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Resumen

Actualmente, la probabilidad de que un fármaco en tratamientos contra el cáncer pase los ensayos clínicos es
baja porque se prueban en modelos animales o cultivos celulares 2D, que no proporcionan un sistema preciso. Los
investigadores han visto los modelos de tejidos 3D como una alternativa para la investigación oncológica ya que,
con la bioimpresión 3D, se pueden generar estos modelos que ayudan a recrear entornos tumorales, permitiendo
estudiar el comportamiento de los fármacos. Por tanto, el objetivo es sintetizar biotintas con características como
biocompatibilidad, biodegradabilidad, no toxicidad, no inmunogenicidad e integridad mecánica. El presente trabajo
estudia la viabilidad, morfología y composición de hidrogeles basados en alginato y gelatina entrecruzados con
CaCl2 y genipina. Los hidrogeles se sintetizaron a partir de polímeros naturales como el alginato de sodio y la
gelatina utilizando métodos de reticulación iónicos y naturales. Las muestras se caracterizaron mediante ensayos
ATR-FTIR, SEM y MTT para determinar la viabilidad celular. Los resultados obtenidos revelaron que las líneas
celulares Caco-2 y HUVEC con las que se puede desarrollar un modelo de tejido para evaluar fármacos contra el
cáncer colorrectal mostraron una mejora de los resultados en los hidrogeles de gelatina, alginato y CaCl2 (68,92%) y
en la gelatina, alginato. hidrogeles con genipina al 0,25% p/v (60% en HUVEC y 75,07% en Caco-2). Los resultados
obtenidos demuestran el uso potencial de biotintas de alginato/gelatina para modelos 3D de tejido humano.

Palabras clave: Biotintas, hidrogeles, modelos de tejidos 3D, bioimpresión 3D, genipina.
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Abstract

Currently, the likelihood of a drug in cancer treatments passing clinical trials is low because they are tested in
animal models or 2D cell cultures, which do not provide a precise system. Researchers have seen 3D tissue models
as an alternative for oncological research since, with 3D bioprinting, these models can be generated that help recreate
tumor environments, allowing the behavior of drugs to be studied. Therefore, the aim is to synthesize bioinks
with characteristics such as biocompatibility, biodegradability, non-toxicity, non-immunogenicity, and mechanical
integrity. The present work studies hydrogels’ viability, morphology, and composition based on alginate and gelatin
crosslinked with CaCl2 and genipin. The hydrogels were synthesized based on natural polymers such as sodium
alginate and gelatin using ionic and natural crosslinking methods. The samples were characterized using ATR-FTIR,
SEM, and MTT assay for cell viability. The obtained results revealed that the Caco-2 and HUVEC cell lines with
which a tissue model can be developed to evaluate colorectal cancer drugs showed an improvement of the results
in the gelatin, alginate, and CaCl2 hydrogels (68.92%) and the gelatin, alginate hydrogels with genipin at 0.25%
w/v (60% in HUVEC and 75.07% in Caco-2). The results obtained demonstrate the potential use of alginate/gelatin
bioinks for 3D human tissue models.

Keywords: Bioink, hydrogels, 3D tissue models, 3D bioprinting, genipin.
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Chapter 1

Introduction

Three-dimensional (3D) tissue printing, or bioprinting, has emerged as a revolutionary tool in tissue engineering and
regenerative medicine. This technology has encouraged the production of 3D human tissue models, transforming how
research is approached in this field. However, the success of bioprinting lies in the quality of the bioinks, especially
the hydrogels, which serve as the vital environment for diverse cell populations during the biomanufacturing process1.

Developing 3D tissue models aims to study and thoroughly understand drug behavior and complex dynamic
interactions between cell-cell and cell-matrix. It is already possible thanks to bioprinting that helps to recreate tumor
environments, and that is why oncological research and personalized medicine seek to develop these more precise
models that would be used as preclinical, experimental systems in order to replace conventional two-dimensional
(2D) animal models and cell cultures since the rates of translation of new drugs to the clinic are disappointingly low.

In oncology, a new drug’s probability of successfully passing all clinical trial phases is 3.4%2. If there is taking
into account the failure of the current in vivo and in vitro models, then the probability is reduced to 0.1%3. These
failures result in inefficient treatment, unsatisfactory patient cure rates, and economic losses incurred in each study.
As a solution to this problem, 3D tissue models similar to the in vivo tumor have been proposed to achieve higher
predictive rates of the response of a drug in preclinical processes, especially cancer, as proposed by Sbirkov and his
team by developing a 3D bioprinting design of colorectal cancer4. The scientific community is intrigued by this
model because limited bioprinted models are available for this particular type of cancer. It accounts for approximately
10% of all recently diagnosed malignancies, ranking as the third most prevalent cancer in both genders, following
lung and breast cancer5.

Recent research in bioprinting for producing these models has posed challenges in formulating optimal bioinks
for the bioprinting process6. Bioinks must possess several fundamental characteristics, including biocompatibility,
biodegradability, non-toxicity, non-immunogenicity, printability, and mechanical integrity7. Although considerable
focus has been placed on optimizing the physical properties of the ink, the study of the biological properties of
biomaterials, whose function is to provide support and protection to cells both during and after the process, has been
largely relegated to fabric construction1. The mechanical and rheological properties of bioinks currently generate
tissue structures with adequate mechanical strength, high shape fidelity, and notable robustness. However, it is
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important to highlight that greater ease of printing bioinks is usually associated with lower cell viability during the
bioprinting process, ultimately limiting their applications8.

According to the literature, the biomaterials used to make inks are polymers from natural sources because they
imitate a native microenvironment and are favorable in cell adhesion, proliferation, migration and differentiation
processes. Among the most used are collagen, alginate, gelatin and hyaluronic acid, which can be combined to
compensate for the properties that the other polymer does not possess7. It is the case of the combination of gelatin
with alginate. The reason why alginate is combined with other biomaterials is because it lacks characteristics such
as biodegradability and adherence. While gelatin is cell-friendly as it has Arg-Gly-Asp (RGD) motifs that aid
cell migration and attachment, it has low mechanical properties provided by alginate when they are combined7.
In addition, they are low cost and have advantages such as non-antigenicity, biodegradability, bioactivity (RGD),
gelation at low temperatures, thermo-reversibility, ease of processing, and non-toxicity, reasons why these combined
materials have been used in various models9. For example, Zhao et al. used alginate and gelatin hydrogels with human
gastric epithelial cells and smooth muscle cells in tissue models for gastric wound repair10. Chaji et al. proposed
several alginate combinations where they studied their rheological characteristics and loaded breast cancer cells and
adipocytes, managing to imitate the tissue rigidity observed in a physiological environment of breast cancer tumors11.
On the other hand, Hiller et al. optimized the bioink compounds to print human liver cells with an extrusion printer,
generating a liver model for infection with human adenovirus 5 and transduction studies by an adeno-associated
virus vector12. For the 3D printing of angular scaffolds for cardiac tissue, Ketabat et al. optimized the characteristics
of the printability properties of gelatin and alginate compounds with endothelial and cardiac cells, as well as their
biological properties, in order to create a native heart13. Mondal et al. developed a sodium alginate-gelatin hydrogel
by optimizing rheological parameters to print co-cultures of xenograft cells derived from non-small cell lung cancer
(NSCLC) patients and lung cancer-associated fibroblasts14. It can be used to study high-throughput drug screening
and other preclinical applications. These studies have optimized the rheological parameters by establishing the
proportions and concentrations of hydrogels to load the cells and print the desired tissue, and considering that the
rheological parameters in alginate concentrations between 2 and 4% and in gelatin between 4 and 6% provide good
printability properties. The present study synthesizes alginate and gelatin hydrogels with these concentrations in
different solvents, such as distilled water and Dulbecco’s Phosphate Buffered Saline (DPBS) using ionic crosslinking
methods with CaCl2 and natural crosslinking with genipin. It is important to mention that these two types of solvents
are used because the solvents used to prepare hydrogels also determine their mechanical properties and influence
cell viability15. The biomaterials were characterized using attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy to evaluate these inks’ behavior and study their chemical properties. In addition, cell
viability was studied through an MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay in cell
lines such as Caco-2 (Cancer coli-2) and human umbilical vein endothelial cells (HUVEC), which would be used to
implement a tumor model of colorectal cancer and other digestive tumors. Finally, the morphological characteristics
of the prepared hydrogels were analyzed with scanning electron microscopy (SEM).

This work studies hydrogels’ viability, morphology, and composition based on alginate and gelatin crosslinked
with CaCl2 and genipin as potential bioinks for 3D human tissue models. Our results revealed that the Caco-2
and HUVEC cell lines, with which a tissue model can be developed to evaluate drugs against colorectal cancer,
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have greater viability in hydrogels composed of gelatin, alginate and CaCl2 (68.92% viability in HUVEC) and
in the gelatin and alginate hydrogels with genipin 0.25% v/v (60% and 75.07% viability in HUVEC and Caco-2,
respectively).





Chapter 2

Motivation

2.1 Problem Statement
Currently, the probability that a new drug for cancer treatment will pass the different phases of clinical trials is very
low because conventional animal models and 2D cell cultures do not provide a precise experimental system, and
translating new drugs to the clinic becomes challenging. Therefore, the scientific community seeks to develop 3D
tissue models through the bioprinting technique since it helps to recreate tumor environments useful for oncological
research and personalized medicine, allowing the study of the behavior of drugs and the complex dynamic interactions
between cells and between cells and matrices providing more accurate models for clinical trials.

However, the greatest challenge in generating tissue models through 3D bioprinting is synthesizing optimal
bioinks with characteristics such as biocompatibility, biodegradability, non-toxicity, non-immunogenicity, print-
ability and mechanical integrity. In the development of bioinks, these characteristics have generated controversies
because the relationship between the mechanical properties of the bioink and cell viability during bioprinting causes
limitations. In some bioinks, the mechanical and rheological properties can generate tissue constructions with
adequate mechanical resistance, high shape fidelity and robustness, providing better bioink printability. However,
this can cause lower cell viability during bioprinting. For this reason, researchers still seek to optimize the trade-off
of appropriate concentrations and proportions to achieve the reliability of the inks on both edges.

5
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2.2 General and Specific Objectives

2.2.1 General Objective

This research aimed to obtain hydrogels based on natural polymers such as sodium alginate and gelatin using ionic
and natural crosslinking methods and characterize them to analyze their properties to develop a 3D tissue model
with Caco-2 and HUVEC cell lines.

2.2.2 Specific Objectives

• Synthesize hydrogels based on sodium alginate and gelatin.

• Evaluate different concentrations of genipin as natural cross-linking.

