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Abstract

Conventional 2D in vitro and animal models have been found inadequate to fully uncover the
intricate mechanisms happening in the brain and its diseases. Engineering-based models
emerge as promising alternatives to the development of more complex and dependable brain
models. Scaffold-based culture is one example of this type of models where cells are cultured
in a biomaterial that simulates more closely the organ environment and function. Another
example is microfluidic devices as they combine micropatterned platforms with cell culture to

create models with a tuneable framework using small amounts of resources.

In this work, we used methacrylated gelatine, methacrylated alginate and hyaluronic acid to
develop a biomaterial with adjustable mechanical properties and biocompatibility that
resembles the extracellular matrix for neural culture. This composite biomaterial presented
suitable physical properties with high water intake, low stiffness, and slow degradation.
Through the evaluation of cell viability and the expression of differentiation markers, we could
observe that our formulation was compatible with the culture, differentiation, and network
formation of murine neuroprogenitor cells into early neurons. Calcium imaging also validated
the activity of the cells in the system. This biomaterial was assessed as bioink for the extrusion
bioprinting of the same cell line, presenting good definition, high cell viability, the expression
of differentiation markers, and functional activity. The combination of our biomaterial with a
3D microfluidic device of three parallel channels separated by triangular-shaped pillars was
also possible, with viable cultures up to 21 days. We complemented these results with the
evaluation of the compatibility of our hydrogel with human induced pluripotent stem cells and

observed good viability results and the start of differentiation into dopaminergic neurons.

In parallel to the development of our biomaterial, we designed a microfluidic device capable
of being used for the culture of different neuronal subtypes. The design consisted of three
parallel channels connected through obliquus microchannels with dimensions below 5 um to
isolate and direct axons from the lateral channels to the central channel. This model was used
to recreate the cortico-striatal circuit with successful differentiation of cortical and striatal cells
and the influence of the co-culture was validated through calcium imaging. The dopaminergic-
striatal circuit was also modelled using our device with results pointing to the influence of the

striatal neurons in the differentiation of dopaminergic neurons.
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Resumen

Los modelos in vitro convencionales y los ensayos con animales han resultado inadecuados
para descubrir por completo los mecanismos complejos que tienen lugar en el cerebro y en sus
enfermedades. Los modelos basados en ingenieria surgen como alternativas prometedoras al
desarrollo de modelos cerebrales mas complejos y fiables. Los cultivos scaffold-based son un
ejemplo de este tipo de modelos, donde las células son cultivadas en un biomaterial que simula
mejor el ambiente del 6rgano y su funcion. Otro ejemplo son los dispositivos de microfluidica
que combinan plataformas micropatronicas con cultivos celulares para crear modelos

personalizados usando pequeiias cantidades de recursos.

En este trabajo, usamos gelatina metacrilada, alginato metacrilado y acido hialurénico para
desarrollar un biomaterial con propriedades mecanicas ajustables y biocompatible que se
parece a la matriz extracelular para cultivos neuronales. Este material compuesto presentaba
las propriedades fisicas adecuadas, con una absorcion de agua elevada, dureza baja y
degradacion lenta. A través de la evaluacion de la viabilidad celular y la expresion de
marcadores de diferenciacion, pudimos observar qué nuestra formulacion era compatible con
el cultivo, con la diferenciacion y con la formacion de una red de células neuroprogenitoras de
raton en neuronas inmaduras. El andlisis del calcio también validé la actividad de las células
en el sistema. Este biomaterial fue evaluado como biotinta para la biopimpresion por extrusion
de la misma linea celular, presentando buena definicion, alta viabilidad celular, expresion de
marcadores de diferenciacion y actividad functional. La combinacidon de nuestro biomaterial
con un dispositivo 3D de microfluidica, que consistia en tres canales paralelos separados por
pilares triangulares también fue posible, con cultivos viables hasta 21 dias. Complementamos
estos resultados con la evaluacion de la compatibilidad de nuestro hidrogel con el cultivo de
células humanas pluripotentes inducidas de células madre y observamos buena viabilidad

celular y el inicio de la diferenciacion en neuronas dopaminérgicas.

En paralelo al desarrollo de nuestro biomaterial, desarrollamos un dispositivo de microfluidica
capaz de ser utilizado para el cultivo de distintos subtipos neuronales. El disefio consistia en
tres canales paralelos conectados por microcanales oblicuos con dimensiones inferiores a 5 um
para aislar y dirigir los axones desde los canales laterales hacia el canal central. Este modelo
fue usado para recrear el circuito cortico-estriatal donde la diferenciacion de células corticales
y estriatales fue exitosa y la influencia del co-cultivo fue validada a través de anélisis de calcio.

