out as a promising
area in this context. However, one of the main challenges lies in the maturation and func-
tionality of iPSC-CMs in physiological contexts. The appropriate selection of biomaterials
is crucial, given that many conventional substrates cannot induce cellular maturation to

mimic the functionality of an adult human heart [29].

Considering the importance of integrating mechanical, anisotropic, and electrical
properties in creating functional cardiac tissues, this study focused on bioengineering, a
culture substrate that mimics natural cardiac Extracellular Matrix (ECM). This substrate
combines components of the ECM, such as gelatin, with conductive materials, namely
LIG. Particularly, the influence of the substrates Gel-NaB-EDC and Gel-Gen-NaB-EDC
on the proliferation, differentiation, and maturation of iPSC-CMs was investigated.

During the characterization of the films, Gel-NaB and Gel-Gen-NaB, both before and
after immersion in the EDC-NHS solution, significant differences were observed in terms
of color, transparency, and fragility. After optimizing the films with the laser process
and carrying out subsequent analyses, it was found that the films that were immersed in
EDC-NHS had higher porosity compared to those that did not undergo this treatment.
The spectral analysis revealed that the addition of EDC-NHS promoted a more ordered
structure, evidenced by the ratios between the D and G peaks, and a more layered orga-
nization, highlighted by the ratios between the 2D and G peaks. Regarding electrical and
conductive properties, films that do not contain EDC-NHS showed lower sheet resistance
when compared to films with EDC-NHS. This observation suggests that the combina-
tion of genipin and EDC-NHS may not be the most suitable for optimizing electrical
conductivity. Among the 4 films analyzed, the Gel-Gen-NaB-EDC film presented conduc-
tive characteristics closest to those of natural cardiac tissue, highlighting its potential in
biomedical applications. This film had a conductivity of (0.8 + 0.2) S/m, while natural
cardiac tissue varies between 0.16 S/m longitudinally and 0.005 S/m transversely [63].
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Gelatin was chosen as the base material due to its ability to provide a biologically favor-
able environment for cells [22]. In combination with LIG, which not only has remarkable
conductive properties but is also eco-friendly, anisotropic conductive topographies can
be created [13].

This study showed that the substrate Gel-Gen-NaB-EDC has a high potential as the
preferred option for the culture of iPSC-CMs. This substrate demonstrated greater com-
patibility and cell viability, a morphology more aligned with mature CMs, high cell pro-
liferation and indications of maturation and functionality of iPSC-CMs. Additionally, it
stood out for the organization and density of the a-Actinin aggregations, as well as the
clear visualization of its cell nuclei.

Considering the findings made, several possible directions for future investigations
emerge. The good performance of the Gel-Gen-NaB-EDC film suggests the possibility of
advancing the electrical stimulation of iPSC-CMs on this substrate, which could further
enhance their functionality.

Subsequent studies could explore the different compositions of the genipin film, such
as adjusting the concentration of genipin or incorporating other elements, aiming to opti-
mize the environment for iPSC-CMs. And given gelatin as a carbon precursor, it would be
pertinent to characterize the film before laser treatment using Fourier-transform infrared
spectroscopy (FTIR). This analysis would help identify potentially more promising areas
for generating LIG since there are intra-sample variations in the chemical composition of
the LIG generated.

The combination with emerging technologies, such as three-dimensional printing,
opens the door to the development of more sophisticated cardiac tissues and more accu-
rate models for clinical studies. And with the increasing convergence between biology and
computing, opportunities arise to create Machine Learning models that predict cellular
behaviors on various substrates that have been functionalized with LIG.

In conclusion, this study represents a significant advance in the search for innovative
solutions for CVD, exploring the combination of cardiac regeneration, cell therapy and
TE. The Gel-Gen-NaB-EDC film stood out as a promising solution, opening new horizons

for clinical applications and developments in CTE.
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