• Characterize the samples using Fourier Transform Infrared spectroscopy (FT-IR) and Scanning electron
microscopy (SEM).

• Evaluate the viability of Caco-2 and HUVEC cells in hydrogels using MTT assay.



Chapter 3

Theoretical Background

3.1 3D Human tissue models
Over the years, to treat human diseases and disorders, researchers have used methods such as experimental animal,
tissue and cell cultures, complementing them with computational simulations and clinical studies16. However, some
of these methods have disadvantages; in the case of animal models, the difference in the biokinetic parameters, such as
the absorption or distribution of the chemicals/substances, how the substances are metabolized, or the extrapolation
of the results to humans due to the short life span of the animals so that the development of diseases cannot be
precisely controlled17. In vitro procedures have been carried out for pharmacological, toxicological and medical
science studies18.

Especially in toxicological testing, there has been a shift from animal models to 2D human cell cultures, which
also have limitations by not providing cell-cell and cell-matrix interactions17. Therefore, with the latest advances,
the adaptation of 3D in vitro human test models is developed. These in vitro 3D tissue models would function as
complex systems that can improve the reliability and accuracy of test results. So, factors such as large-scale cell
manufacturing and advanced manufacturing platforms must be considered19, as challenges such as widespread use
and optimal reproduction of the models are faced.

There are several techniques for manufacturing and characterizing 3D tissue models, which can offer the ability
to study complex mechanisms of disease progression and be a platform for drug testing. Within 3D tissue models,
there are two types: those based on scaffolds such as spheroids, organoids and cell sheets, and on the other hand, we
have anchorage-dependent models based on scaffolds20. The technologies used to generate scaffolds are solvent-cast
particle leaching (SCPL), electrospinning, and 3D bioprinting20. In addition to the techniques, it is necessary to
consider other parameters, such as the biomaterials to be used, which must be characterized and optimized for the
formation of the native tissue. Incorporating cells that can be seeded or encapsulated within a biomaterial is essential
to functionalize the tissue or organ of interest.

7
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3.2 3D Bioprinting for tissue engineering
3D bioprinting is a process to create biomedical structures using living cells, biological chemicals, and biomaterials21.
Currently, this is a technique that contributes to tissue engineering and regeneration. It could open up a new window
in personalized medicine by printing organs with patients’ cells and reducing the need for organ donations7.

3D printing allows load cells in materials layer by layer to create complex tissue constructs mimicking native
tissue13. 3D bioprinting uses a bioink where cells can live, proliferate and generate specific tissue and organ.7. Three
variables were used for the bioimpression of alive and functional tissue constructs. These are a cellular component,
the supporting biomaterials as proteins and polymers, and the bioprinting corresponding to the manufacturing
process7. 3D bioprinting provides flexibility to adjust key aspects such as bioink composition, printing speed, nozzle
diameter, extrusion pressure and scaffold structure. Although a wide variety of biomaterials are available for this
technique, each one has particular characteristics that require optimization to produce adequate structures.

The biomaterial’s geometry will take in 3D bioprinting, which is designed using computer-aided design software
or by geometries extracted from medical images20. There are several bioprinting techniques through which cell-laden
biomaterials called bioinks are delivered. These include extrusion, inkjet, and laser-assisted bioprinting22 as shown
in Figure 3.1.

Figure 3.1: Bioprinting techniques: A) inkjet bioprinting, B) extrusion bioprinting, and C) laser-assisted bioprinting.
Adapted from Tamay et al.23

3.2.1 Extrusion 3D bioprinting

Extrusion bioprinting operates by dispensing bioink through either pneumatic (air pressure) or mechanical (screw
or piston) systems23. In the pneumatic approach, the bioink is pushed out of the nozzle or needle in a continuous
cylindrical form by applying a constant air pressure. This results in a product with robust structural integrity.
On the other hand, the mechanical system allows for more precise control over the bioink flow, thanks to the
screw mechanism responsible for extrusion. This method enables the printing of tissues using various types of
bioinks, including hydrogels carrying cells, microcarriers, and cell clusters24. However, it is worth noting that
cells may experience elevated mechanical stresses during the extrusion process, potentially reducing their viability.
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Additionally, common challenges in bioprinting involve nozzle blockage due to cell clumping, high viscosity of the
ink, or drying of the injected material within the nozzle23.

3.2.2 Inkjet 3D bioprinting

Inkjet bioprinting allows a specific amount of colloidal solutions or cell suspensions to be placed at a high shear
rate as droplets on a substrate to form a layer. Depending on the mode in which the ink is ejected, the printers are
classified into continuous mode and drop-on-demand (DOD) mode25. Depending on the actuator, this bioprinting
model is divided into thermal and piezoelectric. In thermal inkjet printing, the temperature of the bioink is changed
to generate pressure inside the print cartridge, forcing the bioink to pass through the output opening of the print
head. In contrast, a piezoelectric inkjet printer with an acoustic wave or a physical component that changes shape or
size causes pressure variations within the cartridge.

3.2.3 Laser-assisted bioprinting

Laser-based bioprinting uses the energy of a laser beam emitted from a source that heats the biomaterials printed on
a metal film26. The film’s biological materials in liquid form are evaporated by laser energy and deposited on the
substrate as droplets27. This substrate may consist of a biopolymer or a culture medium that promotes the adhesion
and growth of the deposited cells. The typical wavelength of lasers falls in or near the UV range. The laser-based
bioprinting technique does not require a nozzle or orifice. It considers factors such as pulse frequency, laser energy,
and the viscosity of the bioink used, among others.

3.3 Bioink
Since 2003, the term bioink has been introduced for organ printing, which refers to a cellular component placed in
3D on or within hydrogels28. Nowadays, the term bioink refers to the composition of biomaterials and living cells
that simulate the environment of the extracellular matrix, allowing cell adhesion, proliferation and differentiation
after 3D bioprinting21.

Bioinks must have certain characteristics depending on the application. Therefore, it is important to consider
biodegradability, biocompatibility, printability, mechanical integrity, stability, immunogenicity, toxicity and solubil-
ity in cell culture21. In bioink, the cells must be secured and protected against mechanical and thermal pressures.
The mechanical properties help promote tissue regeneration, remodeling, and maturation. The bioink must achieve
adequate solidification after printing to avoid nozzle blocking during slow printing speeds and to avoid structural
failure of the bioprinted object due to layer weight accumulation during fast printing29.

Bioinks can have several functions as support since they are applied to maintain cell populations and act as a
synthetic extracellular matrix while cells grow. There are also fugitive bioinks, biomaterials that can leach, wash
or dissolve in pores or channels within a printed structure. Bioinks possess structural characteristics that provide
mechanical integrity to printed constructs. Finally, functional bioinks offer biochemical, mechanical or electrical
signals that affect cellular performance after printing a structure28.
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Bioinks can be divided into two main types. The first type is scaffold-based, where cells are loaded into hydrogels
or exogenous materials. Hydrogels facilitate tissue formation because they allow cell proliferation and growth. In
a second type, the cells are bioprinted without using an exogenous biomaterial. The cells become neo-tissues that
fuse and mature to produce functional tissues30.

Bioink solutions used for bioprinting have been widely synthesized from polymers that are organic biomaterials
possessing long chains with high water content. Thus, they can provide a hydrated tissue-like environment that
supports cellular functions and tissue regeneration. The polymers are natural or synthetic. Natural polymers have
the intrinsic ability to support cellular functions, while synthetic polymers are typically biologically inert but exhibit
robust mechanical properties31. An adequate bioink must meet mechanical and structural properties be printable,
biocompatible, among others. For this reason, most manufacturers of commercially available 3D bioprinters,
especially those based on extrusion, recommend hydrogel bioinks32.

3.3.1 Hidrogel-based bioink

The hydrophilic functional groups in the monomeric unit can replenish the water absorbed in the 3D structure
through hydrogen bonds33. Water, along with growth factors and nutrients, can be supplied to the hydrogel scaffold
to simulate the extracellular matrix environments of body tissue. Biocompatible hydrogels’ chemical and mechanical
properties can be precisely tuned to enable specific cellular interaction within printed cells, facilitating proliferation
during tissue culture. Additionally, some hydrogels have cell-specific binding sites, facilitating cell adhesion, growth,
and differentiation.

Hydrogels used in bioprinting can be divided into natural and synthetic categories. The most commonly
mentioned natural hydrogels include collagen, fibrin, hyaluronic acid, alginate, agarose, chondroitin sulfate, matrigel,
gelatin, and chitosan. Among these, collagen, fibrin, and gelatin contain intrinsic signals for cell adhesion. On the
other hand, known synthetic hydrogels include poly(ethylene glycol) (PEG), Polycaprolactone (PCL), Poly(L-Lactic)
Acid (PLA), Poly(vinyl alcohol) (PVA), and Polylactic-Co-Glycolic Acid (PLGA)33. Table 3.1 shows the advantages
and disadvantages of the polymers mentioned. Natural hydrogels are the most used in tissue engineering applications
due to their high bioactivity and similarities with extracellular matrix. However, due to their limited mechanical
strength and rapid degradation, natural hydrogels alone are unsuitable for bioprinting. Therefore, hybrid bioinks
combining natural and synthetic hydrogels have been developed to overcome these limitations in bioprinting.

3.3.2 Crosslinking of hydrogels

The hydrogel is a three-dimensional network that is hydrated in an aqueous medium. The connection between
the chains of the hydrophilic polymer is called a network33. Gelation is the process of cross-linking hydrogel
molecules. At low to moderate concentrations, hydrophilic polymers behave like a Newtonian fluid. However,
cross-linked molecules, known as hydrogels, exhibit viscoelasticity when in an aqueous solution. Hydrogels must
have viscoelastic properties and gel quickly to be suitable for bioprinting. After bioprinting, each individually printed
layer must be cross-linked to develop the structural and mechanical integrity of the printed construct. There are
several cross-linking methods reported in the literature. Cross-linking of biodegradable and bioprintable hydrogels
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Table 3.1: Advantages and disadvantages of materials used for 3D bioprinting.

Biomaterials Advantages Disadvantages References

Alginate

- The viscosity is adjustable, changing the concentrations.
- Crosslinking does not reduce cellular viability.
- Compatible with a lot of cell types.
- Rapid and easy crosslinking
- Low cost
- High cell viability pos printing

- Low biodegradability
- Poor mechanical strength
- Low cell proliferation
- Low cell recognition

Chitosan
- Good mechanical stability.
- Easily to mix with other hydrogels.

