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ABSTRACT

The World Health Organization (WHO) stated that neurological diseases affect up to one billion
people worldwide. Accidents also provoke serious damage that goes beyond repair. Therefore,
the need to create new and innovative methods to regenerate the nervous system and create
proper models to study the different diseases arises. Currently, there is a scarcity of approaches
that allow us to regenerate nerves. In this context, this project aimed to create a 3D scaffold
for neural tissue engineering. Alginate is a very abundant biomaterial, biocompatible and hy-
drogels with alginate can be simple to synthesize. In this project alginate was crosslinked with
calcium, creating hydrogels with ionic crosslinking, and alginate hydrogels crosslinked with
adipic acid dihydrazide and bishydroxalamine to form hydrazone and oxime bonds, respec-
tively, were also used (DCvC). We hypothesized that the properties of the dynamic networks
would facilitate axon outgrowth in a 3D environment. In this project it was possible to do an
extensive material characterization of alginate hydrogels, which allowed to observe how much
versatile the properties of these hydrogels can be. It was possible to obtain hydrogels with
distinct young modulus (=2kPa to 70 kPa) and stress relaxation values (277 to 1385s half-time
relaxation), using the same crosslinking chemistry. These hydrogels showed potential to be
used for culture for every type of soft tissue. However, it is still necessary to resolve some
problems regarding stability during culture and degradation. For the cell experiments PC12's
and nociceptor spheroids were used. With the PC12's, it was possible to achieve some axonal
growth, and also see how the dynamic hydrogels allowed for the cells to penetrate and move
inside of the hydrogels. While for the spheroids culture the importance of hydrogel stability
proved crucial for cells to attach and grow, and it was not possible to observe axon growth in

replicated experiments.

Keywords: Alginate hydrogels, Nerve Cells, Axons, Dynamic network
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RESUMO

A OMS afirmou que doencas neuroldgicas afetam a volta de um bilido de pessoas mundialmente.
Nao apenas doencas, mas também acidentes por vezes causam danos irreversiveis no sistema ner-
voso. Devido a isto aparece a necessidade de criar métodos inovadores para a regeneracdo do
sistema nervoso, e novos modelos para estudar estas doengas. De momento existem poucas estra-
tégias para regenerar nervos. Dito isto, este projeto foca-se em criar um scaffold 3D para servir
como substrato para atingir crescimento de nervos. Alginato é um biomaterial abundante, biocom-
pativel e hidrogéis de alginato podem ser sintetizados por uma abordagem simples. Neste projeto
as cadeias de alginato foram reticuladas utilizando calcio, criando assim uma reticulacdo idnica,
foram também utilizados di-hidrazida do acido adipico e bishidroxalamina, que formam ligaces
hidrazida e oxima, respetivamente (DCvC). A hipotese do projeto é fundamentada na possibilidade
de que as propriedades das ligagdes dinamicas que formam o hidrogel facilitem o crescimento de
axonios num ambiente em 3D. Durante o projeto foi possivel realizar uma extensa caracterizagdo
dos hidrogéis de alginato, o que permitiu observar a versatilidade das propriedades destes geis.
Foi possivel obter hidrogéis com médulos de Young distintos (=2kPa-70kPa) e também diferentes
valores de relaxagdo de stress (277 até 1385s tempo de meia relaxacdo), utilizando a mesma qui-
mica para realizar a reticulagdo. Estes hidrogéis mostram assim potencial para serem utilizados para
a cultura de qualquer tipo de tecido mole. No entanto, ainda é necessario resolver alguns proble-
mas relativos a estabilidade durante a cultura e a degradagdo do hidrogel. As experiéncias com
células foram realizadas com PC12’s e esferoides de nociceptores. Com as PC12 foi possivel obser-
var crescimento de axonios, e também observar como o hidrogel dinamico permitia as células pe-
netrar e mover-se dentro dos hidrogéis. Para a cultura com os esferoides demonstrou ser muito
importante a estabilidade do hidrogel para permitir a adesdo e crescimento das células, e ndo foi

possivel observar o crescimento de axonios em experiéncias replicadas.

Palavras-chave: Hidrogéis de alginato, Nervos, Axénios, Reticulagdo dinamica
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SYMBOLS

L_O.Alg_5wt%_ This is the way hydrogels are referred to in graphs, the initial L represents
1.0:0.0 the Low Molecular Weight Alginate, then O.Alg refers to the oxidized algi-
nate. The 5wt% is the polymeric content and the 1.0:0.0 is the crosslinking

ratio of hydrazone and oxime bonds.

H_O.Alg_2wt% The initial H represents the High Molecular Weight Alginate, then O.Alg
_0.6:04 refers to the oxidized alginate. The 2wt% is the polymeric content and the

0.6:0.4 is the crosslinking ratio of hidrazide and oxime bonds.

H_Alg_3wt%_C The initial H represents the High Molecular Weight Alginate and can be
a20mM changed by an L to represent the Low Molecular Weight. The Alg means it
is a hydrogel of alginate, Ca because it is crosslinked with Calcium and

20mM represents the concentration of crosslinker
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INTRODUCTION

The nervous system is widely studied all around the world and triggers a lot of interest since it
is comprised of differentiated cells with little to no capacity of regeneration in evolutionary
higher organisms, such as humans. [1] Several diseases, can affect both the Central Nervous
System (CNS) and the Peripheral Nervous System (PNS). Currently, there are not many ap-
proaches to cure them, [2] with all existing treatments focusing mainly on making them more
tolerable on a day-to-day basis. [3] Because of these problems, new approaches are being
researched [4,5] to make it possible to comprehend how to regenerate the nervous system and
create models of diseases, so we can understand them to a further extent. With this project,
we sought out to achieve neuron growth in a 3D environment, utilizing a well-known bio-
material (alginate) in the form of hydrogels. Hydrogels have been widely studied [6-11] due to
their capabilities of recreating the physical properties of the extracellular matrix and helping

understand how cells behave.

1.1 Nervous System

The human nervous system (Figure 1.1) is traditionally divided into the central nervous system
(CNS) and the peripheral nervous system (PNS). They are comprised of a network of neurons.
The CNS is composed of the brain the spinal cord and optic nerve, its roles in the human body
are to process and integrate information, decision-making, and initiation of actions; signaling
within the nervous system enables feeling, language, memory, thinking, and all other functions
and sensations. [12] The PNS is composed of efferent neurons, which transmit the signals from
the CNS to the body, and afferent neurons, that transmit signals from the body to the CNS. In

mammals, neurons from the central nervous system are incapable of regenerating, and [13]



this can primarily be attributed to postinjury glial scar formation at the site of injury. This cre-
ates an inhibitory microenvironment of extra cellular matrix (ECM) components, preventing the

successful regeneration of the CNS. [14]

"

Central Nervous System

X

Peripheral Nervous

System \

Figure 1.1 - The Nervous System, highlighted are the Central Nervous System and the Peripheral Nervous System

On the other hand, the PNS exhibits regenerative capabilities and is more responsive
to therapeutic intervention. After peripheral nerve injury, axons can regenerate, while the distal
portion of the axon undergoes Wallerian degeneration, resulting in the fragmentation and dis-
integration of the axon. Meanwhile, proximal axons can regenerate and re-innervate the dam-

aged area, allowing recovery of function.

1.1.1 Neurons

Neurons, or nerve cells, are differentiated cells that create, transmit and receive electrical sig-
nals in the body. They are composed of dendrites, cell body (soma), and an axon. (Figure 1.2)
Signals are received through the dendrites, go to the cell body, and then continue along the
axon until they reach the synapse - the communication point between two neurons. [15] Neu-
rons have different roles, and they are comprised in three distinct groups, sensory: motor and
interneurons. Sensory neurons acquire information about what is happening inside and outside
of the body and bring the information to the CNS, while motor neurons get information from

other neurons and carry commands to the muscles, organs, and glands. As for interneurons,



they receive and transmit information to other neurons. Even though they can only be found

in the CNS, interneurons are the most abundant cells. [16]

Figure 1.2 - Schematic of a neuron. A-Dendrite; B-Cell body; C-Nucleous; D-Axon; E- Myelin sheath; F-Node of
Ranvier; G-Axon terminal; H-Synapse. 17 Image created in Biorender

1.1.2 Axons growth mechanisms

Neuron cells have a limited regenerative capacity, as was mentioned above. However, it is im-
portant to understand the mechanisms behind axons elongation and growth. The network that
comprises the nervous system relies greatly on axons propagating the information in the form
of action potentials. Depending on the structure of the glial cells that envelop the axons, they
can be divided into two groups: unmyelinated axons and myelinated axons. Axons are very
long and thin, reaching lengths up to 2 meters in humans, with a diameter rounding 1 pm.
They grow when the hippocampal and cortical excitatory neurons polarize: when this happens
a single neurite starts growing rapidly, while the other neurites see their growth be restrained.
These neurites will later form dendrites.[18] It was shown, later that doing actin depolymeriza-
tion using cytochalasin or latrunculin, the restrain in polarity disappears, and instead of one
axon, several axons can initiate their growth. [19] This growth mechanism uses a growth cone;
this is an actin-based structure found at the end of a growing axon. These growth cones facil-
itate axon growth and give guidance by bundling and extending actin filaments, filopodia and
micro spikes. The filopodia and adhesion receptors bind to components of the ECM or ligands.
Axons grow towards the target to where the filopodia attached, in a process described as the
axon pulling the substrate to extend. [20] Only recently it was discovered that 3D growth cones
can extend axons independent of pulling forces on the substrate and without the need for

adhesion. This means that axons can grow using amoeboid mechanisms. [21]



1.1.3 Neurons extracellular matrix (ECM)

Neural stem cells, neurons, and glia all express receptors that interact or mediate interactions
with specific extracellular matrix molecules. The ECM is composed of glycosaminoglycans, pro-
teoglycans, and fibrous proteins. Some well-known components are Laminins, Collagens, and
many others. [22] Collagen, for example, has been widely used in various strategies to repair
nerve damage. [23] Other works have demonstrated that manipulating components of the ECM

can play a key role in healing and regeneration of neurons. [24,25]

1.1.4 Mechanical properties on brain tissue

The native brain is a very soft, nonlinear, viscoelastic, solid material. It has a Young's modulus
value ranging from 0.5-10kPa. [26-28] Therefore, it is expected that neurons can grow better
when seeded in a soft environment. Moreover, some articles have shown that materials with
faster times of stress-relaxation also seem to improve neurogenesis. [5,29] The hydrogels used
during this project were expected to be soft and have viscoelastic behavior because of the
dynamic networks used for the hydrogel crosslinking. Morgan, et a/. had already reported ox-
idized alginate hydrogels crosslinked with adipic dihydrazide that had a stress relaxation profile

in the same order of magnitude as the native tissue of the brain. [30]

1.2 Current Strategies for Nerve Regeneration

Different approaches have been employed to try to tackle the problems of nerve regeneration
in the PNS, both in vitro and in vivo. Nonetheless, it is still hard to overcome the current gold
standard in use, the autografts, and allografts. [31] Autografts are used to bind nerve injury
gaps, and their success is attributed to the presence of Schwann cells, that offer exceptional
support for orientated axon regeneration, and to the presence of great structural cues. [14]
The process requires surgery, by removing an autograft from another nerve of the patient's
body. It utilizes a functional but less influential nerve, this contributes to a stimulating and
permissive environment, and adhesion molecules that promote neurogenesis. [32] It still pre-
sents limitations regarding various issues, such as doner site morbidity, the need for additional
surgical procedure, scarring, possibility of painful neuroma, and the narrow viability of the graft
tissue. [33] Allografts are an alternative for autographs when the nervous damage is superior

to the critical size (3 cm in humans). Nevertheless, this technique requires 18-24 months of



immunosuppressive therapy post implantation, which can cause other problems such as infec-
tions. [14] Hollow nerve guide conduits (NGC) are a clinically approved alternative to the au-
tografts, obviating the need of a second surgery. It can achieve the same results for small
“subcritical” gaps (3-10 mm), being limited to a critical nerve gap around 3 cm in primates. [34]
Sizes above this have demonstrated deficient levels of regeneration. [35] An ideal nerve repair
device should be able to direct axon growth from the proximal to the distal end of the nerve,
have a small pore size (5-30um) to control the infiltration of scar tissue but still allow diffusion
of nutrients and the exit of waste products, have appropriate mechanical properties for the
regeneration process, and possess stability. Moreover, it should have an optimal microenvi-
ronment, promote cell-surface interactions; be composed of biocompatible materials, and
have suitable biodegradability for the device to be completely absorbed by the body. Lastly,
the device should sustain an acceptable shelf life, be resistant to sterilization techniques, and

not trigger the body's immune response. [14]