El circuito dopaminérgico-estriatal también fue modelado usando nuestro dispositivo, con
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resultados que apuntaban a la influencia de las neuronas estriatales en la diferenciacion de las

neuronas dopaminérgicas.
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Chapter 1 — Introduction

This chapter includes an overview of the state of the art on engineering-based models for
neurobiology. The majority of this chapter is present in the paper: “Pereira 1., Lopez-Martinez
M. J., Samitier J., Advances in current in vitro models on neurodegenerative diseases.,

Frontiers in Bioengineering and Biotechnology (in preparation).

1. The brain

I.1. Components and their functions

The brain is a complex organ with the responsibility of controlling the whole body. Functions
such as perception, thought, movement and emotion impact the survival and well-being of
every person. The brain has a dynamic organization that changes in temporal and spatial scales,
resulting in refined molecular, cellular, and neuronal inputs'. The cerebral cortex is responsible
for language, problem-solving, reasoning and other high-level cognitive functions as well as
four of the five senses (touch, vision, taste, and hearing)®. The limbic system is in control of
emotional responses and motivation. It has two important structures: the amygdala, in charge
of processing fear and negative emotions, and the hippocampus, responsible for memory
formation. The cellular composition of this organ is heterogeneous’. Brainstem is the region
responsible for automatic functions such as breathing, of which thalamus is a part of and is

involved in sensory information processing®.

Neurons are the major cellular components of the brain, followed by glial cells, which include
astrocytes, oligodendrocytes, and microglia’. Neurons are responsible for processing, storing,
and transmitting information through chemical and electrical synapses, being in this way the
major players in the brain function. They are supported energetically by astrocytes through the
astrocyte-neuron lactate shuttle. Astrocytes also regulate the calcium concentration, essential
for neuronal activation®. They also play an important role in neurogenesis, synaptogenesis, and
extracellular homeostasis’. Oligodendrocytes are involved in the myelinization of neuronal
cells while supporting axon metabolism and promoting neuroplasticity®. The primary immune
cells of the central nervous system (CNS) are the microglia. They are crucial to the immune
response, development, and function of the neuronal system, which includes apoptosis,
neurogenesis, and myelinogenesis’. They are responsible for the CNS surveillance and

clearance of pathogens, damaged tissue, and synapses. Lastly, pericytes and endothelial cells
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are part of the neurovascular unit (NVU) that interact with neurons and astrocytes to form the
blood-brain barrier (BBB)!°. This barrier is highly selective for the entrance of cells,
macromolecules, and pathogens from blood to the CNS and when its integrity is disrupted by
genetic anomalies on the neurovascular unit cells or other extrinsic factors associated with

neurodegenerative diseases, this unit is damaged'!.
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Figure 1 Main components of the brain. Neurons, astrocytes, microglia, oligodendrocytes, pericytes, and
endothelial cells are represented as cellular components. The extracellular matrix is also represented. Created

with Biorender.com.

Extracellular matrix (ECM) is a key component of brain tissue. Its mechanical and chemical
cues influence the development and physiology of the brain, and it has a major role in
homeostasis and pathology'?. ECM allows for the structural support for the cells of the CNS,
permitting their anchoring and communication, regulating their activity. It takes around 20%
of the brain’s space and it consists of glycoproteins, lecticans, proteoglycans,
glycosaminoglycans (GAGs), and tenascin family proteins'®. Fibronectin and collagen type I,
which are abundant in ECM of other tissues, are almost absent in the brain. Because GAGs,
(e.g. hyaluronic acid (HA)) and proteoglycans are the major components of the ECM, this
matrix is characterized by a high degree of hydration and low elastic modulus (from 0.1 to 1

kPa)!*'. The mechanical properties of ECM directly influence the fate of cell differentiation
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and the organization of the brain regions. The grey matter region has a low elastic modulus
(around 1.4 kPa) and it is composed of neuronal cell bodies. The white matter region is
characterized by being the stiffer region, with an elastic modulus around 1.9 kPa, and

comprised mostly by glia and neurons’ axons'’.

2. Neurodegenerative diseases

Environmental or genetic factors can lead to damage in the cellular or matrix components of
the brain, leading to dysfunction and degeneration. Neurodegenerative diseases (ND) are a
broad group of conditions characterized by the irreversible decline of one or more structures in
the central or peripheral nervous system, leading to gradual disability and grave interference

with daily activities'®.