- Poor solubility
- Low mechanical integrity
- The solution requires neutralization
because acids reduce cell viability.
- It can be used alone

Collagen
- Good cell carrier
- Easily to mix with other hydrogels
- High biocompatibility

- Low viscosity
- Low mechanical integrity
- Prolonged crosslinking time

Gelatin
- Thermoresponsive property
- Good cell viability
- Used as a cell carrier or fugitive bioink

- Low viscosity
- Low mechanical integrity
- No stable at physiological temperature

Hyaluronic acid

- Good cellular carrier
- Facilitate cellular proliferation
- It is easy to modify
- It can be mixed with other hydrogels

- Low mechanical stability
- No direct gelation
- It can be used alone

Agarosa - Provide good structural support in matrices
- Non-biodegradable
- Difficult bioprintability

Fibrin - Promotes cell growth. - Liquifies at high temperature

Matrigel
- High biocompatibility
- Good environment for cell growth

- Poor structural properties during printing
- Requiere cooling for printing

Poly(ethylene glycol)
(PEG)

- Easily to employ chemical characterization
- Hydrophilic
- Economical
- Biocompatible
- Easily combine with degradable materials

- Nonbiodegradable
- Low cellular proliferation
- Photocrosslinking
- Resistant to cell adhesion
- Lacks mechanical strength

Polycaprolactone
(PCL)

- Biodegradable
- Non-toxic
- Hydrophobic
- Low cost
- Biocompatible

- Bad prolonged half-life
- Low bioactivity
- Slow cell proliferation

Poly(L-Lactic) Acid
(PLA)

- Biocompatible
- Hydrolytical degradable

- Material decomposition causes
tissue inflammation and death in cells.

Poly(vinyl alcohol)
(PVA)

- Water soluble
- Biodegradable
- Non-toxic
- Chemical and mechanical stable
- Good mechanical properties

- Inadequate cell adhesion
- Bad hydrophilicity

Polylactic-Co-Glycolic Acid
(PLGA)

- Biodegradable
- Cytocompatibility
- Hydrophobic

- Fast disintegration

Kaliaraj et al.34

Fatimi et al.35

Lima et al.36

Tajic et al.37

Parodi et al.9
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must be carried out under physiological conditions and can be driven by chemical (via covalent bonds), physical
(reversible interactions), and enzymatic cross-linking33.

Physical cross-linking is a gelation process in which polymer chains can be linked efficiently without forming
covalent bonds.38 Since this cross-linking occurs without chemical interactions and no external agent is used, the
printed construct has no risk of cytotoxicity. Various mechanisms for this physical cross-linking are reported, such
as ionic, hydrophobic, hydrophilic interaction, stereospecific and thermal self-assembly.

Ionic cross-linking arises from the electrostatic interaction between opposite charges. The bioink can be mixed
with multivalent ions or an electrolyte solution with an opposite charge to the functional groups on the hydrogel
chains. The combined ions can electrostatically attract the polymer chains and form a cross-linked hydrogel network.
A well-known example is the ionic cross-linking of alginate in 3D printing, where alginate contains mannuronic and
glucuronic acid in its polysaccharide chain and can form a hydrogel using calcium ions at room temperature and
physiological pH38.

Some hydrogels can physically gel through hydrophobic interactions or hydrogen bonds. This physical union
depends on temperature and rheological changes. Some hydrogels show physical gelation at lower temperatures
due to the ordered chain conformation, and upon heating, they show a random coil conformation. The hydrogel
molecules form a cross-linked network at lower temperatures by hydrogen bonding with the absorbed water33. These
hydrogels are temperature sensitive and gel at physiological temperatures. There may also be stereospecific physical
cross-linking, where oligomers with opposite chiralities couple with hydrophilic polymer chains to form hydrogels.

Chemical cross-linking involves covalent bonds between polymer molecules. Because these bonds are stronger
than physical bonds, the printed structure should have higher mechanical strength after gelation. Exogenous chemical
agents known as photoinitiators are added to carry out chemical cross-linking. These initiators, in the presence of
photo radiation, form reactive free radicals by cleaving unimolecular bonds. These free radicals promote the
formation of covalent bonds between two polymer chains at the point of unsaturation. However, photoinitiators can
generate unwanted reaction products, leading to cytotoxicity and reduced cell viability. Researchers are working on
developing biocompatible photoinitiators to overcome this problem. For 3D bioprinting, a UV curing head is used
to cure each printed layer, with wavelengths of 365 nm or 405 nm being common. It is important to control the time
of UV exposure during gelation to avoid damaging cellular DNA. There are several photoinitiators commercially
available38.

3.3.3 Requirements for bioink formulation

The bioink must possess optimal biological, physicochemical, rheological and mechanical properties33. One of the
crucial elements in using hydrogels for 3D bioprinting is the appropriate rheological parameters, which determine
their printability. Most hydrogels show a decrease in viscosity under shear, which prevents nozzle clogging during the
extrusion or inkjet process. Thinning hydrogels possess a high initial viscosity, resulting in high-fidelity printing of
the structure. A suitable thinning hydrogel with the desired viscosity can maintain architectural integrity immediately
after bioprinting.

The printability of bioink depends on various factors such as concentration, hydrophilicity, surface tension, the
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self-crosslinking capacity of the hydrogel, cell density and surface properties of the printer nozzle39. These, together
with the viscosity of the hydrogel, determine the printing resolution, that is, the precise organization of the structure
concerning the natural tissue. Furthermore, the dimension, shape, interconnection, and distribution of pores are
critical to recreating an extracellular matrix-like microenvironment. The interconnection of pores facilitates the
diffusion of oxygen, nutrients and metabolic products during cell proliferation40.

The viscosity of the solution is influenced by the concentration of the hydrogel and the density of the encapsulated
cells. A low solution viscosity improves printability but may result in lower mechanical stability of the printed
structure. However, the higher the viscosity of the bioink, the higher the printing pressure needed for extrusion,
which can decrease cell viability.

Cell viability in the printed bioink depends on the type and concentration of the hydrogel, cell-cell interactions,
bioprinting modality, hydrogel degradation rate, and time after encapsulation. A low concentration of hydrogel favors
cell proliferation, although mechanical properties and printing fidelity are better when the concentration is high.
A highly concentrated hydrogel has a dense network of polymers, which hinders cell proliferation and migration.
Furthermore, tissue regeneration can only take place with cell proliferation.

The cross-linking density in the hydrogel network is essential to determine the structural characteristics, me-
chanical properties, swelling index, and permeability to nutrients and metabolic products. As the cross-linking
density increases, the spacing between macromolecular polymer chains decreases, improving the printed construct’s
mechanical strength41. However, the equilibrium swelling ratio and molecular diffusion are significantly reduced.

The bioink must have excellent cell adhesion properties in its characteristic chain sequence to facilitate the transfer
of biomolecules and biochemical signals to the printed cells. Sometimes, it is necessary to modify the functional
groups of polymer chains to create cell attachment sites and improve cell-hydrogel interactions. The biodegradation
rate of the printed construct must match cell proliferation so that the cells’ extracellular matrix (ECM) can replace
the biodegradable construct40. Furthermore, the biodegradable product resulting from degradation should not have
a detrimental impact on the regenerated tissues. From a commercial perspective, bioinks are developed based on
specific application requirements, which ensures that the properties of the hydrogel are compatible with those of
the printed cell, enabling the creation of large-scale functional tissues. In addition to the abovementioned features,
hydrogels must meet additional requirements such as industrial scalability, rapid availability, economic viability, and
in vivo immunological compatibility33.

3.3.4 Sodium alginate

Alginate is a usual linear polysaccharide biopolymer widely utilized in biomedical fields, like drug delivery, cell
encapsulation, scaffolds, and 3D bioprinting42. Alginate is a biocompatible hydrogel that does not trigger an immune
response. It shares similarities with the extracellular matrix and is well-suited for tissue regeneration. In addition to
being cost-effective, alginate can be 3D printed into intricate and small structures with great accuracy13.

Alginates refer to calcium, magnesium, and sodium salts of alginic acid extracted from brown algae. Sodium
alginate (SA), given by the formula NaC6H7O6, is composed of two linked anionic monomers of 1,4-β-d-mannuronic
and α-l-guluronic acids43 as shows Figure 3.2. This polysaccharide is negatively charged, above the alginate’s pKa
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range of 3.4 and 4.4.

Figure 3.2: Chemical structure of sodium alginate. Adapted from Bhatia et al.44

The capability of alginate to produce hydrogel by ionic crosslinking makes it popular. However, some modifi-
cations may be needed to promote its mechanical properties too7. Cross-linking by ionic interactions in alginate is
carried out with physiological pH and at room temperature. It allows the alginate to encapsulate living cells and
release proteins, creating a matrix. It is necessary to mention that cross-linked alginate gels can be destabilized by
extracting calcium ions using a chelating agent.38.

When G residues are mixed with multivalent cations such as Ca2+, they generate an ionic bridge between chains,
and sodium alginate can be transformed into a hydrogel that retains more than 98% water45. It is important to
provide aqueous environments for the maintenance of bioactivity, and the entanglement of alginate chains form
a three-dimensional net structure46. In bioprinting, it is used because it supports cell growth and possesses high
crosslinking ability and biocompatibility.

3.3.5 Gelatin

Gelatin is a biopolymer obtained by denaturing collagen, the main component of the extracellular matrix. Gelatin
is a polypeptide comprising glycine, proline and 4-hydroxyproline residues47 as Figure 3.3. Among the main
characteristics of gelatin, it is soluble in water, it is biodegradable, and its main function is the integrity of the
connective tissue, so it is possible to form biocompatible, biodegradable and non-immunogenic hydrogels when
combined with other biomaterials. Other characteristics of this hydrogel are that it is economical compared to
collagen and does not express antigenicity under physical conditions20. Depending on the gelatin extraction method,
it can be acidic or basic. Depending on this, its application varies.

Gelatin, similar to other proteins, exhibits optical activity in both its helical and random helical states. It is used
as a gelling agent in the food, pharmaceutical and cosmetics industries and forms a gel when cooled below 35°C.
These gelatin gels are clear, elastic, and can reverse when heated above 35°C. At lower temperatures, gelatin assumes
a configuration similar to a collagen fold that allows the formation of hydrogen bonds between chains47.

The gelling properties of gelatin can be modified by chemical cross-linking, an approach used by several
researchers in the development of controlled release methods. Gelatin is a very valuable biopolymer in tissue
engineering applications. However, its limitations in terms of mechanical properties restrict its use48, and it is rarely
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used alone in the production of bioinks21.

Figure 3.3: Chemical structure of gelatin. Adapted from Deshmukh et al.47

3.4 Composites
Combining two or more materials is necessary to improve the properties of materials because this can provide
mechanical and functional requirements to produce biomimetic tissues-like constructs. Biomaterials like gelatin
have Arg–Gly–Asp (RGD) motifs that help the migration and cell attachment but are restricted by low mechanical
properties7. On the other hand, alginate has excellent mechanical properties, and the combination is useful to
compensate for this.