1.2.1 Materials and fabrication methods scaffolds

As mentioned above, several strategies have been studied to achieve the characteristics nec-
essary for nerve repair. Many biomaterials (both synthetic and natural) are being used in re-
search and are showing promising results. Some synthetic biomaterials are, for example, PLA,
PLLA, PGA, PCL. [36,37,38] Natural biomaterials have also shown promising results of nerve
regeneration, such as chitosan and alginate. [39,40] Endogenous biomaterials to the ECM, as
are Collagen, Fibrin, Laminin, and Hyaluronic acid, [5,41,42] are widely studied as well for nerve
tissue engineering. All these materials can also be used to produce the most varied substrates
for nerve tissue engineering. Some studies [41,43,44,45] show substrates made of fibers (fila-
ments and nanofibers) and structurally patterned interlumens, which can be produced using
different materials and different techniques. In this project, the focus is on a different approach
- hydrogels. [46,47] They can be synthesized using simple fabrication techniques and several
different biomaterials, but they do not present the best level of biomimicry compared to other
approaches. [14] Hydrogels can be tuned in to have physical properties similar to several native
tissues, allowing the creation of 3D environments that can mimic the ECM. Moreover, hydrogels
can retain considerable amounts of water - swelling -, mimicking the hydrated ECM microen-
vironment. The mechanical properties of hydrogels can also greatly affect cell viability and
behavior. [48] To achieve neurite outgrowth in hydrogels, it is helpful that the hydrogel network
can be remodeled to allow the axons to grow across the hydrogels. Moreover, it is also neces-

sary to have adhesion points for the cells in the hydrogel since they usually do not grow in



suspension. [49] When using hydrogels made of ECM proteins, they usually already have nat-
ural cell adhesion. However, exogenous, or synthetic biomaterials must be modified to incor-
porate cell adhesion. [14] To facilitate matrix remodeling, dynamic network can be imple-
mented to synthetize the hydrogel. This will create a network full of cleaving sites that can
reattach the crosslinking after cleavage, allowing the cells and axons to move and grow more

freely than in dense hydrogels crosslinked with a fully stable network.

1.3 Alginate

Alginate has proved to be a very useful biomaterial, which has already found numerous bio-
medical applications. Research has been done regarding delivery of small drugs and protein
delivery, wound dressing, and cell culture, among others. [50,51,52] It is an anionic polymer
that is usually extracted from the cell walls and intracellular spaces of brown seaweed, being
the most abundant marine biopolymer and one of the most abundant in the world. It is com-
mercially available with different molecular weights, reaching from 32000 to 400000 g/mol.
[51] The different molecular weights allow us to have solutions with different physical proper-
ties, and consequently also hydrogels with different properties. Alginate is non-degradable in
mammals since they do not have the enzyme alginase to cleave the polymer chains. The aver-
age weight of commercially available alginates is higher than the renal clearance threshold of
the kidneys. [53,54] One approach to make alginate more degradable in physiological condi-
tions is the oxidation of the alginate chains, which is usually done with sodium periodate. Dur-
ing the oxidation process (Figure 1.3), the carbon-carbon bond of the cis-diol group in the
uronate residue alters the conformation to an open-chain adduct, enabling the degradation of

the alginate backbone. The oxidation of an uronate unit generates two aldehyde moieties.
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Figure 1.3 - Alginate oxidation with Sodium Periodate [55]



During this process, it is expected a decrease in molecular weight of the polymer chains since
the chains are cleaved during the oxidation. The degradation rate is then very dependent on
the oxidation rate, due to a higher degree of cleavage in the polymer. Factors as pH, temper-
ature, and whether the reaction is done in an opened or closed container will influence the

oxidation procedure.

1.3.1 Alginate hydrogels

In biomedicine, alginate is usually used in hydrogel form. Alginate hydrogels can be produced
using different types of crosslinkers, and by doing this it is possible to achieve different hydro-
gels with varied properties. The most common method to prepare hydrogels with an alginate
solution is to do an ionic cross-linking of the polymeric chains, with Ca?* ions, for example.
(Figure 1.4) This divalent cation is believed to bind to the guluronate blocks of the alginate
chains, given that the structure of these blocks allows a high degree of coordination of the
divalent ions. The guluronate blocks form junctions with adjacent guluronate blocks, being

called egg-box model of crosslinking. [51]
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Figure 1.4 - Alginate crosslinked with Calcium, egg-box model [56]

When looking to improve the physical properties of alginate hydrogels, covalent cross-linking
is an interesting option. In this cross-linking approach, it is possible to have both static-cova-
lent, and dynamic-covalent cross-linking. Static covalent bonds usually are kinetically stable
and stronger and, after rupturing it is not possible to recover the bond. However, dynamic

covalent bonds can usually be cleaved more easily, but have the capability to bind again after



cleavage, similar to what happens in ionic bonds. Due to the dynamic covalent bonds being
formed by reversible interactions between molecules, the bonds are said to be more dynamic
when the reverse rate constant of the reaction is higher (k.1). Different crosslinking molecules,
even when very similar, will cause changes in the hydrogels’ properties, due to changes in rate
constants and equilibrium. [57] There are a lot of different crosslinkers available to cross-link
alginate, and in this project the alginate was oxidized so that cross-linking could happen be-
tween adipic acid dihydrazide (ADH) to create hydrazone bonds and bishydroxalamine to cre-
ate oxime bonds (most and least dynamic, respectively). The amine groups on the end of each
molecule binds to the aldehyde on the alginate backbone created by the oxidation process.
(Figure 1.5)
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Figure 1.5 - Formation of secondary aldimines from functional groups terminated in an aldehyde and amine. Varia-
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tions of the R will lead to different rate constants and equilibrium of the reaction. In this Image are represented the

crosslinking reactions between the oxidized alginate chains and adipic acid dihydrazide and bishydroxalamine

The equilibrium constant (Keg) is proportional to the stiffness and number of cross-links of the
hydrogel. It is the quotient between the forward rate constant (k1) and the reverse rate constant
(k-1). The forward rate constant is related to self-healing kinetics and rates of gel formation,
and the reverse rate constant is associated with the stress relaxation behavior. [30] (Figure 1.6)

Moreover, it is important to comprehend that mechanical properties of the hydrogel can be



tuned in various manners by changing the polymeric content, type of crosslinker, concentration
of crosslinker, and the molecular weight of the polymer. In this project, RGD was added to the

polymeric backbone to introduce adhesive sites for cells.
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Figure 1.6 - Dynamic bonds leverages the relation between equilibrium constants, and therefore influence mechan-

ical properties.

1.4 Cells

To study the influence of alginate hydrogels in neurite growth, two types of cells were chosen
for the project. Firstly, iPCS differentiated into nociceptors, which are cells present in bones,
muscle, skin, and specialized sensory organs, and respond to potentially harmful stimuli. [58]
Then moving forward with the project, it was decided to change the cell type PC12's given their

facility to grow and survive.

1.4.1 iPSCs nerve spheroids

Induced pluripotent stem cells (iPSCs) are a type of pluripotent stem cell derived from adult
somatic cells, and they go through a genetical reprogramming to return to an embryonic stem
cell-like state. The use of these cells allows us to have pluripotent stem cells without the ethical
problems of using embryos. These cells then must go through a differentiation process, where
they are cultured in media with the necessary promoters and inhibitors of growth factors. By
the end of the protocol, the objective is to have achieved fully differentiated cells. In this pro-
ject, I used neuron spheroids differentiated from human iPSCs, obtained from the Leiden Med-

ical Center. The differentiation procedure was performed by other colleagues at the laboratory.



14.2 PC12s’

The PC12 cell line is frequently used for research in neuroscience, having been mentioned in
various scientific papers. [59,60] There are two types of them available: the traditional PC12s’
that grow in suspension, and adherent phenotype that can attach. [61] These cells grow in
suspension and do not easily attach to non-coated surfaces. PC12s’ are derived from rat phe-
ochromocytoma in the rat's adrenal medulla, and they are broadly used as models in neurobi-
ology since they exhibit features of mature neurons. [62] They are very popular in research due
to their adaptability to pharmacological manipulation, simple and easy to culture and the ex-
tended knowledge that is already known regarding their proliferation and differentiation.
When PC12's are cultured in the presence of nerve growth factor (NGF), they will differentiate
neuron-like cells morphologically and functionally. [63] They can be used to assess neurotoxic
activity of substances, which can then be assessed by cell survival, neurite outgrowth, DNA
damage or protein expression. These cells can also form functional synapses between them
and other neuronal cells, enabling the PC12 cells to be used in mixed cultures for research of
synapse formation. [64] They were useful for this project to tackle down some issues that were
appearing during the cell culture, given that they are widely used and accepted as a model for
neurological diseases. The intention with these cells, as for the nerve spheroids, was to seed

them in the alginate hydrogels and analyze the neurite outgrowth by assessing the axons size.

1.5 Objective

The objective of this project was to evaluate the effect of alginate-based hydrogels with differ-
ent mechanical properties (elasticity and viscoelasticity) on nerve cell growth. By synthesizing
polymeric networks with different molecular weight alginates, cross-linkers, and polymer con-
centrations, we aimed to achieve soft hydrogels with varied mechanical properties. It was hy-
pothesized that a dynamic network could facilitate axon outgrowth because of the way those
bonds facilitate network remodeling, allowing cells to move and possibly grow axons more

efficiently than in hydrogels with stable networks.
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2
MATERIALS AND METHODS

Two different molecular weight sodium alginates were used: FMC Manugel GMB (high molec-
ular weight = 250000), and Sigma-Aldrich, (low molecular weight = 125000). Adipic Acid dihy-
drazide (Sigma, 298%), O,0-1,3-propanediylbishydroxylamine dihydrochloride (Sigma, 98%),
calcium chloride (Honeywell| Fluka Anhydrous, granular, <7.0mm, 293), sodium (meta)perio-
date (Sigma, 298%, NalQOy), ethylene glycol (Sigma, 299.5%), Dulbecco's Phosphate Buffered
Saline (Sigma, without MgCl; or CaCl,), and dialysis membranes (VWR, Spectra/por 6, diameter
= 28.6 mm, MWCO = 3.5 kDa), activated charcoal (Sigma, Norit) Filter papers (Whatman) with
pore sizes 1.2 ym, 0.45 uym, and 0.2 ym, purchased from sigma. Cyclohexane (Sigma), Sodium
chloride (Sigma, ACS reagent, 299.0%), Sodium Nitrate 0.1M to dissolve samples for GPC.