Neurodegeneration is mainly due to the accumulation of proteins such as B-amyloid (Ap)
peptide, tau, or alpha-synuclein which originates progressive loss of neuronal cells and the
synapses formed between them'®. Of the different neurological disorders, Alzheimer’s disease
(AD) is the most common form of ND. It is characterized by the extracellular accumulation of
AP in amyloid plaques as well as the formation of intracellular neurofibrillary tangles (NFT)
of the hyperphosphorylated microtubule-associated protein tau. Both AP plaques and NFTs
lead to neuronal toxicity and degeneration. The disease mostly affects neurons located in the
hippocampus and cerebral cortex, which are crucial for memory and cognitive functions. The
causes of the accumulation of AP and increasing inflammation observed in AD are still an open
issue but some of the hypotheses points to the active inflammatory state of astrocytes and

20,21

microglia as possible contributors™~". Besides AD, there are other important diseases

associated with progressive loss of neurons.

Parkinson’s disease (PD) is the second most common ND with several genomic predispositions
and risk factors identified as possible causes of the disease?’. Here, midbrain dopaminergic
neurons are selectively lost in the substantia nigra pars compacta®. These cells are connected
to the striatum and help regulate movement. When the dopamine they produce is reduced in
the striatum, the motor symptoms of PD, such as tremors, stiffness and difficulty in controlling
movement, arise. Huntington’s disease (HD) is caused by a mutation of the HTT gene. The
most affected area of the brain is the striatal cortical of the basal ganglia, where middle spiny
and cortical neurons are damaged?®. As the striatum is the brain region responsible for
movement control, the degeneration of these neurons leads to movement impairment coupled

with cognitive and psychiatric problems?>.
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Apart from neurons, other neural cell types are affected in NDs. In AD and PD, for example,
oligodendrocytes are compromised and rise to the demyelination of the neurons causing their
further degeneration. Changes in ECM composition caused by NDs also contribute to the
deregulation of the remyelination process’®2%. The disruption of myelination hampers the
conduction of electric impulses by neurons, which causes muscle weakness, numbness, loss of
muscle coordination and fatigue. Microglia is also affected in brain pathologies that can result
in chronic neuroinflammation. In AD, for example, the protein aggregates lead to the release
of proinflammatory molecules from microglia, which causes neuronal damage®. Besides
knowing the cellular consequences of brain-related diseases, it is also important to understand

their burden on society.

2.1.Impact of NDs on the society
One percent of worldwide deaths are attributed to neurodegenerative diseases and predictions
render higher numbers for each passing year*’. The number of people with dementia at present
is 55 million®'. From these patients, two-thirds are attributed to AD while PD, epilepsy, HD,
and motor neuron diseases like amyotrophic lateral disease are the other third*?. As
neurodegenerative diseases do not cause immediate death, patients’ care treatment tends to last
a long period, in which their quality of life decreases with a great economic and social burden.
The estimated worldwide cost for dementia is 1 trillion US dollars 323, Both incidence and
economic burden are expected to increase due to the aging of the population and the overall
increase in lifespan. The incidence rate is predicted to triple by 2050 and dementia costs double

by 2030°2. Better solutions to study and treat NDs are needed.

3. Research models

Even though the discovery of neurodegenerative diseases dates back 100 years, they remain
difficult to diagnose and treat**. The exact molecular mechanisms behind NDs are still mostly
unknown because of the difficulty of access to patient brain samples or availability of suitable
disease models®®. This difficulty is also reflected in the drug development for the treatment.
Drug discovery and validation are lengthy and costly processes, mainly due to the strict control
necessary to avoid side effects, reducing the number of efficient trials. A lot of new drugs fail
to translate into new therapies in clinical trials, despite their success in preclinical trials. The
main reason for this is that many preclinical models are not physiologically relevant, failing
frequently in the prediction of drug effectiveness in humans?®. This issue is particularly relevant

in neural conditions, as limited complex brain models are available. Better models of the brain
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in health and disease are therefore necessary to fill the gaps in our knowledge, thereby

improving drug development.