3.4.1 Alginate/gelatin composite

The bioink that combines gelatin and alginate presents an interesting synergy between the temperature sensitivity
of gelatin, which allows the printing of multilayer structures, and the rapid ionic cross-linking of alginate, which
favors long-term cultivation. Studies indicate that low-concentration sodium alginate solutions (<4% w/v) result in
indistinguishable printed structures due to their low viscosity7. To overcome this, type B gelatin (derived from an
alkaline treatment of bovine skin) was introduced to the solution, leading to printed scaffolds with a more defined
structure.

Ashammakhi et al.49 noted that alginate lacks bioactivity despite its similarity with the extracellular matrix’s
glycosaminoglycan. In this sense, gelatin with RGD sequence emerges as an alternative biomaterial that improves
cell adhesion properties and function. The combination of alginate and gelatin has been investigated for bioprinting,
and the resulting structures have demonstrated mechanical properties similar to those of pre-cross-linked alginate
and excellent cell growth.

Chung et al.50 compared the rheological properties of alginate-gelatin mixtures, type A gelatin (produced by
acid treatment of bovine skin), pre-cross-linked alginate and alginate solution. It was found that alginate inks
pre-crosslinked with calcium have a consistency, viscosity and possible cytotoxicity that limit the manufacture of im-
plantable regenerative scaffolds. alginate-gelatin was explored as an alternative formulation, which exhibited higher
viscosity, storage modulus and consistency, facilitating printing with higher resolution and precision. Additionally,
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slower degradation of alginate-gelatin was observed in cell culture media, with a more than 60% decrease in initial
modulus over seven days.

On the other hand, Bociaga et al.51 investigated the combination of sodium alginate and gelatin in different
concentrations, analyzing the effect of various solvents on the mechanical and biological properties, as well as the
extrusion capacity of the hydrogels. They concluded that adding gelatin (type B from bovine skin) to the alginate
hydrogel increases the viscosity, regardless of the type of solvent. Likewise, the degradation rate was observed when
the gelatin concentration increased.

Jia et al.52 developed alginate solutions with variations in oxidation and analyzed two crucial factors of bioink:
viscosity and density. They modified cell attachment and spreading by conjugating RGD peptides to oxidized
alginates. To avoid a high concentration of Ca2+, they prepared a 100 mM CaCl2-gelatin solution with porcine
gelatin (2% by weight). They adjusted the density of the bioink by varying the concentration and degree of oxidation,
achieving a viscosity close to or higher than that of the cell type investigated, to obtain a homogeneous cell suspension.

3.5 Genipin crosslinking mechanism
Genipin (Gen), C11H14O5, is an iridoid obtained by enzymatic hydrolysis of geniposide, the main active ingredient
of the fruit of Gardenia jasminoides, which is a plant that belongs to the Rubiaceae family that grows wild in
Vietnam, southern Vietnam. China, Taiwan, Japan, Myanmar and India. The figure shows that Gen comprises a
dihydropyran ring and an ester group with a molecular weight of 226.226 g/mol and a melting point at a temperature
of 120-121°C53.

Figure 3.4: Chemical structure of genipin. Taken from Harris et al.54

Gen is a white crystalline powder soluble in various solvents such as water, saline, acetone, ethyl acetate,
propylene glycol and alcohol (methanol or ethanol). Under acidic and neutral conditions, it reacts spontaneously
with the primary amines of the polymer chain, and the final product appears as dark blue pigments.

In recent years, Gen has attracted the attention of many researchers because it has cross-linking properties, and
its toxicity is low. Therefore, the focus on its use and applications has expanded. For example, it can aid in wound
healing through its anti-inflammatory and antioxidant properties, essential contributors to the healing cascade.
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Gen reacts with primary and secondary amines. Gen, as a naturally-based cross-linking compound, stands out as
the main method for manufacturing biomatrices. This approach seeks to overcome existing limitations and promises
significant advances in wound healing in future clinical contexts. In addition, it confers a series of advantages to
the resulting biomatrix, such as strengthening its mechanical resistance and toughness, reducing its solubility when
exposed to enzymes and in liquid environments, conferring thermal stability and controlled expansion capacity, and
improving its elasticity and viscosity55.

Naturally derived cross-linking agents have been widely preferred for their ability to stabilize 3D scaffolds,
promote biocompatibility, and low toxicity. Gen is 5,000 to 10,000 times less damaging to cells than other cross-
linking substances, with a lethal dose 50 of approximately 200 mg/kg in the mouse model56. The survival and
proliferation rate of cells seeded in the biomatrix treated with Gen was 5,000 times higher than in the biomatrix
treated with glutaraldehydecite57. Gen effectively inhibited inflammation and demonstrated an excellent biological
safety profile following in vivo implantation studies.

Furthermore, the reactive capacity of Gen is subject to factors such as its concentration, cross-linking temperature,
duration and critical pH determinants, which are reduced at low pH levels, thus allowing control over cross-linking
density. The time required to carry out cross-linking is another critical indicator to ensure an appropriate balance
between the manufacturing process and the retention of the desired shape53.

Genipin has been used to manipulate various biomatrices derived from materials such as gelatin, chitosan,
collagen, polyethylene glycol, hyaluronic acid, fibrin, and agarose, among others, due to its innate cross-linking
capacity.

The exact mechanism of the genipin cross-linking reaction has yet to be fully understood. In this sense, several
researchers have proposed that the genipin cross-linking process is carried out through the participation of two
primary amino groups of the polymers, involving various routes and intermediates that give rise to a dimer product,
which in turn induce the color change to blue in the solution. In general terms, the mechanism of this reaction is
divided into two consecutive stages. The first involves the nucleophilic attack of an amino group on the polymer chain
to the α, β-unsaturated ester in the genipin molecule, resulting in the opening of the genipin ring57. Next, another
amino group of the polymer chain will attack the methoxycarbonyl group, leading to an amide-type secondary bond
and methanol release, forming the cross-linked compound53. Figure 3.5 below illustrates the possible reaction that
occurs during genipin cross-linking.

It has been suggested that the cross-linking reaction between gelatin and genipin occurs through two distinct
pathways under slightly acidic or neutral conditions. The first reaction involves a nucleophilic attack of the amino
groups on the gelatin ring to the genipin molecule’s olefinic carbon atom (C3), followed by carbonyl and dihydropyran
ring opening. Second, a nucleophilic attack of the amino groups of gelatin to the carboxyl group of genipin leads
to amide formation. The further reaction involves an oxygen radical-induced genipin polymerization, which could
occur between genipin molecules that have already been cross-linked with gelatin amino groups. It could result in
genipin copolymers with high C=C conjugation. Furthermore, this phenomenon may be responsible for the bluish
color observed in the gelatin scaffolds58.
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Figure 3.5: Crosslinking mechanism of Genipin. Taken from Utami et al.53

3.6 Techniques of characterization and optimization of biomaterials

3.6.1 Fourier Transform Infrared spectroscopy (FT-IR)

Fourier Transform Infrared spectroscopy (FT-IR) is a technique that measures molecular vibrations induced by
infrared radiation within a specific wavelength range. In this spectroscopic method, infrared radiation is directed
through a sample. The sample absorbs infrared radiation while the rest passes through (transmits). The final spectrum
represents the molecular absorption and transmission patterns, creating a unique molecular signature for the sample.
The absorption peaks represent the vibration frequencies between the bonds of the atoms59.

This technique furnishes valuable information, enabling researchers to identify unknown substances, assess the
quality or uniformity of a sample, and ascertain the number of components in a mixture by analyzing the size of the
peaks in the spectrum. Since each substance is a distinct arrangement of atoms, no two compounds yield precisely
the same infrared spectrum60.

An FT-IR equipment employs an interferometer shown in Figure 3.6 comprising a source, a beam splitter, a laser,
a detector, and two mirrors. The energy emitted by the beam splitter divides the beam into two segments. One
segment is directed towards a movable mirror, while the other is reflected towards a stationary mirror. The movable
mirror oscillates back and forth at a consistent pace, regulated by the feedback from the calibration laser. The two
beams are reflected off the mirrors, recombining at the beam splitter. Finally, it results in an interference pattern
transmitted through the sample area to the detector. This signal is subsequently processed using the FT function
to produce a spectrum. The resultant interference pattern, an interferogram, encompasses all information across all
measured wavelengths. However, this signal must undergo a computationally intensive mathematical transformation,
known as the Fourier transform, to yield an interpretable spectrum61.
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Figure 3.6: Principles of the Fourier-Transform Infrared Spectroscopy (FT-IR). Adapted from Patrizi et al.62

3.6.2 Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) is a technique used to analyze sample surfaces through the high-resolution
images it produces. Figure 3.7 shows the design of an SEM, which comprises an electron gun, electromagnetic
lenses, a vacuum chamber and detectors that collect the signals emitted from the specimen63.

The SEM uses an electron source that generates a flow of accelerated charged particles toward the sample
through a positive electric field. This electron beam is then restricted and concentrated through metal apertures
and magnetic lenses, resulting in a narrow, focused, monochromatic beam. When these electrons collide with
atoms in the sample, they cause the emission of signals that contain valuable information about the sample surface,
including topographical details, composition, and electrical properties. These complex interactions and their effects
are captured and translated into a visual image64.

This tool can be applied to study topography, that is, the surface characteristics of an object and its texture65. It is
also possible to appreciate the morphology, which includes the shape and size of the particles that make up the object,
the direct relationship between these structures and the properties of the materials. Finally, another application is to
obtain the crystallographic information of how the atoms are arranged in the object64.

In manufacturing hydrogels, exact knowledge of the microstructure, mainly its topology, is important. Therefore,
cryogenic or high vacuum scanning electron microscopy is often used to visualize swollen hydrogels66.
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Figure 3.7: Diagram of components of SEM microscope. Adapted from Inkson B.J.63
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3.6.3 Biological characterization

Cell counting with trypan blue exclusion assay

The trypan blue assay was introduced, and to this day, it remains the most commonly used procedure to assess cell
viability67. The dye exclusion method assesses the quantity of viable cells within a cell suspension. This approach
relies on the concept that viable cells maintain intact cell membranes that prevent the uptake of specific dyes like
trypan blue, Eosin, or propidium, in contrast to non-viable cells68(Figure 3.8).

Figure 3.8: Trypan blue assay. Adapted from Kamiloglu et al.69

After counting the cells, calculate the percentage of cell viability using the following formula:

Viable cells (%) =
total number of viable cells per ml of aliquot

total number of cells per ml of aliquot
∗ 100

Cell viability by MTT assay

MTT is an assay to evaluate cell culture’s viability and proliferation. The principle of this assay consists of measuring
chemical biomarkers to evaluate the metabolic activity of the cells. So, the MTT assay converts the water-soluble
yellow dye MTT to an insoluble purple formazan70.