For cell culture, three different culture media were used: Neurobasal media (Gibco) supple-
mented with GlutaMax, High glucose DMEM (Gibco), and RPMI-1640 (Gibco). The media would
then be supplemented with Fetal Bovine Serum (FBS, Sigma), antibiotics (Penicillin/Streptomy-
cin), and Horse Serum, the supplements and the media used depends on the cells that are
being used and on the experiment that is being performed. Trypsin-EDTA (0.05%, Gibco, phe-
nol red), used as received, and formaldehyde (Sigma, 37wt.% in H,>O, containing 10-15% meth-
anol as a stabilizer) was diluted to 4wt% in PBS before usage as fixation agent. To perform the
cellular staining the following were used, calcein AM (Invitrogen) for Live/Dead, Deep Red Cell
Tracker (Invitrogen), Hoechst 33 342 trihydrochloride for Live/Dead, and Propidium lodine (PI)
for Live/Dead assay, Alexa Fluor 488 Phalloidin (Invitrogen) (Dissolved in PBS In a ratio 1:200)
and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, 295.0% (HPLC) (Dissolved in
PBS 1:250). Oxime-RGD binding peptide((AOAC)-GGGRGDS Chinapeptides, 98.05%, molecular
weight = 677.65 g mol™") was used to improve cellular adhesion. Acetic Acid (Lot:1504608868,
99-100% glacial), Rat-Collagen (Concentration)
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2.1 Purification of Alginate

Sodium alginate was dissolved overnight at 4°C in distilled water with a mixing stirrer, with a
concentration of 1% (w/w). In the next day, activated charcoal was added (0.5%(w/w)) and left
to stir at 4°C for 24h. The alginate and charcoal solution were centrifuged at 7100 rcf at 5°C
for 5 minutes. Afterwards, the solution was filtered through filter paper with pore sizes: 1.2 um,
0.45 um, and, lastly, 0.2 um. This process was slower for the alginate with the high molecular
weight since the solution was more viscous. The filtration was done during a period of 2-3
days, and solutions were stored at 4°C overnight. The purified alginate was then frozen and
lyophilized, yielding a white fibrous powder. The yield of this purification was around 50-70%,

because during filtration a lot of filters are used, leading to volume loss.

2.2 Oxidation of Alginate

Purified alginate was dissolved in a beaker with distilled water (1 equivalent) until the solution
was homogenous and slightly viscous. Then, a solution of NalO4 was dissolved in dH,O with a
molar equivalent of 0.11, and on another oxidation a solution of NalO4 was prepared with a
molar equivalent of 0.4. The reaction must be protected from light so before adding the NalO,
the beaker with the alginate solution was covered in aluminum and then the oxidizing agent
was added all at once. The solution was left steering for 17h covered, then ethylene glycol with
the 1 molar equivalent to the NalO4swas added and left to stir for 1 hour to quench the oxida-
tion. The solution was then dialyzed in 5L of NaCl with decreasing concentration. The dialysis
solution is changed usually twice a day for a total of 5 times (100; 50; 25; 12.5; 0OmM). After the
dialysis, the solution was frozen and lyophilized to yield a white fibrous solid. The yield of this
solution was around 70%. The theoretical degree of both the oxidations were 11% for the
oxidation done with a 0.11 eq of NalO4, and 40% of oxidation for the oxidation done with a 0.4

eq of NalO..

2.3 Stock Solutions

Stock solutions of crosslinkers were prepared: For calcium chloride was prepared a stock solu-
tion with a concentration of 100mM, mixed in PBS, the adipic acid dihydrazide and the

bishydroxalamine solutions were prepared with a concentration of 0.1 M, also mixed in PBS.
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However, the bishydroxalamine changes the pH of the PBS (7pH), so, after dissolving, the pH

must be corrected using a NaOH solution. To evaluate the pH levels, pH color strips were used.

2.4 Hydrogel Preparation

There were two distinct hydrogels used during this project. Sodium alginate crosslinked with
calcium chloride (CaCly), and for these two different crosslinking concentrations were experi-
mented (20mM and 40mM). The other hydrogel was composed of the oxidized alginate cross-
linked with either only hydrazone bonds (adipic acid dihydrazide) or both hydrazone and oxime
bonds (bishydroxalamine). The crosslinking concentration depends on the percentage of oxi-
dation of the polymer. Crosslinking would always be done with the same amount of moles of
crosslinker after calculating the moles of aldehydes after the oxidation (calculating the moles
assuming a 10% oxidation and another one with 40% oxidation).

The preparation of the hydrogels would vary between the experience that would be
performed. For swelling and porosity experiments, the hydrogels were prepared in molds with
6 mm diameter and 2.37 mm height, around 80-100 pl of solution per gel. A cover slit is placed
on the bottom of the mold, then the alginate solution would be mixed with the crosslinker
solution and then pipetted onto the mold. After, the top part is also covered by a cover slit and
the hydrogels are left overnight to ensure the full crosslinking of the network.

For the compression and stress-relaxation experiments, the hydrogels would be pre-
pared utilizing a bottomless 96-wellplate and 250ul of solution per gel, because for these ex-
periments bigger hydrogels were necessary. The well plate was covered on the bottom, at-
tached with some tape. To avoid water evaporation during the night, the well plate needs to
be covered on the top after the solutions are Inserted into the wells. However, the alginate
hydrogels crosslinked with calcium would crosslink relatively fast, therefore pipetting the solu-
tion was not an option. The hydrogels crosslinked with calcium were broken so that they would
properly fit into the molds (for the swelling and porosity), and then left overnight to ensure
that after being broken they could establish the crosslinking again. For the compression and
stress-relaxation experiments, the mold that was being used was bigger, and this allowed to
pipette the alginate solution before crosslinking into the wells. Then, the crosslinker would be
added and mixed, already in the well. At the end of section D in supplementary information

all the hydrogels’ formulations experimented are presented on a table.
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2.5 Swelling

The swelling experiments were performed using various hydrogel formulations with the di-
mensions mentioned in 2.4. The hydrogels were removed from the molds and then placed in
a 24-wellplate, where they were submerged in neurobasal media. The hydrogels weight would
be measured at different time points: 0, 5, 15, 30, 60, 120, 240, 480, and 1440 minutes. The

swelling ratio is then calculated using the following equation:

Mt
oM

The mass at a specific time point - Mt, and initial mass - Mi. Swelling was done with at least
three replicas for each sample. Additionally, to analyze if the dry hydrogels were able to regain
their initial weight, they were put in a 24-wellplate, submerged in PBS, and their weight was

measured at different time points for a period of 72h.

2.6 Porosity

To assess the porosity of the hydrogels, they were first lyophilized in the freeze drier. Using an
inert liquid (cyclohexane) it is possible to calculate the empty space inside of the dry hydrogel,
since the cyclohexane does not interact with the alginate. The porosity experiment was re-
peated three times for two replicas of each sample. Using the following equations, it is possible

to calculate the porosity of the hydrogels:
W2-w1i-wdry)

Vhydrogel:l N Density (c®H!?)
( wadry
Vhydrogel
phydrogeFW
_(W2-w3-wdry)
Vipores= Density (C6H2)
PorOSityzVpore:fli;;iirogel

W1- weight of the vial, W2 — weight of vial, dry hydrogel, and 1mL of cyclohexane, W3 —weight
of vial and the cyclohexane, and Wdry - the weight of the dried hydrogel.
For this experiment to be more accurate it is better to utilize scaffold samples with a weight of

the same order of magnitude of the vial.
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2.7 SEM

To corroborate the results obtained in the porosity experiment, the hydrogels were cut in half
and images of the cross-section were analyzed with SEM. The dry hydrogels were placed in
proper supports and glued down using conductive carbon tape. After having the hydrogels in
the proper supports, they must be coated with a gold layer so that the hydrogel becomes
conductive, and it is possible to image it using SEM. The imaging was performed only once on
one replica of each sample. The pore sizes were afterwards analyzed using the Fiji software

(Distribution of Image)).

2.8 Mechanical compression testing

2.8.1 Compression

Compression data was obtained using the Mechanical tester (TA Electrofor Model: 3230-ES
series lll), and a Load cell with a maximum load capacity of 45N. The hydrogels dimensions
were measured (diameter and height in mm), and then from the machine data regarding Load
(N) and displacement (mm) were obtained. This way it is possible to calculate the strain and
stress using the following equations:

Displacement(mm) — InitialDisplacement(mm)
*

100
Height(mm)

Strain(%) =

Load(N)
SurfaceArea(mm?)

Stress =

For the experiment to be optimal, the hydrogels should all be the same size, therefore they
were all prepared using the same mold and the same volume. The hydrogels were compressed
at a rate of 1% per second, where 100% corresponds to the total height of the hydrogel. They
were compressed up to 70% of their total height to ensure full failure of the hydrogel. Each
sample evaluated during compression before and after swelling had five replicas. However,
some of them did not provide trustworthy results and were excluded from the final calculations

of mean that are presented in the graphs in the results section.
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2.8.2 Stress-Relaxation

The stress-relaxation measurements were also done using the mechanical tester, but this time
using the most sensitive load cell with a max load capacity of 1000g or approximately 10N. To
perform this experiment, the hydrogels were all measured as for the compression experiments,
but the graphs obtained are stress over time. The hydrogels were compressed up to 30% of
their total height. This value was chosen because lower values of compression had a very noisy
signal. The compression was done carefully at a rate of 1% per second and the load values
were measured over a period of 3 hours. Nonetheless, when the load values became negative
the experiment would be stopped, since there was already no load being applied to the cell.
Because the load cell used gave data of load in grams, to use the equations mentioned above,
the Load (N) had to be calculated using F=m*g. For this experiment, three replicas per sample

were done.

2.9 Cells

2.9.1 Alginate +RGD

RGD was added to the polymer backbone to help with cell adhesion. For the alginate hydrogels
RGD was added following the following protocol: alginate (250mg) was added to a flask and
MES buffer (0.1M, pH6), biotin (39g) is dissolved In 6mL solution of MES buffer;, DMTMM
(349.55 mgq) is added to the first flask, then 25.2 pL of a 100mM RGD solution is added and left
to stir overnight. After this the solution must be dialyzed using the same filters mentioned in
the alginate purification section. For the oxidized alginate this process is simpler since it is only
necessary to add the oxime-RGD solution to the alginate solution before preparing the hydro-

gels because the RGD will bind to the aldehyde groups in the oxidized alginate.

2.9.2 PC12s' cell culture and differentiation

To perform the PC12's culture, the cells were cultured in a T75 flask with RPMI-1640 media,
supplemented with 10% horse serum and 5% FBS. These cells grow in suspension so, to per-
form the media changes (every 2-3 days), the cells needed to be centrifuged at 200 RCF for 5
minutes previously to the media removal. To split cells that are clustered together in suspen-
sion, the culture media was pipetted up and down through a syringe with an 18G needle. To

perform the priming (differentiation) of the cells before seeding them in the hydrogels, a 6-
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wellplate was coated with a solution of rat collagen 250pg/mL in 0.02M acetic acid and left
overnight. The day after, the solution was removed and the cells seeded (around 2x10/5 cells
seeded per well), attaching to the collagen. The cells were left for 7 days in DMEM high glucose
media with 100ng/mL of NGF, and the media changed every 2 days. After 48h, it was already
possible to see the PC12s growing axons, but they were left in those conditions for a full week
to ensure the highest number of primed cells. On the 7" day, the cells would be detached using

trypsin and counted, so that they could be seeded in the hydrogels.

2.9.3 Preparation of the hydrogels for cell culture

To prepare the hydrogels for cell culture different approaches were used. To sterilize the hy-
drogels, they were irradiated with UV (265nm wavelength) for 10 minutes. This approach
worked for most of the project, since no contaminations were observed in culture. However,
later contaminations started to appear, to prevent this every solution used to prepare the hy-
drogels was filtered through a 0.2 uym filter, and the hydrogels prepared inside a flow hood.
The hydrogels used for culture of the PC12's cells were prepared directly in a 96-wellplate
adding 50 pL of the hydrogel solution (Alginate dissolved in PBS + the corresponding cross-
linker, depending on the hydrogel formulation) to the bottom of the wells. For the spheroid
culture the hydrogels were prepared also in a 96-wellplate, but using more volume, 100 uL per
hydrogel, the strategies used for the culture of the spheroids are demonstrated on figure 3.13.
The strategy that was used in most of the experiments was the one demonstrated on figure
3.13 C, which was named as sandwich strategy. With this strategy the hydrogels were placed
on the bottom of the well, the spheroids were removed from solution and inserted on top of
that hydrogel and another hydrogel placed on top, to always ensure contact between the
spheroids and the hydrogels using the scaffold to culture the cells in a 3D environment. To
improve cell adhesion to the alginate hydrogels RGD was added to the backbone of the poly-
meric chains before preparing the hydrogels (0.05 pyL or 1 pL of RGD solution per 100 pL of

hydrogel, the value was increased in later experiments).