Table 1 Representation of the different pre-clinical models to study the brain. Figures were created with

Biorender.com.
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e Controlled and necessary

deposition of cells equipment
and material e Bigger size of
samples
e Difficult to
standardize

Organ-on-a-chip e High throughput e Time-consuming for

o ‘A-. screening reproducibility and
e e Low amount of standardization
reagents e Needs specialized
e Possible to be equipment
perfused

3.1. In vivo models
Animal models have been the gold standard in drug development as they allow the testing of
drug efficiency and selectivity in a complex organism. From the non-mammalian models,
Danio rerio (zebrafish), Caenorhabditis elegans (nematode), and Drosophila melanogaster
(fruit fly) are the most common®. These organisms are small and transparent, making them
suitable for the study of developmental mechanisms and molecular processes in adulthood.
Genetic modification is also relatively easy, and the embryos grow rapidly, which translates
into a high number of mutant individuals and experimental replicates. However, these models
cannot fully replicate all the biochemical mechanisms present in humans. Zebrafish share 75%
of genes with humans while rodents share 85%. With this common genetic background, mice
are the most used animal model*’. Even though their fecundity rate is lower than non-
mammalian models, their small body size, short lifespan, short gestation, complex immune
systems, and relatively easy genetic manipulation make these animals perfect candidates for in
vivo models in comparison to bigger mammals. Animal models are a crucial step before clinical
trials, as they are the most complex and predictable models. In brain research, these models
have been used to study processes such as brain ischemia, primary brain tumors, brain
metastasis and NDs***!. Nonetheless, they can fail to predict the clinical behavior of the drugs
due to the physiological differences between humans and the animals used*>. Moreover, disease
animal model may not portray all the hallmarks of the disease, representing a short-coming to
predict effectiveness in clinical settings. The use of animal models can be expensive, time-

consuming, and raise ethical questions. To reduce costs and the animal lives used during the
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drug development, ineffective or toxic drugs should be identified in the earlier stages of the
process, preferably before the in vivo studies*. Additionally, there is a European incentive to
replace the use of animal models for the validation of drug efficacy and safety. First, the EU
banned the use of animal models in cosmetic product testing in 2013 (EU Regulation
1223/2009), and recently, on the 16™ of September 2021, the EU Parliament decided to support
the total replacement of animal experimentation, using instead other effective testing
platforms*. Altogether, it highlights the need to develop robust and versatile disease models

for drug screening.

3.2.In vitro models
In vitro models are described as the culture of isolated cells, tissue, or organs in a controlled
reproducible environment. These models offer important insights into the mechanisms
underlying biological events, making them useful for tissue modelling, drug screening, and

toxicology studies.

3.2.1. Two-dimension (2D) in vitro models

2D models have been the used in science for more than 100 years and most breakthroughs in
science were only possible because of them®. In these in vitro models, the cell type of interest
is cultured usually in a culture flask or Petri dish and a monolayer is grown. Several biological
processes can be studied using 2D cultures, such as cell growth, differentiation, migration,
metabolism and drug effect. The substrate can be coated with several types of coatings to mimic
the ECM and influence cellular behavior. 2D cell models are reproducible and allow for the
easy analysis of well-established techniques on the cells and their visualization through

microscopy.

Even though these models are easily produced and inexpensive, they lack several clues in the
architecture of a tissue that modulates the cell-cell interaction as well as the relation between
the environment and the cells*****. The morphology of the cells in 2D culture is usually flatter
and smaller, more similar to fetal cells than adult cells. . Moreover, the viability, gene
expression and protein synthesis in 2D culture can be lower than in Three-dimensional
culture*®. It has become clear the importance of the development of more complex in vitro

models, such as three-dimensional (3D) models.

3.2.2. 3D models

3D models were introduced to better mimic the tissue environment and function. The presence

of a 3D frame in a cellular model is extremely valuable for cell-cell and cell-matrix
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interactions**2. In 3D models, cells show a behavior closely to in vivo processes. Their
morphology is different from flat cell cultures, and it resembles more closely the tissue
morphology, Additionally, other processes like differentiation, proliferation, or migration
mimic better the physiological conditions than on 2D cell cultures.’*>. Some examples of 3D
models are: spheroids and organoids, scaffold-based models and microcompartimentalized

devices.