Over time, various tetrazolium salts have been created for different uses in areas such as histochemistry, cell
biology, biochemistry, and biotechnology. In the field of cell cultures, MTT, XTT, MTS and WST stand out.
Tetrazolium salt solutions are initially colorless or slightly discolored and become intensely colored as the formazan
product is formed71.

Thus, the tetrazolium salt commonly used in cell cultures is MTT, introduced by Mosmann72 to evaluate
proliferation and cytotoxicity in cultures, particularly in 96-well plate detection assays. Thanks to its lipophilic side
groups and net positive charge, MTT can cross the cell membrane and be reduced in viable cells by mitochondrial or
cell plasma enzymes, such as oxidoreductases, dehydrogenases, oxidases and peroxidases, which use electron donors
such as NADH, NADPH, succinate or pyruvate. This process converts MTT to formazan (shown in Figure 3.9, a
substance insoluble in water. In addition to enzymatic reactions, various non-enzymatic reactions with reducing
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molecules, such as ascorbic acid, glutathione or coenzyme A, can interact with MTT to form formazan, increasing
absorbance. The formation of needle-shaped formazan crystals damages cellular integrity and leads to cell death.
It causes rapid disruption of the MTT reaction to formazan due to the metabolism breakdown. Since crystals form
inside cells, MTT-based assay protocols typically include cell lysis and formazan dissolution steps before performing
a spectroscopic measurement73.

Figure 3.9: Reduction of MTT to formazan. Adapted from Kamiloglu et al.69

3.7 Cell lines

3.7.1 Caco-2

The Caco-2 cell line originates from colon carcinoma and has been used as a model of the intestinal epithelial
barrier74. Initial investigations indicated that mature Caco-2 cells exhibited numerous structural and operational
traits commonly found in enterocytes of the small intestine. Nevertheless, indicators associated with colon cells are
also detectable within the Caco-2 cell population. Indeed, the Caco-2 model excels in foreseeing the permeability of
compounds that pass through cells rather than the spaces between them. In typical circumstances, the permeability
values for such transcellular compounds tend to be notably lower compared to the levels witnessed in live biological
systems75. These cells have morphological and functional properties of the small intestine’s enterocytes74. Therefore,
they have been widely used to study intestinal physiology and as an intestinal barrier model to study toxicology in
vitro. Reproducibility problems have been reported due to the variety of culture conditions related to the animal
serum that used the supplements added, among other factors that make it difficult to compare laboratory results76.
This cell line has also been used in 3D bioprinting of tumor models, where the histological evaluation of Caco-2
cells has revealed the formation of glandular-type structures that show a greater pathomorphological resemblance
to tumors than monolayer cultures4. Caco-2 cells are easy to identify because they form spheroids with a round
structure similar to bubbles. In Figure 3.10 extracted from the work of Gheytanchi et al.77, as he mentions, it can be
observed in (d) The parental Caco-2 cells as a monolayer and (e), (f) The spheroids derived from Caco-2 showed a
small and round morphology.
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Figure 3.10: Morphology of Caco-2 cell line. Adapted from Gheytanchi et al.77

3.7.2 HUVEC

In 1973, researchers first described isolating human umbilical vein endothelial cells (HUVEC) because they discov-
ered their use as a study model for cardiovascular diseases. HUVECs are obtained from umbilical cords formed in
the fifth week of embryonic development78.

The cell isolation process begins with collecting umbilical cords, which can be obtained from newborn babies
naturally, from healthy mothers free of hepatitis or HIV. However, if it is necessary to study other pathologies, such as
diabetes, the umbilical cords can be collected from mothers with said disease. After obtaining, correct conservation
is necessary, so according to the literature, the optimal storage temperature is 4 degrees, and it is advisable to isolate
the cells between 10 and 24 hours78.

The isolation and cultivation process is described in the protocol established by Mari et al.79 based on the
isolation technique established by Jaffe et al.80, who successfully isolated the cells for the first time and established
the culture media considering morphological, immunohistological and serological criteria.

Regarding the morphology of HUVEC, it can be identified by their heterogeneity since they form a monolayer
with a spiral pattern78. The cells typically display uniformity, are elongated and polygonal, and have a centrally
located oval nucleus. Next, Figure 3.11 shows the different morphology of the confluent HUVEC cells with an
elongated shape and the non-confluent cells with a spherical shape81.

Figure 3.11: Morphology of HUVEC cell line. Retrieved from Urbaczek et al.81





Chapter 4

Methodology

4.1 Synthesis of bioinks

4.1.1 Hydrogel preparation

Hydrogels were prepared using natural polymers such as gelatin (G) and sodium alginate (SA) in different proportions
and concentrations. Figure 4.1 shows the setup to prepare hydrogels.

Figure 4.1: Setup of hydrogel preparation.

Two solvents were used to prepare hydrogels: distilled water and DPBS (Dulbecco’s Phosphate Buffered Saline,
with MgCl2 and CaCl2, liquid, sterile-filtered).

First, in distilled water, the sodium alginate (Alquimia, Farmácia de manipulação, São Paulo, Brazil) was
dissolved at two different concentrations of 3.6 and 6 % (w/v) using a magnetic stirrer at 50°C for 16 hours, while
gelatin (Didática SP, Brazil) was prepared at 1 and 5 % (w/v) at 50°C with stirring for 18 hours. The obtained

25
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solutions of alginate and gelatin were mixed with different proportions to form composite hydrogels using a magnetic
stirrer for homogenizing the solutions. A 20 mM CaCl2 (Alquimia, Farmácia de manipulação, São Paulo, Brazil)
solution was prepared for the crosslinking of SA. Then, in a proportion of (1:1) was mixed SA 3.6% (w/v) and
CaC2, and alginate 6% (w/v) and CaCl2. Also, the composite hydrogels were mixed with the CaCl2 solution in the
proportion of (1:1:1) for the cross-linking.

Another crosslinking agent used was genipin (Gen) ≥ 98% (HPLC), powder (Sigma-Aldrich, Brazil). A stock
solution at a concentration of 1.66% (w/v) was prepared in ethanol 100%. Then, SA was combined with genipin
added from the solution stock to obtain concentrations of 0.25, 0.5, and 1 % (v/v) (Figure 4.2).

Figure 4.2: Sodium alginate crosslinking with genipin at concentrations of 0.25, 0.5, and 1 % (v/v) (left to right).

The composite hydrogels were also crosslinked with genipin at the same concentrations (Figure 4.3).

Figure 4.3: Hydrogels composites crosslinking with genipin at concentrations of 1, 0.5, and 0.25% (v/v) (left to
right).

DPBS was used as a second solvent to solve gelatin 1 and 5 % (w/v) and alginate 3.6% (w/v) with agitation
at 50°C for 16 hours. Then, using stirring to homogenize the solutions, composite hydrogels were prepared with
different proportions.

Table 4.1 presents the numeration, abbreviations, concentrations, proportions and the individual composition of
the samples used for each assay.
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Table 4.1: Compositions of hydrogels.

Sample
number

Abbreviations
Concentration

Proportions Solvent
Sodium alginate

(% w/v)
Gelatin
(% w/v)

Genipin
(% v/v)

CaCl2
(mM)

1 G 1% - 1 - - - DPBS
2 SA 3.6% 3.6 - - - - water
3 SA 3.6% + CaCl2 3.6 - - 20 (1:1) water
4 SA 3.6% + G 1% + CaCl2 3.6 1 - 20 (1:1:1) water
5 SA 3.6% 3.6 - - - - DPBS
6 SA 3.6% + G 5% 3.6 5 - - (2:1) DPBS
7 SA 6% + CaCl2 6 - - 20 (1:1) water
8 SA 3.6% + G 5% + CaCl2 3.6 5 - 20 (1:1:1) water
9 SA 3.6% + G 1% 3.6 1 - - (1:1) DPBS
10 SA 3.6% + G 5% 3.6 5 - - (1:1) DPBS
11 SA 3.6% + G 1% 3.6 1 - - (2:1) DPBS
12 SA 3.6% + G 5% + Gen 1% 3.6 5 1 - (1:1) water
13 SA 3.6% + G 5% + Gen 0.25% 3.6 5 0.25 - (1:1) water
14 SA 3.6% + Gen 0.25% 3.6 - 0.25 - water
15 SA 3.6% + Gen 1% 3.6 - 1 - water
16 SA 3.6% + Gen 0.5% 3.6 - 0.5 - water
17 SA 3.6% + G 5% + Gen 0.5% 3.6 5 0.5 - (1:1) water
18 G 1% - 1 - - - water
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4.2 Characterization

4.2.1 FT-IR spectroscopy

The FT-IR spectra were taken with an FT-IR Spectrometer Bruker Optik GmbH Tensor 27. This apparatus belongs
to the São Carlos Institute of Chemistry of the University of São Paulo. The principle of this equipment worked only
by measuring a drop of the sample, which had been calibrated before with a drop of distilled water. In Figure 4.4, a
picture of the equipment used.

Figure 4.4: FT-IR Spectrometer Bruker Optik GmbH Tensor 27.

4.2.2 SEM

The hydrogel samples were frozen at -80°C for 6 hours. Then, the samples were freeze-dried using the benchtop
freeze dryer LS 3000 Terroni, shown in Figure 4.5, for 24 hours before the metalization for the characterization.

Figure 4.5: Benchtop freeze dryer LS 3000 Terroni.

The cross-sectional surface of the sliced hydrogels was observed under a scanning electron microscope (SEM)
to study the surface morphology. SEM images were acquired at 100X, 500 X and 1000 X magnifications using LEO
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model 440 Scanning Electron Microscope at 15 kV (Figure 4.6). The equipment mentioned in this section belongs
to the São Carlos Institute of Chemistry of the University of São Paulo.

Figure 4.6: LEO model 440 Scanning Electron Microscope.

4.3 Cell culture

4.3.1 Culture conditions for Caco-2

The human colorectal adenocarcinoma epithelial cell (colorectal adenocarcinoma cell - CaCo-2) is an immortalized
cell obtained from the American Type Culture Cell (ATCC® HTB-37™) collection. These cells were grown
in polystyrene cell culture flasks (Corning®) with high glucose modified Eagle’s medium (DMEM, GibcoTM),
supplemented with 10% fetal bovine serum (SFB, Vitrocell embryolife®), 1.0% of penicillin/streptomycin (Vitrocell
embryolife®) and 1.0% non-essential amino acids (GibcoTM). Cells were maintained in a 5.0% CO2 incubator
(PHCbi IncuSafe CO2 Laboratory Incubator) at 37°C. Caco-2 was grown in passages 38-50.