2.9.4 PC12s” culture in hydrogels

A suspension of cells was pipetted directly onto the top surface of the hydrogels that were
crosslinked inside a well of a 96-wellplate (50uL of hydrogel solution). Since these cells are
significantly smaller size than the spheroids, the cells would just travel inside of the scaffold.

4000-5000 cells were seeded per hydrogel because increasing the number of cells leads them
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to cluster very rapidly, and, when they cluster, they do not always grow axons. This clustering
was observed on other experiments performed; these results are not presented in the thesis.
Another reason to choose this number was because of the recommendation number given by
ThermoFisher when using 96-wellplates and previous work performed in the laboratory. The
media used for the culture in the hydrogels was High Glucose DMEM with 1% (v/v) Horse
Serum, 100 pg/mL penicillin and 100 ug/mL Streptomycin and 100 ng/mL NGF. To each well
100 pL of media were added and changes were performed every 48h, removing all the media
present in the well and adding more 100 pL. The staining done on the PC12's was performed
before they were seeded in the hydrogels, using Deep Red cell tracker resuspended in 20uL of
DMSO. The staining solution was added to the cells with a dilution of 1 uL per each 1mL of
media, and then the cells would be kept in an incubator for 15 to 20 minutes. The Deep Red
Cell Tracker passes through the membrane of the cells and reacts with the amine groups in

proteins. The culture would be maintained for a 3 to 4 days period with daily tracking of the
cell's growth. Cell culture was performed using at least three replicas for each hydrogel sample

where cells were being seeded in. The control utilized for these experiments were made by
seeding the PC12's in wells coated with collagen. To coat the wells the same solution used for

the differentiation of the PC12's was used (rat collagen 250ug/mL in 0.02M acetic acid).

2.9.5 PC12's Live/Dead assays

Two different Live/Dead assays were performed on PC12 cells after seeding them on the hy-
drogels. One of the live/dead assays was performed after 24h of cell culture in the hydrogel,
taking advantage of the Deep Red Cell tracker that stained all the cells present in the hydrogel,
and calcein am (dissolved in PBS at a ratio of 1:1000) to stain the viable cells in a green color.
The media from the cells is removed, and the staining solution is added to each well, and left
to incubate for 30 minutes at 37°C. The wells are then washed with PBS and culture media is
added to cells before taking them to the microscope. The other live/dead assay was performed
after 96h of culture of the PC12's in the hydrogel using Hoechst (blue) to stain all the cells, and
Propidium lodine, PI, (yellow) to stain the dead cells. This procedure is slightly different because
the staining agents were mixed in high glucose DMEM instead of PBS, to try to maintain the
cells in an environment more fit for them. Then the cells were incubated for 30 minutes at 37°C.
After the incubation period the staining solutions are removed, and high glucose DMEM is

added to the wells, before taking the cells to perform microscopy. For both Live/Dead assays
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the microscopy was done with the microscope that had environmental control to maintain the
cells at 37°C and 5%CO2.

2.9.6 iPCS Neuron spheroids culture in hydrogel

The human iPCS line LUMCO0031iCTRLO8 (Provided by the Leids Universitair Medisch Centrum
IPSC core facility) were used already differentiated into nociceptors cells, which formed sphe-
roids of cells. Experiments seeding these spheroids in 2D, and 3D were performed. To ensure
the encapsulation of the spheroids in the hydrogel, a sandwich approach was done. Placing
one hydrogel on the bottom of the 96-wellplate, then inserting the cells onto the hydrogel,
and covering it with another hydrogel. At least 5 spheroids needed to be placed in each well
according to previous experiences performed with these spheroids, because less than that
would create difficulties in finding the spheroids while imaging. For the culture of this cells,
Neurobasal media with GlutaMax was used, complemented with Penicillin (100ug/mL) and
Streptomycin(100pg/mL), and NGF at a ratio 1:1000 (100ng/mL). The cells were usually seeded
in the hydrogels for 1 week, initially adding 100 pL of media per well, and having media
changes every 48h. Due to hydrogel swelling, the amount of media changed depended on how
much media it was possible to remove, and then how much media was possible to add before
filling up the wells. Later, the experiments were shortened, because of structures on the hydro-
gels that started appearing after 3 to 4 days that were associated to hydrogel degradation. To
fixate the spheroids the media was removed, and a 4% formaldehyde solution was added and
left for 30 minutes at around 21°C (room temperature), rinsed with PBS and left in PBS. To
perform the cell staining phalloidin was used to stain the cells actin filaments, and DAPI to stain
the cell’'s nucleus. The phalloidin solution was prepared dissolving phalloidin in PBS at a ratio
of 1:200. The staining was performed by submerging the hydrogels with the cells for 30 minutes
in the phalloidin solution. The DAPI solution was prepared by dissolving DAPI in PBS at a 1:250
dilution ratio (0.2 pg/mL) and then submerging the hydrogels for 5 minutes. After staining the
cells were left in PBS. Cell culture was performed using at least three replicas for each hydrogel

sample where cells were being seeded in.
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2.10 Microscopy

As mentioned for the spheroids the cells were stained and left in PBS, and then taken to the
microscope. The PC12's were just removed from the incubator and taken directly to the micro-
scope that had environmental control. The imaging of the spheroids was done in an Inverted
microscope coupled with spinning disk (Nikon Eclipse Ti-e) equipped with a Lumencor Spectra
light source, an Andor Zyla 5.5 sCMOS camera (monochromatic for fluorescence) a Nikon DS-
Ri2 color camera, and an MCL NANO Z200-N Tl z-stage. To perform the imaging of the PC12's
the same microscope was used but with environmental control to maintain the cells at 37°C
and 5% CO2 environment. The images obtained from the microscopy were analyzed using Fiji
software (a distribution of Imagel). It was essential to place scale bars on the images and re-
move the background from the fluorescent images. The amplifications used are present in the

images presented in chapter 3.6.

2.11 Statistical analysis

The number of samples used in each experiment is stated in the correspondent section in the
Materials and Methods chapter. Statistical significance between two samples was assessed us-
ing Student's t-test for independent sample populations with different variations in Microsoft
Excel. Significance differences were set at p < 0.05. The statistical analysis can be seen in A in

supplementary information.

EN: “The research work described in this dissertation was carried out in accordance with the
norms established in the ethics code of Universidade Nova de Lisboa. The work described and
the material presented in this dissertation, with the exceptions clearly stated, constitute original
work carried out by the author.”

PT: "O trabalho de investigacao descrito nesta dissertagao foi realizado de acordo com as nor-
mas estabelecidas no codigo de ética da Universidade Nova de Lisboa. O trabalho descrito e
o material apresentado nesta dissertacao, com as excegdes claramente indicadas, constituem

trabalho original realizado pelo/a autor/a. *
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RESULTS AND DISCUSSION

This project is focused on the production of alginate hydrogels with dynamic networks, with
the hypothesis that the dynamic network would facilitate neurite outgrowth, and axon elonga-
tion. Two crosslinks were used, ionic crosslinking (by mixing alginate with calcium) and cova-
lent-dynamic crosslinking. For the covalent-dynamic, two different cross-linkers were used:
adipic acid dihydrazide (to form hydrazone bonds) and O, O'-1,3-propanediylbishydroxylamine
dihydrochloride (to form oxime bonds). For this work, two different alginates were used with
two distinct molecular weights. They are named as the low (LMW) and high molecular weight
(HMW) alginates. The oxidation of both LMW and HMW was carried out targeting 10% oxida-
tion degree. By GPC, the values of the molecular weight of the alginates, before and after oxi-
dation, were assessed. The GPC graph and the molecular weight values, as well as the corre-
sponding dispersity, are shown in figure 3.1. After oxidation (11% - theoretical), the molecular
weight decreased in half for both polymers. This is expected due to the cleavage of the poly-
meric chains during the oxidation process. This creates the aldehyde bonds in the polymer
backbone, allowing the crosslinking of the polymer and the bioconjugation of bioactive mole-

cules/peptides (oxime-RGD).
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Figure 3.1 - GPC graph and the obtained Molecular Weight of the different Alginates and Oxidized Alginates
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The molecular weight of both alginates differs from each other by a factor of approximately 2.
When oxidized, this relation is maintained, but with a slight difference (1.81 factor). To also
verify the oxidation of the alginate chains, a Nucleic Magnetic Resonance spectroscopy (NMR)
was performed. The NMR analysis can be found in C in the supplementary information. The
GPC and NMR analysis were not performed for the alginate oxidized to 40% because of una-
vailability of the machines, but it would be interesting to observe how the molecular weight of

the polymeric chains’ changes.

3.1 Hydrogel formulation

We first explored the polymer concentration and the crosslinking density for the hydrogel’s
preparation. A PBS buffer was used to keep the pH at 7. For the oxidized alginate hydrogels,
the crosslinking density depends on the oxidation degree, so it is necessary to decide on the
ratio between the two cross-linkers: adipic acid dihydrazide (hydrazone bonds) and bishydrox-
alamine (oxime bonds). With the conclusions taken from the swelling experiments (Figures 3.2,
3.3 and 3.4), it was possible to understand which formulations were more stable. The choice of
the formulations of the hydrogels was based on the handling and the ability to maintain their
structure. Moreover, the degree of swelling is also a factor since more swelling can disturb the

image during microscopy.

3.1.1 Alginate + Calcium hydrogels

The alginate crosslinked with calcium hydrogels were tested with a polymer concentration of
1, 2, and 3 wt%, for the high molecular weight alginate, and with a concentration of Calcium
Chloride of 10, 20 and 40 mM. The hydrogels synthesized with the low molecular weight algi-
nate had to have a much higher polymer concentration to gel, given the smaller size of the
alginate chains. These hydrogels were experimented with a concentration of 7.5 and 10 wt%.
The crosslinking concentrations experimented were the same as for the hydrogels made with
the high molecular weight alginate mentioned previously. One problem with making these
hydrogels is that, considering the high polymeric content, the ionic crosslinking, and the small
polymeric chains, a brittle hydrogel that is not capable of retaining its structure is formed. After
the hydrogel formation, in order to maintain its structure, the hydrogel has to be post cross-
linked in a CaCl2 solution (100mM) for roughly five minutes. Based on the same criteria men-

tioned above, the hydrogels' formulation was chosen.
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3.1.2 Oxidized alginate hydrogels

The high molecular weight hydrogels had already been studied by Morgan et.al, so the same
polymer concentration was used - 2wt%. [30] The crosslinking concentration remains the same,
corresponding to the molar equivalent of aldehyde bonds present in the polymer backbone.
The crosslinking ratios chosen were 1.0 molar equivalent of hydrazone crosslinking, and 0.6
mol equivalent of hydrazone plus 0.4 mol equivalent of oxime crosslinking. The ratios were
chosen based on the results Morgan, et al. obtained when doing cell experiments with fibro-
blasts, based on the spreading of the fibroblasts on the hydrogel. Moreover, the values for
stress-relaxation of the hydrogels were also a factor when choosing the formulation. [30] The
stress-relaxation values also influenced the choice, since higher stress-relaxation values have
been shown to improve neurogenesis. Therefore, it was decided to keep higher concentrations
of hydrazone bonds than of oxime.

The alginate with the high molecular weight was also oxidized to a degree of 40%. Since
the polymeric chains are now smaller, it becomes necessary to increase the polymeric content
of the hydrogels. With this degree of oxidation, the oxidized alginate would only start to gelate
at 3 wt%. Based on the handling and stability of the hydrogel after 24h of swelling in media,
the formulation chosen had a polymeric content of 4 wt%. The crosslinker used for this hydro-
gel was only 1 mol equivalent (to mols of aldehydes) of hydrazone. Due to the high increase
in the crosslinking density, it did not seem necessary to also add the less dynamic crosslinker.
For the oxidized alginate with the Low Molecular Weight (LMW), several polymer concentra-
tions were experimented: 4, 5, 6 and 7 % (w/w). Using the criteria mentioned previously during
the swelling experiments in media, the polymeric content chosen was 5 wt%. The crosslinking
ratios experimented were 1.0:0.0 (hydrazone:oxime) mol equivalent, 0.8:0.2, 0.7:0.3, and 0.6:0.4.
But, when moving forward with the project, only the 1.0:0.0 and the 0.6:0.4 ratios were kept for
these are the ratios that were going to be used for the HMW oxidized alginate hydrogels. The
hydrogels synthesized with the oxidized alginate have smaller polymeric chains than the other
hydrogels. However, they are crosslinked by dynamic-covalent bonds, which are stronger than
ionic bonds. Therefore, it is not necessary to increase the polymeric content as much for the
oxidized alginate as it was for the hydrogels crosslinked with calcium. Using these two different
crosslinking approaches it was possible to obtain very different hydrogels, with different me-
chanical properties. The difference between the hydrogels could be seen just by handling them,
and it was interesting to observe different mechanisms that allow a polymer to gel and create

unique materials different from each other using alginate for all of them.
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3.2 Swelling

Hydrogels are biomaterials capable of retaining large amounts of water, so the analysis of the
swelling variation can be very insightful in understanding how the polymer network behaves.

The swelling profiles obtained for each hydrogel can be seen in Figures 3.2, 3.3 and 3.4.
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Figure 3.2 - Swelling graphs of Alginate crosslinked with Calcium, the left graph is correspondent to the hydrogels made with the
High Molecular Weight, and on the left is the swelling graphs of the hydrogels made with the Low Molecular Weight Alginate

Almost all the HMW alginate crosslinked with calcium hydrogel formulations mentioned in
chapter 3.1 dissolved in the media during the swelling experiment, and that is why they are not
represented in the graphs. It is observable that, with a higher crosslinker concentration, the
hydrogels swell less, which is expected given that the network is more compact and possesses
more binding sites between the polymeric chains. Keeping the crosslinker concentration the
same, the hydrogel with higher polymeric content swells more, and even though the error bars
overlap between the two samples, it is still possible to see the trend. This can be attributed to
the fact that we are using the same amount of crosslinker, but, when increasing the polymeric
content, the network becomes less compact and will swell more. Matyash et.al. also saw a
similar behavior regarding the crosslinking concentration in solution, stating the swelling in-
creases with the decrease of CaCl2. [65] Gajic et.al. also state that, for the same crosslinking
concentration, a higher polymeric content will increase the water retaining capacity. [66] On
the other hand, hydrogels with the LMW alginate crosslinked with calcium did not present the
same level of stability as the hydrogels with HMW. They started swelling in the first hours, but

after 4 hours it is already possible to see the hydrogels losing weight and starting to dissolve
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in the media. The smaller size of the polymeric chains, and the ionic bonds being less concen-
trated given the increase in polymeric content, makes the hydrogel brittle, this was also ob-
servable in the compression experiments, where the gels would start breaking as soon as the
test started, splitting into small pieces. The large amount of polymeric content most likely forms
a network with a lot of entanglement between the polymeric chains, which are physical inter-
actions, easy to break. The LMW hydrogels crosslinked with calcium do not have stability in
media, resulting in breaking and dissolving after a short period of hours. The loss of mass can
also be attributed to the drying process performed before each weighting, that was done by
carefully removing the hydrogels from the well-plate and placing them on a piece of paper.
Sometimes small pieces of the hydrogel would break and stay in the piece of paper. The drying
process was necessary to ensure that the weight being measured was just the mass of the
hydrogel and its content, and not the media around it.

To know which polymer concentration was going to be used for the LMW oxidized

alginate, several were experimented, crosslinked only with hydrazone bonds (Figure 3.3).
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Figure 3.3 - Swelling graph of oxidized alginate crosslinked only with hydrazone bonds. In yellow is the hydrogels
made with the High Molecular Weight alginate and the other samples were made with the Low Molecular Weight

alginate varying the polymeric content.
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Analyzing the graph, it is noticeable the difference in swelling between the LMW and HMW
oxidized alginate hydrogels. The reason for this is either the different molecular weight or the
higher polymer concentrations that allowed the hydrogels to uptake more water. However,
when comparing only the LMW hydrogels with different polymer concentrations, it is seen that
the swelling does not follow any type of trend when increasing the polymeric content of the
hydrogels. Therefore, the swelling does not seem to depend on the polymer concentration for
these hydrogels, which is probably due to the constant crosslinking degree.

After deciding on the 5 wt% polymer concentration, for the LMW oxidized alginate
hydrogels, because of handling, and stability during the experiment. The influence of the cross-
linking ratio on the swelling was then analyzed, and the results are shown in Figure 3.4. When
the hydrogels were crosslinked only by hydrazone bonds, the swelling ratio is higher, but as
soon as oxime bonds are added to the network, the hydrogels start swelling less. A clear trend
can be observed when increasing the oxime bonds concentration - the swelling ratio decreases
in the LMW hydrogels. A similar behavior is seen on the HMW hydrogels, even though only
two different crosslinking ratios were evaluated. When the oxime bonds concentration is in-
creased, the swelling decreases significantly. Morgan et.al. studied these same hydrogels using
the HMW alginate, also observing a decrease in swelling when oxime bonds increased related
to hydrazone bonds. [30] This is attributed to oxime bonds being stronger than hydrazone
bonds. The hydrogel that presented less swelling was the hydrogel synthetized with the 40%
oxidized alginate. Since there are more binding sites available for crosslinking, a higher cross-
linking concentration is used to form the gel. This hydrogel was crosslinked only with hydra-
zone bonds, so the decrease in swelling can most likely only be attributed to the higher cross-
linking concentration. A water-reuptake experiment was conducted on the freeze-dried hydro-
gels, to analyze their capability of retaining their structure after being freeze-dried. Most of the
dry gels dissolved after roughly 12h submerged in PBS. The freeze-dried hydrogels that had
been crosslinked with oxime bonds could maintain their structure up until 72h, but their initial

properties were lost after the water re-uptake.
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Figure 3.4 - Swelling of the oxidized alginate hydrogels with different crosslinking ratios (hydrazone:oxime), repre-

sented in light purple is the hydrogel with a higher crosslinking density (40%). The other hydrogels have a cross-

linking of 10% of moles of alginate present in the hydrogel.

3.3 Porosity

The porosity of the hydrogels is a useful parameter to consider owing to their application for
cell culture. The porosity graphs displayed in Figure 3.5 show values lower than what was ex-
pected. The expected values of porosity for these hydrogels would round values of 90% or
similar, because of the low polymeric concentration in the hydrogels. However, the values ob-
tained are lower than expected, probably the structure of hydrogels collapsed during freeze-
drying step. For the alginate hydrogels crosslinked with calcium, the porosity obtained for the
LMW hydrogel was higher than the porosity obtained for the HMW. However, considering the
error bars, it is possible to say that the porosity values are not significantly different. As for the
oxidized alginate hydrogels, more formulations of hydrogels were assessed. They have porosity
values similar to each other. Looking only at the LMW hydrogels, there seems to be a trend
regarding the ratio of crosslinker. With a higher oxime concentration, the porosity looks like it

decreases, except for the 5wt% 0.7:0.3 hydrogel, which has a bigger error bar than the other
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samples. Nonetheless, this possible trend might be related to the stronger oxime bonds creat-
ing a more compressed network. However, this trend does not happen on the HMW hydrogels,
but the standard deviation for the 2wt% 0.6:0.4 is noticeably high, which might be why this
trend is not seen on the HMW hydrogels. Also, only two formulations were tried with the HMW
alginate, so it is hard to even assume any type of trends.
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Figure 3.5 - Porosity, to the left are represented the obtained porosity values for the oxidized alginate hydrogels,

and to the right the porosity of the hydrogels of alginate crosslinked with calcium.

3.3.1 SEM

The hydrogels formulations used for cell experiments were also freeze-dried and imaged in the
Scanning Electron Microscope (SEM). The SEM images, Figure 3.6, were useful to correlate with
the porosity values obtained in the prior experiment. The porosity values obtained show that
the porosity values for the different hydrogels' formulations are similar to each other, which is
confirmed by the SEM pictures. With this imaging, it was possible to see that the different
hydrogels have a remarkably similar structure, and pore sizes around the same values when
dried (ranging from 60um to 150 um). The 2wt% 1.0:0.0 hydrogel and the 3wt% 20mM pictures
look different to the other ones, which was associated with the wear down of the two samples

used.
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Figure 3.6 - SEM images of the dried hydrogels with the formulations that were used for cell experiments.

3.4 Compression

Mechanical compression testing was done with the hydrogels in two different conditions: be-
fore and after swelling in culture media, aiming to compare the mechanical properties.

The ultimate compression stress of the hydrogels before failure, and the Young Modulus (Com-
pression Modulus) were determined, which allows us to evaluate the hydrogel stiffness along
the different formulations. The Young Modulus can be tricky to calculate in hydrogels, espe-
cially for very soft ones given that it is hard to understand where the linear area of these graphs
starts and ends (Compression graph, D in supplementary information). Therefore, the calcula-
tion of the Young modulus is made by analyzing the slope of the strain/stress curve, in the
early instances of deformation (usually from 5% to 15% strain). This was the region used for
the hydrogel with 40% oxidation, because it was more brittle and stiffer than the other ones.

For the other hydrogels, since they were very soft, the region chosen to obtain the Young
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Modulus was 10-20% strain, because the values fitted the slope well. Also, that strain percent-
age ensures there is considerable stress being applied to the hydrogels.

The hydrogels crosslinked with calcium were breaking constantly during the compres-
sion (not deforming but breaking over time), this was associated with fact that ionic bonds are
weaker (compared to covalent bonds) and therefore the calcium hydrogels could not retain
their structure during the experiment. Moreover, because alginate gelates very fast with cal-
cium, putting them in the mold sometimes required to break them. Even though the ionic
crosslinking can self-heal the hydrogels, and that the gels were left in the mold for 24 h before
use, some fissures could still be present. Because of this, the ultimate compression stress of
these hydrogels was not analyzed since they were not keeping their structure from the start of
the experiment, both before and after swelling. On the other hand, the oxidized alginate hy-
drogels (11% theoretical oxidation) were able to withstand stress up to 60-120 kPa, depending
on the crosslinking ratio and the polymeric content. It looks like there might be a trend asso-
ciated with the ratio of crosslinkers used for the ultimate compression stress, but this is hard
to confirm. When the hydrogels are only crosslinked with hydrazone bonds, they are able to
deform more before rupture. For the hydrogels crosslinked also with oxime bonds, they cannot
deform as much due to these stronger bonds. The ultimate compression stress does not seem
to depend on the type of crosslinker, for the oxidized alginate hydrogels, Figure 3.7, because
after statistical analysis the difference in the values are not significant for p<0.05. When in-
creasing the polymeric content, the trend seems to indicate that the ultimate compression
stress decreases. However, the difference in values is not significant for p<0.05. The ultimate
compression after swelling decreased for all the samples. All of them, except for the
5wt%0.6:0.4 (LMW) hydrogel, have a similar value. The hypothesis for this not happening in the
mentioned hydrogel is the number of oxime bonds. When there are enough oxime bonds pre-
sent in the network and the hydrogels have a higher polymeric content, it looks like it can

maintain its resistance to stress better.
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Figure 3.7 - Ultimate Compression Stress of the oxidized alginate hydrogels both high and low molecular weight,

with two different crosslinking ratios.

Figure 3.8 displays the values obtained for the Young Modulus of the different hydrogels. The
hydrogels crosslinked with calcium seem to have their young modulus increased with the in-
crease in polymeric content. The data obtained from the oxidized alginate hydrogels, on the
other hand, allow us to see an increase in young modulus associated with the increase in pol-
ymeric content, which is likely associated with the higher entanglement of polymeric chains
that comprise the hydrogel network. The results show the influence of the oxime bonds in the
Young modulus of these hydrogels. As soon as oxime bonds are added to the network, the
Young modulus increases for both the high molecular weight and the low molecular weight
hydrogels. This was expected because of how stronger the oxime bonds are compared to the
hydrazone bonds. The hydrogel synthesized with the 40% oxidized alginate also presented a
higher young modulus than the other hydrogels crosslinked only with hydrazone bonds. This

was associated with the higher crosslinking sites present in the hydrogels, resulting in a stiffer

gel.
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Figure 3.8 - Young Modulus obtained for the different hydrogels made with alginate and oxidized alginate.