4.3.2 Culture conditions for HUVEC

Endothelial cells from the human umbilical cord vein (Human Umbilical Vein Endothelial Cell - HUVEC, CRL-
2873TM ATCC®) were cultured in 25 cm2 and 75 cm2 polystyrene flasks (Corning®) with Roswell Park Memorial
Institute Medium 1640 (RPMI, Sigma-Aldrich®) supplemented with 10% FBS, 25 mM HEPES (Sigma-Aldrich®),
and 1.0% penicillin/streptomycin mixture. Cells were maintained at 37°C in a humidified 5.0% CO2 incubator and
recultured (2.0 x 105 cells.mL−1) at passages 40-50.
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4.4 Cell viability

4.4.1 Trypan blue exclusion assay

After cell culture, viable cell counting was performed. An aliquot was centrifuged from the cell suspension for 5
minutes, and the supernatant was discarded. The cell’s pellet was resuspended in a serum-free complete medium. A
dilution of cells was prepared by mixing trypan blue. Then, to make the count of cells, a drop of the trypan blue/cell
mixture was applied to a Neubauer chamber, which was placed on the stage of an optical microscopy microscope
and focused on the cell to distinguish between the unstained (viable) and stained (nonviable) cells (Figure 4.7).

Figure 4.7: Caco-2 cells with trypan blue in the Neubauer chamber.

To calculate viable cells per ml of the sample, after counting the viable and nonviable cells, multiply the total
count of viable cells by 2, which accounts for the trypan blue dilution factor. To determine the overall cell count per
ml of the sample, sum up the total counts of viable and nonviable cells and then multiply the sum by 2. Finally, was
calculated the percentage of viable cells. This process was made for the two cell lines.

Caco-2

• Living cells: 495

• Dead cells: 17

Viable cells (%) =
total number of viable cells per ml of aliquot

total number of cells per ml of aliquot
∗ 100

Viable cells (%) =
990
1024

∗ 100

Viable cells (%) = 96.68%
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HUVEC

• Living cells: 272

• Dead cells: 12

Viable cells (%) =
total number of viable cells per ml of aliquot

total number of cells per ml of aliquot
∗ 100

Viable cells (%) =
544
568
∗ 100

Viable cells (%) = 95.77%

4.4.2 MTT assay for hydrogels

In this assay, the negative control (C-) was the respective cell culture media, and the positive control (C+) was a 2.0
cm2 cutout from a surgical glove (Medfeel) that was immersed in the culture medium for 24 h. HUVEC, Caco-2
cells were cultivated in a 96-well plate (NEST®) (1.0 × 105 cells.mL−1) in sextuplicate and maintained for 48h in
an incubator at 5.0% CO2 and 37°C. After 24h, the hydrogels were introduced into microplates under cell culture
(Figure 4.8) that remained in an incubator at 5.0% CO2 and 37 °C for 12h. Then, 1.0 mg.mL−1 of the methyl thiazolyl
tetrazolium (MTT) assay kit was added for 3 hours in an incubator at 5% CO2 and 37°C. The formed formazan was
dissolved in 200 µL of DMSO.

Figure 4.8: Cells cultivated in hydrogels on a 96-well plate.

Then, absorbance was measured using the 550 nm filter for HUVEC cells and the 570 nm filter for Caco-2 cells
in a spectrophotometer Thermo Scientific™ Varioskan™ LUX multimode microplate reader (Figure 4.9). This
apparatus belongs to the São Carlos Institute of Chemistry of the University of São Paulo.
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Figure 4.9: Thermo Scientific™ Varioskan™ LUX multimode microplate reader.

Before applying the MTT assay kit, micrographs were taken with the OLYMPUS Q-Color 5™ camera of the
Olympus CKX41 Inverted Microscope (Figure 4.10) using the software Olympus cellSens Standard. Equipment
from the São Carlos Institute of Chemistry of the University of São Paulo.

Figure 4.10: Olympus CKX41 Inverted Microscope.

The calculation of the survival index – IS (%) was carried out in relation to the negative control, which represents
an absorbance of 100% cell viability, as shown in the following equation.

IS (%) =
Xaverage

C(−)average
× 100

Where Xaverage is the mean absorbance of each sample, and C(−)average is the mean absorbance of the negative
control.
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Statistics

The quantitative data is presented as means with standard deviation. Statistical analysis was conducted using one-way
ANOVA followed by a post hoc Dunnett test with GraphPad Prism version 10. In the figures, "****" in the legend
indicates p < 0.0001, "***" represents p < 0.001, "**" represents p < 0.01, "*" represents p < 0.05, and "ns" indicates
non-significant.





Chapter 5

Results & Discussion

5.1 FT-IR spectroscopy
The spectral behavior of alginate, gelatin, composites of gelatin and alginate, CaCl2, DPBS, and genipin are illustrated
in the following figures.

Figure 5.1: FT-IR spectra of a) sodium alginate 3.6%, b) DPBS, and c) sodium alginate 3.6% solved in DPBS.

35



36 5.1. FT-IR SPECTROSCOPY

First, in Figure 5.1, curve a) shows the spectra of sodium alginate solved in distilled water at a concentration of
3.6%. The broad band at wavenumber 3388 cm−1 is attributed to the O-H functional group82. The characteristic peaks
at 1600 and 1423 cm−1 are assigned to the vibrations of COO- for the carboxyl group of sodium alginate. Moreover,
the peak at the wavenumbers 1090 and 1031 cm−1 are attributed to the C-O and C-O-C stretching vibrations of the
saccharide structure83. Finally, the wavenumber 793 and 744 cm−1 showed in the spectrum is related to mannuronic
and guluronic acid residues, respectively84.

In curve b), the DPBS spectro is shown, and it presents bands at 3437cm−1 of the O-H group, at 2879cm−1

of C-H, and 1649cm−1 of C=O. Also, curve c) shows the spectra of sodium alginate, but solved in DPBS, it is
possible to identify the characteristic groups of alginate. The band is the O-H functional group at 3375cm−1. The
vibration of −COO− for the carboxyl group at 1600cm−1. wavenumber 1031cm−1 of C-O-C stretching vibrations of
the saccharide structure.

If the spectra of the alginate dissolved in water were compared with the alginate dissolved in DPBS, it could be
observed that there is a slight modification in the peaks, which is attributed to the composition of the DPBS because
it contains MgCl2 and CaCl2 and according to the literature, Ca ions bind to Mg and generate the crosslinking of
sodium alginate85. Among the changes that can be observed, the shifting and shortening of the peaks are wave
numbers 1318, 1089, and 1030 cm−1 86.

Figure 5.2: FT-IR spectra of a) gelatin 5%, b) gelatin 5%, c) DPBS, and d) gelatin 1% solved in DPBS.

In Figure 5.2, curves a) and b) show the FT-IR spectra for gelatin solved in distilled water at concentrations of
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5 and 1 %, respectively. Gelatin 1% and 5% showed vibration peaks at the wavenumbers of 3400cm−1 attributed
to the presence of hydrogen bond water, 1645cm−1 peak corresponds to Amide I that represents C=O stretching of
peptide bonds of gelatin, at 1559cm−1 indicate Amide II which represents the bending vibration of N-H groups and
stretching vibrations of C-N groups87, band at 1342cm−1 correspond to amide III, which is related to the vibrations
in the plane of C-N and N-H groups of bound amide88. On the other hand, gelatin 1% prepared with DPBS has a
similar spectro, but some bands in 1645 have elongation, and the peak of 1553cm−1 disappears due to the interaction
with the solvent component15.

Figure 5.3: FT-IR spectra of a) DPBS, b) sodium alginate 3.6% solved in DPBS, gelatin 5% solved in DPBS, and
composites of alginate with gelatin solved in DPBS at different concentrations.

The gelatin and sodium alginate spectra composites prepared at different concentrations are shown in curves d),
e), and f) of Figure 5.3. The band of 1600cm−1 corresponds to Amide I for gelatin, and the absorption at 1332cm−1

is assigned to stretching vibration of COO− has shifted to the lower number respect with the pure polymers.
According to Derkach, S. et al., these alterations suggest the development of robust intermolecular connections,
encompassing hydrogen bonding and electrostatic attractions, between sodium alginate and gelatin chains, leading
to the self-assembly of polyelectrolyte complexes89.
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Figure 5.4: FT-IR spectra of a) SA 3.6%, b) CaCl2, c) SA 3.6% + CaCl2, d) SA 6% + CaCl2, e) G 5%, f) G 1%, g)
SA 3.6% + G1% + CaCl2, and h) g) SA 3.6% + G5% + CaCl2

Figure 5.4 shows the spectra corresponding to b) CaCl2 solution. At wavenumber 3388cm−1, the vibrations of
the O-H connections are visualized due to the presence of water in the solution. At 1660cm−1, the vibrations of the
H-O-H bending due to the water. The peaks at 1338, 880, and 716cm−1 are associated with calcium and oxygen
links or the flexion and torsion of bonds between the atoms, such as calcium and chlorine90.

Curves c) and d) show the spectra of alginate 3.6% + CaCl2 and alginate 6% + CaCl2, respectively. If they
are compared with the spectra of alginate, it is possible to observe two characteristic peaks at wavenumber 2921
and 2854 cm−1 linked to the C-H stretching bond appear. The peak at 1602 and 1426 cm−1 are attributed to the
asymmetric and symmetric stretching vibration of the COO- group.

The cross-linking of sodium alginate by a concentration of Ca2+ from CaCl2 can be demonstrated by a reduction
in intensity and a slight modification in the wave number of the peak of the carbonyl group due to the replacement
of sodium ions by calcium ions calcium91. For this reason, the peaks of pure alginate are at 1602 and 1426 cm−1

instead of 1600 and 1423 cm−1. The C-C peak that extends to 1031cm−1 due to its intensity suggests a stronger O-H
bonding vibration or a stronger binding of Ca2+ to the guluronic acids of sodium alginate92.

Finally, spectra h) and g) of alginate with gelatin and CaCl2 mixtures show significant changes. The Amid I
band at 1645cm−1for gelatin has been coupled with the strong absorption band at 1600cm−1 for SA assigned to the
asymmetric stretching vibration of the COO- and has moved to a higher wave number when the gelatin concentration
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increases (1655cm−1) and is maintained when the concentration is 1% (1645cm−1). At the same time, the absorption
at 1423cm−1 assigned to the symmetric stretching vibration of the COO- has moved to the lowest wave number
(1331cm−1) when the gelatin concentration is 1%. However, when it is 5%, it increases to 1429cm−1. According
to the literature, these changes imply the formation of strong intermolecular interactions, including hydrogen bonds
and electrostatic attractions between sodium alginate and gelatin chains, with the self-organization of polyelectrolyte
complexes26.