Figure 3.9 shows the Young Modulus after swelling. It changes significantly for some samples,
but not for others. Nonetheless, it is curious that hydrogels with oxime bonds might have had
their young modulus increased slightly, the values obtained for the hydrogels crosslinked with
oxime bonds show the Young Modulus increased significantly in a statistical analysis for p<0.05.
On the other side, for the hydrogels with only hydrazone bonds, a slight decrease in the aver-
age values can be seen. For the 5wt%1.0:0.0, the decrease is significant for p<0.05, but the
decrease for the 2wt%1.0:0.0 was not significant for the same p-value. Therefore, it is not pos-
sible to conclude if the Young modulus of the hydrogels actually decreases after swelling be-
cause of the behavior not being significant for both of these samples. However, for the hydro-
gels with oxime bonds, the increase in young modulus seems to be significant for p<0.05. It
was hypothesized that it is associated with crosslinking, which creates a more compressed net-
work. When the hydrogel is fully swollen, the presence of these stronger bonds makes the
hydrogels slightly stiffer, while the hydrazone bonds do not have the strength to create the
same tension in the network. The alginate hydrogels crosslinked with calcium ions show dif-
ferent results. While for the 3wt%20mM (HMW) the young modulus seems to increase, for the
other hydrogel, 10wt%20mM (LMW), the young modulus decreased. For the 3wt% (HMW)
sample the difference is not significant for p<0.05, while it is significant for the 10wt% (LMW)
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for p<0.05. However, it is not possible to know from this data if this behavior would always

happen, since there are still big errors associated with the values.
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Figure 3.9 - Young Modulus of the different hydrogels (high and low molecular weight) before and after swelling in
media for 24h.

3.5 Stress-relaxation

Stress-relaxation is the decrease in stress under a constant strain, which is evaluated according
to the time it takes for the tissue or material that is being analyzed to relax. It was an important
experiment to perform given that some papers have previously stated that faster relaxing ma-
terials improved neurogenesis. [5,29] Moreover, it is interesting to compare the values ob-
tained to the time of stress-relaxation of native tissues, even though the experiments have not
been performed on the hydrogels and the native tissues using the same protocols. The value
that is going to be used to characterize the samples is the time for half-relaxation. Comparing
the different samples (Figure 3.10), there is a clear influence of the crosslinker in the time for

half-relaxation. This behavior is in accordance with a previous work by Morgan, et a/. which
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reported the lower pK, crosslinker presents a faster stress relaxation. The adipic dihydrazide
that forms hydrazone bonds has a reported pK, of 2.5, while O-ethylhydroxylamine (repre-
sentative molecule of the O, O-1,3-propanediylbishydroxylamine dihydrochloride, the mole-

cule used to form the oxime bonds), has a reported pK, of 4.65. [30]
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Figure 3.10 - Trend line of the stress-relaxation graphs obtained for the different oxidized alginate hydrogels made.
Also represented in the image are the half-time relaxation for the hydrogels.

The impact of the addition of oxime bonds has been shown by Morgan, et al where in the
paper it is clearly demonstrated the increase in the half-relaxation time by the addition of ox-
ime bonds to the network. [30] The polymeric content in the hydrogel also seems to have an
influence in the relaxation time. The bigger presence (in number) of binding sites possibly al-
lows the dynamic crosslinkers to find binding sites more easily and more quickly attaching,
leading to a faster stress-relaxation time. Moreover, Chaudhuri, et a/ were able to modulate
the stress-relaxation of alginate hydrogels, by changing the molecular weight of the alginate
used to synthesize the hydrogel. [67] Since in this case the concentration of polymer and the
molecular weight of the polymer is changing, it is difficult to know which of these has a bigger
impact on the stress-relaxation. But this statement can only be used to do a comparison of the
alginates that were oxidized and crosslinked to a concentration of 10% of the mols of alginate
present in the hydrogel. Looking at the alginate that was oxidized up to 40% and crosslinked
only with hydrazone bonds, the higher crosslinking density seems to slow down the relaxation
process. This is possibly associated with the higher percentage of bonds that need to be reat-
tached after the application of stress to recover the initial state. The increase in crosslinking
density leads to a more compact network, less susceptible to deformation, in opposition to the

other hydrogels.
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The time for half-relaxation of the alginate hydrogels crosslinked with calcium were not
considered to be accurate results, Figure 3.11. During the experience, what was happening was
that, after the maximum strain applied was reached, the hydrogel would also hit the point of
maximum stress, but then almost immediately break due to the weaker ionic bonds that cross-
link the hydrogels. After the first minutes of the experiment, it is possible to observe from the
graphs that the hydrogels slow down their relaxation a lot and only reach full relaxation by the

same time as the other hydrogels. (After the 1000s time point)

1.0

. —— 10Wt% 20mM (LMW)
—— 3wit% 20mM (HMW)

€y, (Time for half-relaxation)

® (83:27)s L Alg 10wt% 20mM
® (138£85)s H_Alg 3wt% 20mM

Normalized Stress

Time (s)

Figure 3.11 - Stress-relaxation graphs, and trend line obtained for the alginate hydrogels crosslinked with calcium.

Also represented in the image are the half-time relaxation for the hydrogels.

The whole experiment was not performed with the best conditions, since the machine utilized
to assess the stress relaxation was not placed on a proper table to avoid big vibrations. There-
fore, a lot of variation can be seen on the data. (D in supplementary information) Also, loud
noises would influence the values obtained due to the big sensibility of the load cell being
used. Moreover, there was nothing covering the sample during the three-hour experiment, so
the only approach the machine allowed to avoid water evaporation during the long experiment
was to carefully place water around the hydrogel. The big errors associated with the values can
also be justified by the difficulty that existed in making hydrogels that were all exactly the same
size and with a flat and constant contact area, which ended up causing variations between
samples. The stress-relaxation assays are usually not performed on a mechanical tester, espe-
cially for soft hydrogels that make it hard to have a clear signal. However, at the time it was

what was available to perform the experiment, and it allowed to take conclusions comparing
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the different hydrogels tested. It would be interesting to try doing the stress-relaxation on a

properly set-up rheometer to compare the values.

3.6 Cell experiments

Using the different hydrogels formulations mentioned in 3.5 (stress-relaxation), cell experi-
ments were performed. Two different cell types were used in these experiments: iPCS differen-
tiated into nociceptors spheroids, and PC12’s. Initially, the cultures were being maintained for
a period of seven days, but due to the instability of the hydrogels in culture, the culture time
was reduced. The hydrogel formulations experimented with for each cell type is represented
on table 1 for the nerve spheroids and table 2 for the PC12's. The main difference between the
two tables is the replacement of the L_Alg_10wt%_Ca20mM hydrogel for the
40%_0.Alg_4wt%_1.0:0.0. The hydrogel was replaced because it was too opaque given its high
polymeric content which difficulted imaging. The 40% oxidized alginate hydrogel was added

to the experiments to assess the influence of higher crosslinking ratio in the stability over time

in culture.

Table 1 - Hydrogel formulations used to seed the nerve spheroids.
H_Alg_3wt%_Ca20mM H_O.Alg_2wt%_1.0:0.0 H_O.Alg_2wt%_0.6:0.4
L_Alg_10wt%_Ca20mM L_O.Alg_5wt%_1.0:0.0 L_Olg_5wt%_0.6:0.4

Table 2 - Hydrogels formulations used to seed the PC12 cells.
H_Alg_3wt%_Ca20mM H_O.Alg_2wt%_1.0:0.0 H_O.Alg_2wt%_0.6:0.4
40%_0.Alg_4wt%_1.0.0.0 L_O.Alg_5wt%_1.0:0.0 L_Olg_5wt%_0.6:0.4
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3.6.1 Culture strategies

Human iPCS differentiated into nociceptors spheroids, with a diameter of around two hundred
pum were the initial cells being used in this project. Usually per well 5 to 10 spheroids would be
added to the each well, because it was observed that less than that makes it difficult to find
them in the microscope. Different approaches were conducted with the objective of creating
the best possible conditions for the cell culture in the alginate hydrogels. In the first experi-
ment, conducted in alginate hydrogels crosslinked with calcium, two approaches were tested:
dispensing a suspension of cell spheroids on the surface of the hydrogel (2D), and seeding the
spheroids inside of the hydrogel by opening the hydrogel with the pipette tip and placing them
inside. The main difference between this 2D and 3D approach is that in 2D the spheroids are
placed on top of the hydrogel and do not move inside, on the 3D approach by breaking open
the hydrogel and placing the spheroids inside it is possible to ensure that the spheroids are
surrounded by the alginate hydrogel.

Positive results were achieved from the 3D experience, and pictures taken during cul-
ture can be seen in Figure 3.12, where it is possible to observe axons growing from the nerve
spheroid. The spheroids seeded using the 2D approach did not demonstrate any type of axon
growth. Given the positive results obtained in the 3D experience, and since it is more interest-

ing to be able to create a 3D environment to grow the nerve cells, the 2D approach was aban-

doned.

Figure 3.12 - Picture taken of a nerve spheroid in brightfield in alginate hydrogels crosslinked with calcium
(H_3wt%_20mMCa) A -picture taken at the 6th day of culture, it can be seen a long axon growing out of the nerve
spheroid. In this picture the strategy used was the 3D approach mentioned. B- Retracted axon after breaking on the
next day. C- Image taken also on the 6th day of culture, but on the 2D approach, the cells clustered and did not

show signs of growing axons.
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A new problem arose with the oxidized alginate hydrogels: because of the swelling of these
gels and the smaller polymeric chains, the hydrogels were more prone to dissolve during cul-
ture. Because of this, the strategy of breaking the hydrogels and inserting the cells directly
inside did not suffice, since the hydrogels more easily dissolve if broken into smaller pieces.

The hydrogel dissolution would then lead the cells to be in suspension, and not in contact with
the hydrogels, which was the objective. Therefore, to ensure that the cell spheroids were grow-
ing in 3D and that they were always in contact with the hydrogels, a new method of encapsu-
lation was used by making a hydrogel sandwich. The hydrogels were prepared in a sterile 96-
wellplate, with the spheroids placed on top of one of the hydrogels. Another hydrogel with the
same properties was placed on top to create a hydrogel structure with the cells seeded in the

middle. The strategies used for culture are demonstrated in Figure 3.13.

4 N

A B C D

o J

Figure 3.13 - Strategies for cell culture. A- 2D culture; B-3D culture; C- 3D-sandwich; D- culture with a transwell.

Image created in biorender

Problems that must be remarked when using this method: first, the hydrogels cannot be too
tall, or else they will difficult imaging due to the microscopes' working distance. This problem
gets worse when the hydrogels start swelling, which then does not allow clear pictures of the
cells; secondly, placing two hydrogels in the same culture well creates challenges to perform
media changes. The hydrogels occupy a lot of space, and after they swell it becomes even more
problematic. In some cases, it was not possible to properly remove and add new media to the
culture. Moreover, on account of the space they occupied, it was hard to perform the media
without touching the hydrogels and disturbing the cells, which is a problem given they grow
attached to the substrate. This problem was a major priority since the objective was for the
cells to grow axons, and given that they are very fragile, if they are disturbed it is likely that the
axons will end up breaking. With this said, one later approach was to use well inserts to avoid
contact of the pipette tip with the hydrogels, so the cells would not be disturbed. This did not
resolve the problem with the microscope working distance, so the images captured were still

blurry. A problem that arose from using the well inserts was hydrogel dissolution, by increasing
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the ratio volume of media and volume of hydrogel, the hydrogels started to dissolve more
rapidly. After 5 days, the cells were fixed and, when doing the staining, it was noticeable that
the hydrogels had completely dissolved, which would not happen prior to using the well in-
serts.

The results obtained are going to be discussed further in the thesis, but as a conse-
quence of the problems mentioned, it was decided to change the cells that were being used
and start using the PC12 cell line. The objective of using these cells was to simplify a bit the
culture process, with smaller cells that can also survive and grow more easily.

The culture and priming of the PC12 cells have already been described in the Materials and
Methods section. After the priming, the cells are detached and deposited on top of the hydro-
gels that were already formed at the bottom of the well. To improve the working distance
problem, the thickness of the hydrogels was reduced (less volume used to prepare the gels).
The smaller size of these cells (around 20um) compared to the spheroids (around 200 um) also
allowed them to penetrate inside the hydrogels more easily, without the need for adding an

extra hydrogel on top, to ensure the cells were fully surrounded by hydrogel.

3.6.2 Microscopy

Fluorescent imaging was used to analyze the axon growth on the nerve spheroids, using phal-
loidin to stain the F-actin cytoskeleton of the cells, and DAPI to stain the nucleus. Some bright-
field images were also taken during culture when axons were observed. Across the different
experiments made with cells, one thing was noticeable in all of them. Even when axon growth
had been visualized, after media changes and staining procedures axons were no longer ob-
served. In some cases, it was possible to see a retracted axon, which is a consequence of axons
breaking or loss of their attaching point (Figure 3.12). Hydrogel stability proved to be crucial
for axon growth, since it is associated with the attachment of both the growth cone, and cell
body to the hydrogel. Initially, the cells were kept in culture over a period of 7 days and then
the culture period was reduced to 4 days to avoid the hydrogels degradation and its influence
in cell development. Moreover, the results from the first culture showed that axon growth
would be possible within this reduced period. However, afterwards, it was not possible to see
by fluorescent imaging axons growing out of the neuron spheroids cultured for 4-days. The
images show a lot of cells surrounding the spheroids, possibly dead cells. It was hypothesized
that they forced out of the spheroid formation by the viable cells (Figure 3.14).

Furthermore, the brightfield images show strange structures, that do not appear in the

fluorescence images, even when the cells are over exposed to light. Since bacteria and fungi
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usually appear in fluorescence, these structures were associated to hydrogel degradation (Fig-
ure 3.15).

2wt% 1.0:0.0 (HMW)
x10

Figure 3.15 - Strange structures that appeared in culture. 1st line is a picture taken after fixing the cells in the
hydrogel with the formulation H_O.Alg_2wt%_1.0:0.0 A-Brightfield; B-DAPI; C-Phalloidin, D-Brightfield; E-DAPI; F-
Phalloidin.

A lot of pictures taken in the different samples used show that the cells were most likely dying
and were probably not adapting to the culture environment. This might happen because of the
lack of stability of the hydrogels, which start degrading and do not allow the cells to attach
and grow. Also, if the cells can attach in the beginning and start growing axons, dethatching
breaks the axons, and, after the axons break, it is very likely that the cells will die, due to cell
damage. One other reason for the cells not being adapted to the environment is the swelling

mentioned earlier that made the media changes hard, which might mean that the cells by the
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end of the culture period were underfed and dying because of that. More pictures illustrating
what was mentioned can be observed in B.1 in supplementary information.

Due to these problems, and since the results were not promising to move forward, the
cells used were changed to PC12s'. These cells are smaller and easier to culture, and even
though they are not present in the human body, they are accepted as a model to study all
types of neurological diseases. Therefore, the possibility to create a 3D environment where
neuron like cells (PC12's) can grow is interesting to maybe further ahead creating 3D models
of neurological diseases. Because of the smaller size, it was easier to ensure the cells would
penetrate the hydrogels, and it was possible to reduce the working distance. The PC12s’ were
stained with deep red cell tracker, the cell tracker passes through the membrane of cells and
react with amine groups on proteins, so that images could be taken throughout all the culture
days. For this, the LiveCell Imaging System was used, which allowed to place the wellplate
inside an incubator for imaging. In some experiments done with these cells’, fungi infections
kept appearing, even though the hydrogels were placed under 265nm UV light for 5-10
minutes. Because of this, the solutions to prepare the hydrogels had to be filtrated through a
0.2 um filter before hydrogel preparation, all inside a flow hood.

The first thing to understand in the culture was how many cells could be seeded in the
hydrogel, because too many cells would create clusters, and they usually do not grow axons
while in big clusters. In addition to that, if enough cells are not seeded, they end up dying.
After experimenting and considering the work performed by Malheiro, et a/ and the advised
number by Thermo Fisher the number of cells per hydrogel in a 96-wellplate was found to be
between 4000-5000 cells. [68] The cells were monitored, and pictures were taken, over 3 days
in culture (Figures 3.16, 3.17 and 3.18). After 24h, it is already possible to see in regions of the
hydrogels some cells that are starting to develop axons. In some of the most dynamic hydro-
gels (composed only of hydrazone bonds), it is possible to see clustering of cells over a very
thin fissure. Considering the way hydrogels were prepared for these experiments (Inserting the
hydrogel solution in the wells and leaving them to gel overnight), it is possible to hypothesize
that those fissures, in Figure 3.16 (E, F, G, H), were created in the hydrogel by the cells them-
selves. These fissures are most likely being created because the dynamic network allows the
cells to move more freely inside the hydrogel, permitting them to cluster and possibly find
areas with greater stability, remodeling the structure of the hydrogel. When looking at the
pictures with the fluorescence turned on, the cell tracker lights up on those fissures in the
hydrogel. This was associated with the fact that, for the axons to properly be seen with the cell

tracker, it was necessary to overexpose the image to fluorescent light, even in the control,
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because the cell tracker did not have a very strong signal. Therefore, it is possible that those
fissures are just reflecting light. However, this cannot be confirmed and one other theory that
also might fit these images is that the cells are growing axons within those fissures. It was
hypothesized that the cells may be moving and clustering into those regions, and being able
to find stability areas where they can attach and grow axons along those lines that may employ

more stability than the other regions of the hydrogel.

B [24h
40%O0xidized (HMW)
x10

—
200 ym
24h

F
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Figure 3.16 - Pictures taken after 24h of culture in the hydrogel. 1st line, Image A and B correspond to the control
well (well coated with collagen) A- Control Brightfield; B- Cell tracker; 1st line C and D correspond to the hydrogel
formulation 40%_0O.Alg_4wt%_1.0:0.0 C- Brightfield, D- Cell tracker image of C; 2nd line E and F correspond to
images taken in the hydrogel with the formulation H_O.Alg_2wt%_1.0:0.0 E-Brightfield; F- Cell tracker image of E;
2nd line G and H represent Images taken on the hydrogel with the formulation L_O.Alg_5wt%_0.6:0.4 G- Brightfield
and H - cell tracker image of G. The fissures mentioned are pointed out by the arrows in the image. On the third-

row image J and L are close up pictures of | and K that possibly show axons growing. pointed out by the arrows.

On the second day of culture more cells appeared to be growing axons, but it was not possible
to confirm it with the cell tracker for most of the cases. Most of the pictures that (possibly)
show axons were taken in the hydrogels with the LMW 5wt% 0.6:0.4 (hydrazone:oxime ratio),
which was not expected given that other papers mention nerve cells would grow more in faster

stress-relaxing environments, and softer materials, similar to the native brain. [5,26-29] This
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was not what was seen in this project, and the main justification is the hydrogels' stability.
Stronger bonds present in the network, and a higher polymeric content, may provide the hy-
drogels with areas of stability for the cells to grow. On the hydrogel crosslinked only with hy-
drazone bonds there are pictures that possibly show axons (Figure 3.17 | and J), but they look
a bit deteriorated, possibly due to the lack of stability over time. Figure 3.17 shows some of the
pictures taken during culture on the second day. More can be seen on B.2 in supplementary
data.
48h 48h
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x20 x20
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Figure 3.17 - Pictures taken after 48h of cell culture in hydrogels. A and B represent the control culture well (collagen
coated well; C, D, E, F, G, and H correspond to pictures taken in the hydrogel with the formulation
L_O.Alg_5wt%_0.6:0.4. C- Brightfield; D cell tracker image of C; E- Brightfield; F- Cell tracker image of E; G-Brightfield;
H cell tracker image of H; | and J are pictures taken on the hydrogel with the formulation H_O.Alg._2wt%_1.0:0.0; |-
Brightfield; J cell tracker image of I; image K was taken on the hydrogel with the formulation H_O.Alg._2wt%_0.6:0.4

and L is a close up picture of K. The arrows in the picture point to what is thought to possible be axons.

By the third day of culture, barely any axons could be seen, even in the control wells. As men-
tioned before, the hydrogels with the 5wt%0.6:0.4 formulation were the ones that showed more
axons, comparing to the other formulations, but by the third day less cells could be found in

the hydrogels (Figure 3.18). This was possibly due to the media change that was done after the
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imaging, which could have washed away unattached cells which are unattached due to hydro-
gel degradation throughout the days in culture. No degradation tests were performed in the
hydrogels to quantitatively access the degradation. For example, rheology measurements
could have been done in different time points to access the loss of properties over time. [69]
Because of the differences in the cells observed from the second to the third day, by the fourth
day a life/dead assay using Hoechst (Blue, label all live and dead cells) and Propidium lodide
(Yellow, label dead cells only) was performed because it seemed necessary to understand if the

cells were dying or if they were just washed away.
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Figure 3.18 - Pictures taken in the third day of culture in the hydrogel (72h). A and B are the control groups. and in the
remaining pictures it is possible to see a clear difference between the number of cells compared to the 48h pictures. C, D,
E, F, G, and H correspond to pictures taken in the hydrogel with the formulation L_O.Alg_5wt%_0.6:0.4; C- Brightfield; D cell
tracker image of C; E- Brightfield; F- Cell tracker image of E; G-Brightfield; H cell tracker image of H; pictures | and J were
taken on the hydrogel with the formulation 40%_0O.Alg_4wt%_1.0:0.0, |- Brightfield; J- Cell tracker image of J; pictures K and
L were taken on the hydrogel with the formulation H_O.Alg_5wt%_1.0:0.0. In these pictures is possible to notice a decrease

in the number of cells present in culture. It is also possible to notice In some of the pictures the cells clustering.
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3.6.3 Live/Dead

A live/dead cell assay was performed after the first 24h of the cells seeded in the hydrogels
using the cell tracker (Red) to stain all the cells and calcein AM dye (Green) to stain the live
cells to ensure that the cells were not dying after being detached from where they were being
differentiated and after being seeded in the hydrogels. However, other life/dead was per-
formed after 96h of the cells being cultured in the hydrogels given that the cells did not look
well after 72h. In this second live/dead assay was used Hoechst (Blue, label all live and dead
cells) and Propidium lodide (Yellow, label dead cells only). The results of both these live/dead
can be seen in Figures 3.19 and 3.20. It is important to state that Morgan, et a/ had already
performed a viability test of these hydrogels in fibroblasts so the hydrogels were tought to be

viable for cell survival. [30]
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24h
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Figure 3.19 - Live/Dead performed at 24h of culture in hydrogel. In red is the fluorescent image of the cell tracker
that is supposed to stain all the cells, and in green is the fluorescent image given by calcein that is staining all the
live cells. A and B - Control; C and D - L_O.Alg_5wt%_1.0:0.0; E and F - H_O.Alg_2wt%_1.0:0.0; G and H -
H_O.Alg_2wt%_0.6:0.4; | and J - L_O.Alg_5wt%_0.6:0.4; K and L - H_3wt%_20mMCa
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The cells are indeed alive on the first 24h, but on the second life/dead assay performed it is
possible to see a lot of dead cells. Another thing to notice is the clustering of cells that was not
present in culture on the 48h time point, which is likely related to the cells trying to survive in
a hostile environment. The number of cells was also very reduced comparing to the start of the
experience, which was associated to the degradation of the hydrogels. When the hydrogels
degrade the cells have no place to attach and end up being removed during the staining pro-
cedure for the live/dead assay. The cells that are still present in the well on the fourth day of

culture in the hydrogel, are mostly dead, as it is possible to see from the live dead assay.