Figure 5.5: FT-IR spectra of a) SA 3.6%, b) Gen, c) SA 3.6% + Gen 0.5%, d) SA 6% + Gen 1%, e) SA 6% + Gen
0.25%.

In Figure 5.5, spectra b) correspond to the genipin solution. The characteristic peaks are observed at 1689 cm−1 and
1628 cm−1, which correspond to the C=C stretching of the carboxymethyl group and aromatic stretching93. Genipin
also indicated peaks at 3413 cm−1 (–OH stretching vibration), 2954 and 2852 cm−1 (C-H stretching vibrations), 1441
cm−1 (CH3 bend of the methyl ester), 1294 cm−1 (C–O–C asymmetric stretch), and 1109 cm−1 (C–O–C stretching
vibrations). Finally, the band at 889 cm−1 correspond to the C-H ring out-of-plane bend94.

In c), d), and e) have a mix of alginate with genipin at different concentrations. c) has a concentration of genipin
of 0.5%, and the characteristic peaks of sodium alginate are at 1592 and 1425cm−1. They are moving in relation to
pure sodium alginate, and it can be an indicator of cross-linking. Moreover, at wavenumber 3357cm−1, the vibrations
of the O-H and other peaks take place at 1088cm−1 of mannuronic units, 1045 cm−1 attributed to guluronic units
and 877 cm−1 of saccharide structure. Curve d), in which the genipin has a concentration of 0.25%, shows a band



40 5.2. MORPHOLOGY OF HYDROGELS

at wavenumber 3357cm−1 but much broader and possesses equal peaks of c). However, e) resents different bands at
the wavelength 1650 attributed to C=O and 1045 of the guluronic residues.

Figure 5.6: FT-IR spectra of a) SA 3.6%, b) G 5%, c) Gen, d) SA 3.6% + G 5% + Gen 0.5%, d) SA 6% + G 5% +
Gen 1%, e) SA 6% + G 5% + Gen 0.25%.

Figure 5.6 shows the spectra of alginate 3.6% and gelatin 5% with different genipin concentrations. It is possible
to observe characteristic peaks at 3360cm−1 of the O-H functional group, 2985 and 2885 cm−1 attributed to N-H,
1646cm−1 which is the Amida I. This band could indicate cross-linking with genipin because, according to the
cross-linking mechanism, the polymeric amino group found in gelatin undergoes a nucleophilic attack on the olefinic
carbon atom of genipin. Other values, such as 1379cm−1, had a displacement concerning the gelatin and alginate.
Finally, other peaks at 1045cm−1 correspond to the guluronic units.

5.2 Morphology of hydrogels
In this section, the structure of the hydrogels prepared with different compositions is visualized by SEM in different
magnifications.

Figure 5.7 shows the microstructure of a hydrogel composed of SA, G and CaCl2. The surface of these hydrogels
is very porous, the size of the pores is random, and the walls’ thickness is medium, which is characteristic of alginate
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and gelatin hydrogels crosslinked CaCl2 so that cells can lodge95.

Figure 5.7: SEM microphotographs of hydrogel formed of SA 3.6% + G 5% + CaCl2 at different magnifications A)
100X, B) 500X.

Next, the hydrogels composed of SA and G that were solved in DPBS (Figure 5.8) show that the structure is
porous, and with the magnification of the image, notice that the thickness of the walls is great; in some places, the
wall is smooth, and in others, it is irregular.

Figure 5.8: SEM microphotographs of hydrogel formed of SA 3.6% + G 1% in PBS (2:1) at different magnifications
A) 100X, B) 500X.

Figure 5.9 shows that the structure is much more porous than the previous one. This is because the gelatin
concentration is much higher than the hydrogel composition described above. The size of the pores is somewhat
varied, but smaller pores predominate. The walls also have a smaller thickness.
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Figure 5.9: SEM microphotographs of hydrogel formed of SA 3.6% + G 5% in PBS (2:1) at different magnifications
A) 100X, B) 500X.

The microstructure of the hydrogel formed by SA, G, and Gen (Figure5.10) is not shown uniformly throughout
the image since a porous structure with a moderately regular size is shown in the upper right image. With zoom-in
on the image at 500X, it can be seen that the internal structure is also porous, and the walls are thin. However, the
surface of the walls is not completely smooth but has smaller pores, as seen in C.

Figure 5.10: SEM microphotographs of a film of hydrogel formed of SA 3.6% + G 5% + Gen 0.5% at different
magnifications A) 100X, B) 500X.

The structure in Figure 5.11 corresponds to a composition of SA with Gen at a concentration of 1%, and it can
be seen that the structure is highly porous. The structure is elongated and of similar size. In C, it is possible to see
that the walls are smooth.
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Figure 5.11: SEM microphotographs of hydrogel formed of SA 3.6% + Gen 1% at different magnifications A) 100X,
B) 500X.

Finally, this Figure 5.12 is of a hydrogel with the same composition as the previous one, but this went through a
temperature change. The surface is non-porous and shows smooth walls. However, when the magnification increases,
very small pores and some residues can be observed on the surface.

Figure 5.12: SEM microphotographs of hydrogel formed of SA 3.6% + Gen 0.25% at different magnifications A)
100X, B) 500X.
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5.3 Cell viability of alginate and gelatin hydrogels
This section presents the statistical results of the MTT assay, where the absorbance was read at a wavelength of 550
nm for HUVEC and 570 nm for Caco-2. The results were compared to the negative control with One-way ANOVA
followed by post hoc Dunnett test. The statistical difference between the viability of cells seeded on the hydrogels
and the control is shown with the asterisks.

So, according to the MTT assay, the percentage of cell viability and proliferation corresponding to the positive
and negative controls of the HUVEC cell line are 14.48% and 91.70%, respectively. For the Caco-2 cells, the positive
control has a percentage of 30.29%; in the negative control, it is 98.96%.

(a) HUVEC (b) Caco-2

Figure 5.13: Cell viability of (a) HUVEC and (b) Caco-2 in alginate and gelatin using MTT assay. In the legend,
"****" indicates p < 0.0001, "**" represents p < 0.01, and "ns" indicates non-significant.

Regarding Figure 5.13a, a) represents the viability values of the HUVEC cells seeded. In G 1%, the percentage
was 80.97%, with a P value of 0.0025, indicating low toxicity. On the other hand, SA 3.6%, SA 3.6% in DPBS, and
G 1% in DPBS indicated that the cells are not viable since the percentages obtained are between 36.27% and 48.12%.
The viability of Caco-2 in SA 3.6% solved in DPBS showed statistically higher cell viability (212%), indicating a
higher proliferation rate in this sample than controls. In SA 3.6%, G 1% in DPBS, values are below the percentage
of the negative control (Figure 5.13b).
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(a) HUVEC

(b) Caco-2

Figure 5.14: Cell viability of (a) HUVEC and (b) Caco-2 in SA and composites SA/G with CaCl2 using MTT assay.
In the legend, "****" indicates p < 0.0001, and "***" represents p < 0.001.
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In figure 5.14a, the hydrogels composed of sodium alginate, gelatin and CaCl2 show values above 60% compared
with other materials where HUVEC were seeded. The viability percentage for SA 3.6% +G 1% + CaCl2 was 64.91%,
for SA 3.6% +G 5% + CaCl2 was 68.92%, and for SA 3.6% +G 5% in DPBS was 62.84%. However, it is not possible
to affirm that cells are completely viable in these materials. In the case of MTT for Caco-2, the materials that show
viability above negative control are the mix of SA 3.6% +G 5% + CaCl2 and SA 3.6% +G 5% solved in DPBS
(Figuren 5.14b).

(a) HUVEC (b) Caco-2

Figure 5.15: Cell viability of (a) HUVEC and (b) Caco-2 in sodium alginate with genipin using MTT assay. In the
legend, "****" indicates p < 0.0001, and "***" represents p < 0.001.

Figure 5.15a presents HUVEC cells’ viability in SA crosslinked with genipin at different concentrations. It is
possible to note that cells are not significantly viable in these materials. However, if the concentration of genipin is
low (0.25%), the percentage of viability increases at 37.71%. For MTT of Caco-2, the cells show similar behavior,
but the materials ( SA 3.6% + Gen0.5%) show a viability of 80.15%, which does not have a significant difference
with respect to genipin 0.25% (75.07%) (Figure 5.15b).
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(a) HUVEC (b) Caco-2

Figure 5.16: Cell viability of (a) HUVEC and (b) Caco-2 in the sodium alginate and gelatin with genipin using MTT
assay. In the legend, "****" indicates p < 0.0001.

Figure 5.16a, the result of HUVEC cells’ viability in SA and G crosslinked with genipin at different concentrations
indicates that with a low concentration of genipin, the percentage of viability is 60% (Gen 0.25%). For MTT of
Caco-2, the cells also show similar behavior with a percentage of 138.1%, above the negative control. However, the
percentages of Gen 0.5% and 1% are between 55 to 60 % (Figure 5.16b).
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5.4 Optical microscopy of cells lines

5.4.1 HUVEC cells

The optical microscopies were obtained after 12 hours of cell incubation with the materials. To analyze the growth,
adhesion and confluence of HUVEC cells, the research article of Peng et al.96 and Urbaczek et al.81 were used as a
reference.

Figure 5.17 shows the micrography of HUVEC cells at 100µm and 20 µm. Figure 5.17b shows HUVEC cells that
were incubated in a glove, a sterile material, in a culture medium. Cells could not grow and reach the morphology
they have when growing in their culture medium, as shown in figure 5.17b, where the cells are confluent, and it is
possible to see the spiral pattern.

(a) C+

(b) C-

Figure 5.17: Optical microscopy of (a) positive control and (b) negative control of the HUVEC cell at different
magnifications. Scale bar: 100µm (left) and 20 µm (right).

Figure 5.18 shows the HUVEC cells in hydrogels of gelatin, alginate and genipin that have different concentrations.
Figure 5.18c shows that the cells had no adhesion in materials because spherical shapes were observed, so cells present
non-confluence. In Figure 5.18b, however, there was greater adhesion growth, and they reached the characteristic
morphology in the cell. Cell proliferation could also be observed in figure 5.18a. However, there is a stretching of
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the cells that indicates apoptosis. These observations are consistent with MTT trials.

(a) SA 3.6% + G 5% + Gen 0.25%

(b) SA 3.6% + G 5% + Gen 0.5%

(c) SA 3.6% + G 5% + Gen 1%

Figure 5.18: Optical microscopy of hydrogels composed by SA, G, and Gen in the HUVEC cell specified in (a), (b)
and (c) at different magnifications. Scale bar: 100µm (left) and 20 µm (right).

HUVEC cells in hydrogels of alginate and genipin are shown in Figure 5.19. In all samples, HUVEC conserves a
spherical shape and non-confluence. However, the cellular adhesion on the materials can be noticed in Figure 5.19a
and 5.19b.
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(a) SA 3.6% + Gen 0.25%

(b) SA 3.6% + Gen 0.5%

(c) SA 3.6% + Gen 1%

Figure 5.19: Optical microscopy of hydrogels composed by SA and Gen in the HUVEC cell specified in (a), (b) and
(c) in the HUVEC cell at different magnifications. Scale bar: 100µm (left) and 20 µm (right).

In Figure 5.20, the cells seeded in alginate, regardless of the solvent used, show little growth, in addition to the
elongation of the cells in their morphology, which, according to the literature, would indicate that there is apoptosis.
However, in gelatin gels, there is greater cell growth. Specifically, this can be seen in Figure 5.20c corresponding to
gelatin, where the characteristic morphology of HUVEC cells is shown.
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(a) SA 3.6%

(b) SA 3.6% in DPBS

(c) G 1%

(d) G 1% in DPBS

Figure 5.20: Optical microscopy of HUVEC cells in materials such as SA and G solved in distilled water and DPBS.
Scale bar: 100µm (left) and 20 µm (right).

The cells seeded on the alginate with CaCl2 materials (Figure 5.21) did not adhere as much as on the alginate,
gelatin and CaCl2 materials. For example, there was greater proliferation in Figure 5.21c, and the cell morphology
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is easily identified.

(a) SA 3.6% + CaCl2

(b) SA 6% + CaCl2

(c) SA 3.6% + G1% + CaCl2

(d) SA 3.6% + G 5% + CaCl2

Figure 5.21: Optical microscopy of hydrogels of SA and G crosslinking with CaCl2 in HUVEC cells. Scale bar:
100µm (left) and 20 µm (right).
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Finally, Figure 5.22 shows that the cells in the materials dissolved in DPBS have greater growth in those that use
a lower proportion of alginate. However, it does not reach confluence.

(a) SA 3.6% + G5% (1:1)

(b) SA 6% + G1% (1:1)

(c) SA 3.6% + G1% (2:1)

(d) SA 3.6% + G5% (2:1)

Figure 5.22: Optical microscopy of HUVEC cells on hydrogels of SA and G solved in DPBS. Scale bar: 100µm
(left) and 20 µm (right).



54 5.4. OPTICAL MICROSCOPY OF CELLS LINES

5.4.2 Caco-2 cells

Below, the microscopies obtained from the Caco-2 cell line are presented, and its growth is evaluated in the different
materials prepared according to the morphology that this cell presents in the literature77.

In the positive control (Figure 5.23a, where the cell has contact with a sterile material, it does not show growth
but does show agglomeration of dead cells. On the other hand, in the positive control (Figure 5.23b), where the cells
are maintained with the nutrients provided by the medium, we see cell adhesion and growth, so its morphology can
be appreciated.

(a) C+

(b) C-

Figure 5.23: Optical microscopy of (a) positive control and (b) negative control of Caco-2 cell at different magnifi-
cations. Scale bar: 100µm (left) and 20 µm (right).

Figure 5.24 shows the Caco-2 cells in hydrogels of SA, G, and Gen. There is a confluence of Caco-2 cells, and
it is possible to appreciate the rouns and small morphology. However, there is not a lot of adherence to the material.
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(a) SA 3.6% + G 5% + Gen 0.25%

(b) SA 3.6% + G 5% + Gen 0.5%

(c) SA 3.6% + G 5% + Gen 1%

Figure 5.24: Optical microscopy of hydrogels composed by SA, G, and Gen in the Caco-2 cells specified in (a), (b)
and (c) at different magnifications. Scale bar: 100µm (left) and 20 µm (right).

The cells maintained their round shape in the hydrogel composed of alginate and genipin (Figure 5.25). However,
no adhesion or confluence could be observed, so the material does not allow the cell to grow.
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(a) SA 3.6% + Gen 0.25%

(b) SA 3.6% + Gen 0.5%

(c) SA 3.6% + Gen 1%

Figure 5.25: Optical microscopy of hydrogels composed by SA and Gen in the HUVEC cell specified in (a), (b) and
(c) in the Caco-2 cells at different magnifications. Scale bar: 100µm (left) and 20 µm (right).

Figure 5.26 shows the microscopy results corresponding to the materials used to make the hydrogels. In sodium
alginate, cells do not adhere but retain their round shape. The figure shows that the number of cells that can be
observed is relatively low. Figure 5.26c showed morphological changes and indicated high confluence.
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(a) SA 3.6%

(b) SA 3.6% in DPBS

(c) G 1% in DPBS

Figure 5.26: Optical microscopy of Caco-2 cells in materials such as SA and G solved in distilled water and DPBS.
Scale bar: 100µm (left) and 20 µm (right).

Figure 5.27 shows the cells on the hydrogels cross-linked with CaCl2. In Figure 5.27a, the cells do not adhere
but have the characteristic round shape; no proliferation is observed. Figure 5.27b shows that the cell is confluent
at a higher alginate concentration. On the other hand, hydrogels are composed of alginate gelatin, in which the cell
does not have much proliferation when the gelatin concentration is low. However, in Figure 5.27d, apart from the
cell showing confluence, it adheres to the material.
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(a) SA 3.6% + CaCl2 (b) SA 6% + CaCl2 (c) SA 3.6% + G1% + CaCl2 (d) SA 3.6% + G 5% + CaCl2

Figure 5.27: Optical microscopy of hydrogels of SA and G crosslinking with CaCl2 in Caco-2 cells. Scale bar:
100µm (first row) and 20 µm (second row).

Finally, hydrogels dissolved in DPBS can provide an environment where cells can develop if the gelatin concen-
tration increases. In Figure 5.28a, the gelatin concentration is 5%, and the cells are not confluent but reaching their
morphology and adhering to the material. In the materials in Figures 5.28b and 5.28c, adhesion cannot be observed;
however, the characteristic morphology of the cells is possible to see. In Figure 5.28d, however, we see that the cell
manages to adhere, but there is little proliferation.

(a) SA 3.6% + G5% (1:1) (b) SA 6% + 1% (1:1) (c) SA 3.6% + G1% (2:1) (d) SA 3.6% + G5% (2:1)

Figure 5.28: Optical microscopy Caco-2 cells on hydrogels of SA and G solved in DPBS. Scale bar: 100µm (first
row) and 20 µm (second row).
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This section analyzed the hydrogels of alginate and gelatin prepared in the present study with the concentrations
that provide the best mechanical characteristics. First, through FT-IR analysis, it was possible to visualize the
characteristic bands of all the materials used, such as sodium alginate that is characterized by having –COO- bonds,
gelatin that has amides, genipin with its aldehyde group, DPBS with phosphate groups, and CaCl2.

Analyzing all hydrogels’ crosslinking and molecular interactions is also possible according to their composition.
So, FTIRs show band shifting, such as in alginate with CaCl2, which indicates Ca2+ ions interact with the alginate
molecules. In the case of the mixture of alginate with gelatin, it was confirmed that there was a molecular interaction
because the Amide I band of the gelatin was coupled to the band of strong absorption of the SA. Similarly, in the
interaction between alginate and genipin, a change in the intensity and position of the vibrations associated with the
carboxylate groups can be observed. If genipin interacted with gelatin, it was possible to see the conservation of
the peaks corresponding to the amides, which is where the aldehyde group of genipin is attached. Moreover, in the
preparation of composites with genipin, it was possible to observe a change of color to blue, which is characteristic
when the crosslinking is done53,89,94,97.

The morphology was evaluated using the SEM, and according to the literature66,95,98, it is known that a porous
microstructure is essential for biocompatibility and for cells to be housed. Moreover, porosity facilitates connectivity,
allowing nutrients and oxygen into the inner regions and eliminating cellular waste21. According to the analysis, all
samples had porosity, but the pore size varied greatly. The sample that shows a stable relationship in this case is the
one that corresponds to the composition of SA with G cross-linked with CaCl2.

Regarding cell viability assays, by exposing the HUVEC cells to the different materials and hydrogels prepared,
we can corroborate that gelatin provides an environment where the cell can develop; the percentage viability of
HUVEC cells presented was 80.97%. The hydrogels presented viability above 60%; they were composed of SA
3.6% G 5% cross-linked with genipin or CaCl2. Based on the results, it can also be stated that while the genipin
concentration is lower, the cell survival rate is higher since better results were obtained when the concentration was
0.25%.

When the same study was carried out, but with the Caco-2 cell line, favorable results were obtained in alginate
dissolved in PBS, in hydrogels composed of 3.6% alginate, 5% gelatin cross-linked with either genipin or CaCl2.
Furthermore, these cells showed a survival rate in the hydrogels dissolved in PBS. These results are consistent when
analyzing the images obtained by optical microscopy, where it can be observed that the cells adhere to the material
and reach confluence. It is the case of HUVEC, which is shown growing in a spiral pattern characteristic of this cell
line, and in the case of Caco-2, where it is shown to have a spheroid shape, as its morphology is described in the
literature77,81.

Considering the morphological characteristics and feasibility studies, the ink that could be used to make the fabric
is the one that is composed of alginate, gelatin, and CaCl2. However, the compound cross-linked with genipin shows
good results. Therefore, if an optimal concentration is standardized, this could also be a promising composition as
it is a compound of natural origin for both cell lines.





Chapter 6

Conclusions & Outlook

This work reports the synthesis and characterization of alginate/gelatin hydrogels for their potential application as
bioinks for 3D human tissue models. FT-IR spectroscopy allows seeing the characteristics bands produced by the
vibration of compounds and the band shifting when the crosslinking of hydrogels takes place. Scanning electron
micrographs show the structural properties and the porosity for MTT and cell viability. The obtained results reveal
that the hydrogel that presents the greatest biocompatibility with these cell lines is the one composed of SA 3.6%,
G5%, and CaCl2. However, it was possible to analyze that genipin is also an excellent method of cross-linking. To
obtain greater viability with this agent, another study is intended to be carried out where it has lower concentrations
without the polymers losing stability.

As future research, to ensure that these tissue models reach their final application, whether, in vitro testing,
disease modeling or in vivo implantation, this stage of bioink selection will continue, with more studies being
carried out to know the physical and mechanical properties of the materials through printability tests, rheological
analyzes and swelling and degradation tests. To be used as a tumor model or in tissue engineering within biological
characterization, it is also relevant to perform cytotoxicity and cell proliferation analyses to better understand the
cellular response of the materials and determine if there are toxic effects.
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