Control 96h 4wt% (40%oxidation)
X10 96h
X10

5wt% 0.6:0.4 2wt% 1.0:0.0
96h 96h
X10 X10

5wt% 1.0:0.0 3wt% 20mM
96h 96h
X10 X10

Figure 3.20 - Live/Dead performed at 96h of culture in hydrogel. The blue staining is DAPI that stains all the cells
and in yellow is Propidium lodine that stains the Dead cells. A lot of the cells were dead after 96h. A and B correspond
to the control well; C and D to the 4wt% (40%oxidation) hydrogel; E and F the 5wt% LMW 0.6:0.4; G and H is the
2wt% HMW 1.0:0.0; | and J is the 5wt% LMW 1.0:0.0; and K and L correspond to the 3wt% HMW 20mM alginate

crosslinked with calcium hydrogel.

The main conclusion for this is that the cells were being underfed and therefore an adjustment
in the protocol needs to be made, given that a lot of dead cells were present in the control as
well as in the hydrogels. The stability in culture over time was not sufficient, even though this
hydrogels were capable of retaining their structure in media for a long period of time (at least
two months, after that time point the hydrogels were thrown out), when cells were seeded
inside the hydrogels the cell movement and metabolic activity was most likely degrading the

hydrogel crosslinking at a faster past, making them only be stable in culture for 2 to 3 days.
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Therefore, a new strategy must be thought to improve their culture stability over time, so that
it is possible to avoid cells being washed away because of hydrogel degradation. Stability also
proved crucial for cell attachment, and it is possible that it had an influence on the cells being
capable of maintaining their axons. To improve this, an available approach could be to imple-
ment a double network to the hydrogels by adding a less degradable polymer and crosslinking
the new polymer with a stable network. Chen et. al. prepared hydrogels composed of collagen
and hyaluronic acid, crosslinked by a stable and a dynamic network, and they state to have had
positive results using the PC12 cell line. [5] The interest in maintaining the oxidized alginate is
because, has stated before in the project, it allows to create hydrogels with distingue mechan-
ical properties, that could be used for culture of not only neural tissue, but for many other soft
tissues. Preparing the hydrogels in a solution with collagen could help improve cell attachment,
removing the necessity of adding RGD to the polymer backbone, since collagen it is an inter-
esting material that has already been used a lot for the culture of nerve cells. After being able
to optimize the stability, it would be appealing to use the nociceptor spheroids again instead
of the PC12's, since the PC12's are not present in the human body, but there are nociceptors.
Moreover, to improve imaging, and obtain better images in 3D the utilization of a confocal

microscope would be ideal.
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4

CONCLUSION

Throughout this project, extended material characterization was performed regarding swelling,
porosity, compression, and stress-relaxation. During this project different hydrogels with dif-
ferent mechanical properties were obtained by varying the molecular weights and varying the
crosslinkers used. The mechanical properties of these hydrogels made with oxidized alginate
proved to be very versatile and demonstrated equivalent properties to various natural tissues.
The range of Young Modulus values (ranging from =2kPa to 70 kPa) obtained for these hydro-
gels have similar values to the brain, kidneys, and lungs (that go from 1-10kPa). The oxidized
alginate hydrogels with a 40% degree of oxidation, were able to obtain bigger values for the
young modulus, reaching values close to the muscle and skin (that have values between 10-
100 kPa). [27] Moreover, given the effect of oxime bonds in the increase of stiffness of these
hydrogels, it is possible to say that there is a chance to achieve values that are similar to the
Young modulus of the bladder and the cornea (slightly over 100kPa). There was also a slight
variance in values for the alginate crosslinked with calcium (3-6kPa) varying the polymeric con-
tent and molecular weight, but they were harder to handle during the experiments without
breaking or damaging the hydrogels. The stress-relaxation also proved the versatility of the
oxidized alginate hydrogels, which was already expected due to past work already realized with
oxidized alginate and these crosslinkers. [30] In this project an emphasis was given in altering
the molecular weight of the alginate used and the polymeric content, which had not been done
before. It was observed that, when decreasing the molecular weight of the polymer and in-
creasing the polymeric content, it was possible to achieve lower values for stress-relaxation.
This is interesting since several studies have stated that faster-relaxing materials help increase
cell spreading and, in some cases, cell growth. [5,29] The hydrogels with higher polymeric con-

tent seemed to degrade less during culture and were easier to handle. However, stability during
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culture was a consistent problem during the whole project. The hydrogels could retain their
structure for several months in culture media, but they were not capable of this during culture
with cells. The hydrogels with the more dynamic networks would start dissolving after three or
four days of culture, and this was associated to movement and metabolic behavior of the cells.
Because of that, the experiments were performed always trying to reduce the number of cells
in an attempt to improve the stability of the hydrogels during culture. The degradation of the
hydrogels after 3 to 4 days was noticeable to the naked eye, and it could also be seen during
microscopy, this degradation would not happen so quickly without the cells. This scarcity of
stability was possibly the reason for the almost non-existing axon growth seen throughout the
different experiments for the nerve spheroids. Another possible explanation is the difficulty to
change media during culture. The hydrogel swelling observed for a lot of the samples, and also
the sandwich strategy that was being used made it difficult to change the media without touch-
ing the hydrogels with the pipette tip. This can disturb the cells, and also contribute to their
detachment, and breaking of the axons. The culture strategy employed for the PC12’s allowed
to reduce most of these problems, because it allowed to seed the cells in 3D without the sand-
wich strategy, allowing to reduce the volume of hydrogel present in each well. However, the
main problem was still being the degradation of the hydrogels. It was possible to see some
axon growth in a 3D environment, and by using a decent number of cells according to the
space available, it was possible to avoid them clustering too much. Nonetheless, after 4 days
of culture, the cells were dying. This might have been associated to the insufficient stability in
culture of the hydrogels over time, but it was mostly associated to the deficit of FBS added to
the culture media, given there was a lot of cell death present in the control groups as well.
Therefore, it would be interesting to perfect the protocol for the culture of the PC12's, that
could possibly allow the cells to survive for longer and enable them to grow more. For future
work with these oxidized alginate hydrogels, it would be interesting to try and add more bind-
ing sites for the cells, for example, by blending collagen with the alginate, since collagen al-
ready presents natural binding sites for cells. Moreover, adding a double network to the hy-
drogels with a less degradable polymer, and a stable crosslinker could most likely allow for
improvement in the hydrogels' stability over time during culture, helping in decreasing the
degradation. This approach would almost certainly alter the hydrogel properties, but they
would probably maintain their versatility, which makes these oxidized alginate gels with these
dynamic crosslinkers a nice approach to move forward to creating different 3D scaffolds, either

to culture nerves or other cells of different human tissues.
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3wtk20mM 3wt¥h20mMSwell t-Test: Two-Sample Assuming Unequal Variances 10wtH20mM 10wt Swell t-Test: Two-Sample Assuming Unequal Variances
0.746617848 17.38515 5.100278431 0.171053401
4901062684 7.701913 Swi%20mM Switf20mMSwell 531887663 3.395095142 10wit%20mM 10wt Sweil
1556076475 6.863151 Mean 3.750582476 10.65007069 3.85056278 3.095396324 Mean 6.181546574 2.220514856
6.410920588 Variance 6.041560645 3419682674 6.36557921 Variance 6.029017129 3.172674344
5.138234784 Observati 5 3 10.27243582 Observati 5 3
Hypothes 0 Hypothes 0
df 2 df ]
tStat -1.943151308 t Stat 2632881683
P(T<=1) or 0.095732193 P(Te=t) or 0.019454522
t Critical ¢ 291998558 t Critical « 1543180281
P(T<=t) tw 0.191464385 P(Te=t) tw 0.038009244
t Critical t 430265273 t Critical t 24465911851

Above are the t-student analysis done on the data regarding the young modulus of the hydro-
gels before and after swelling. It is shown that the young modulus differences before and after
swelling are significant for the 2wt%0.6:0.4; 5wt%0.6:0.4; 5wt%1.0:0.0; and 10wt% 20mM. When
the test is done for p<0.05.



A.2 Ultimate compression stress

Swti 1.0:0.0
0.11
0.08
0.062

2WT%1.0:00
0.158
0.093
0.082

Swite0.6:0.4
0.089
0.046
0.061
0.065
0.05

2WT%1.0:0.0
0.138
0.093
0.082

2wtf0.6:0.4
0.095
0.085
0.066
0.061

Swif0.6:0.4 swell
0.0288
0.025
0.0207
0.032

t-Test: Two-Sample Assuming Unequal Variances

Switk 1.0:0WTH1.0:0.0

Mean 0.084 0.104333
Variance 0.000588 0.00088
Observati 3 3
Hypothes ]
df 4
T Stat -0.91909

P(T<=t) or 0.20502%
tCritical ¢ 2.131847
P(T<=t) tw 0.410058
tCritical 1 2776445

t-Test: Two-Sample Assuming Unequal Variances

2WTH1.0:0, wirfe0.6:0.4

Mean 0.104333 0.07675
Variance 0.00088 0.000255

Observati 3 4
Hypothes 0
df 3
T Stat 1.45851

P(T<=t) or 0.120265
t Critical ¢ 2.353363
P(T<=t) tw 0.240531
tCritical t 3.182446

t-Test: Two-Sample Assuming Unequal Variances

Swifs0.6:0.¢%0.6:0.4 swell

Mean 0.0622 0.026625
Variance 0.000285 2.3BE-05
Observati 5 4
Hypothes 0
df 5

t Stat 4486043
P(T<=t) or 0.003241
tCritical « 2.015048
P(T<=t) tw 0.006482
t Critical t 2.570582

Doing the t-student test for the different ultimate compression values it was possible to

conclude that were was no significant variance of the values when changing the crosslinkers or

the polymer content of the hydrogels. There was however a significant change of the ultimate

compression stress before and after swelling.



CELL CULTURE

B.1 Nerve Spheroids




Pictures of the nerve spheroids where It can also be seen again what was mentioned in

the thesis



B.2 PC12’s

Pictures of the PC12's taken at the 48h timepoint.

48h
Swt% 0.6:0.4 (LMW)
x20

48h -
2wt% 1.0:0.0
x20

48h
2wt% 1.0:0.0
x20




Pictures of the PC12's taken at the 72h timepoint.




NUCLEIC MAGNETIC RESONANCE

MERLN_AA_20221110
oxidized alginate (HMW Julia), 1D ZGpr, in D20 32 saans, and RG =32, T=325K
D1=5s, AQ=1.46s

Oxidized Alginate
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MERLN_AA_20221110
RGD-alginate (HMW Julia), 1D ZGpr, in D20 32 sans, and RG =32, T=325K

(-4E+06
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MERLN_AA_20221103_alg Guilherme
purified alginate Guilherme Sigma LMW, 1D ZGpr, in D20 32 sans, and RG =32, T=325K F1E+07
D1=5s, AQ=1.46s
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ORIGINAL COMPRESSION AND STRESS-RELAXA-
TION GRAPHS AND HYDROGEL FORMULATIONS

—40%_( OAIg _4wt%_1.0:0.0 W H_C OAIg 2Wt%_0.6:0.4 mm—py OAIg 2Wt%_1.0:0.0
mm—| O.Alg_5wt%_0.6:0.4mmmmm| O Alg_5wt%_1.0:0.0

10

0.5}

Normalized Stress

00 PP | . . PR S | ! 4 )
100 1000 10000

Time (s)

Original Stress-Relaxation graph, to make it easier to analyze in the thesis are represented the

trend lines of this data.
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Example of the graphs obtained while doing compression, with these graphs it is possible to

obtain information relative to the maximum stress before complete failure of the hydrogel and

also the young modulus values that were obtained from the slop of the points in the region

from 10-20%.

HMW Alginate

LMW Alginate

HMW O.Alg

1wt% 20mM and
40mM

7.5wt% 20mM and
40mM

2wt% (1.0:0.0) and
(0.6:0.4)

4wt% (1.0:0.0)

2wit% 20mM and
40mM

10wt% 20mM and
40mM

40% Oxidized 3wt%
(1.0:0.0)

5wt% (1.0:0.0)
(0.80.2) (0.7:0.3)
(0.6:0.4)

3wt% 20 mM and
40 mM

40% Oxidized 4wt%
(1.0:0.0)

6wWt% (1.0:0.0)

7wt% (1.0.0.0)
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