3.2.2.1. Spheroids and organoids
In neuronal cell culture, it is common to use cell aggregates, tissue strands, or cell sheets that
grow and become complex structures during culture®®. Spheroids for neuronal models are
characterized by an agglomeration of a single type of neural cells, formed spontaneously or by
force when neuronal cells are prevented from adhering to the substrate material. This
agglomeration process resembles embryonic development where cells self-assemble to form
more complex tissues’’. One of the most interesting features of spheroids is that cells can
produce their own ECM as they are forced to interact with each other’®. Besides producing
ECM, spheroids recapitulate cell-cell interactions and features of natural tissue such as
mechanical stiffness and electrophysiology®’. These characteristics make spheroids good
candidates to model the brain, either for performing drug screening or modeling a disease when

59-61

compared to 2D cultures®'. Spheroids with specific neural cell types can be combined with

each other or with scaffolds to recreate a more complex structure for brain disease modelling®*
64

Organoids are similarly formed as spheroids but with a higher degree of complexity. As for
cell origin, spheroids are based on a single cell type while organoids are built using stem cells
or tissue progenitor cells. Stem cells within organoids can self-organize and differentiate within
the aggregate, creating a complex organ-like structure with different cell types. The spatial
organization of the cells in organoids resembles the tissue more closely than spheroids or 2D
models, better mimicking some of the organ’s functions. They are also more stable and survive
longer periods than spheroids®®. Compared with 2D cultures, metabolic function, gene and
protein expression and microscale tissue architecture is closer to the native tissue in
organoids®. Organoids are used in several types of studies, such as fetal development, disease
modelling, and/or drug screening®” !, Raja et al. generated brain organoids derived from early
onset familial AD patients. The results showed these organoids were able to replicate important
features of AD, such as AP aggregates, hyperphosphorylated tau proteins and abnormal
endosomes’?. Wulansari et al. developed midbrain-like organoids using hESC with DNAJC6
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mutation (identified in early-onset PD patients). The model was capable of replicating
midbrain-type dopamine neuron degeneration, aggregation of pathologic a-synuclein,

mitochondrial and lysosomal dysfunctions and increase of intrinsic neuronal firing frequency’>.

One of the disadvantages of these aggregates is that the “vasculature” networks formed are
insufficient. Consequently, the center of the organoid experience low oxygen and lack in
nutrients, limiting their culture time and growth’*”>. The same issue is present in spheroids.
This inability to culture organoids for long periods is also a problem for the development of
neurodegenerative disease models. As these diseases are characterized by late onset, the culture
time of these organoids might not be sufficient to grow mature neurons and glial cells to display
the characteristics of diseased cells’®. To overcome this difficulty, there is a need to find a way
to perfuse the cells with a culture medium. Currently, bioreactors with agitation have been used
to ensure oxygenation, allowing longer culture periods’’. To induce the vascularization of brain
organoids, Pham er al. used endothelial cells from patients on 34-day older organoids
embedded with Matrigel®. These organoids showed robust vascularization ether during the 3-

5 weeks of in vitro culture and 2 weeks after transplantation on mice’®.

Another disadvantage of organoids is the lack of control of the shape and size of the forming
structures, translating into high variability. Moreover, as these structures are more complex,
real-time optical monitoring becomes difficult. Live or time-lapsing imaging is challenging
and to assess the center of the aggregate, researchers might use other imaging techniques, such
as histological and immunohistochemical analysis®. The sectioning the organoid and staining
them to obtain images of the center will destroy the whole agglomerate, precluding further

analysis’.

3.2.2.2. Scaffold-based models

Scaffold-based culture is one of the most used methods to create 3D models. In this approach,
a biomaterial is used to create a structure where the cells will be cultured on top or within the
material. Biomaterials are defined as a formulation of biocompatible materials, pure or mixed,
that act as a supportive ECM that contribute to the proliferation, migration, and differentiation
of the cells®®. These scaffolds are usually customized in dimension, shape, biochemical and

physical properties to better mimic the desired tissue*.

Modelling NDs, such as AD, in 3D scaffolds bring an interesting advantage. Usually, in 2D
culture, the AP plaques and NFT are not present in the model since they are released by the

cells and removed when the medium is changed. In 3D, these hallmarks are not eliminated and
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can be observed during culture. Choi et al. also found that isoforms of 4RTau were expressed

in 3D cultures using Matrigel, a feature that was not seen in 2D cultures®!.

Scaffold-based models are limited by their size since larger structures can lead to a difficult
diffusion of nutrients and oxygen. Additionally, these cultures are more expensive and time-
consuming than 2D cultures®?. Other engineering-based models, such organ-on-a-chip models

might offer other advantages to neuronal cultures.

3.2.3. Organ-on-a-chip models

In parallel with biomaterial-based models, microfluidic devices arise as a promising way to
study neuronal cell interaction. In these devices, micropatterned platforms are combined with
2D cell culture to create models with a tunable framework and mechanical forces using a small
amount of resources®®. The small size of these models is an advantage that contributes to their
compatibility with high throughput screening with benefits of drug efficacy and safety

assessment®*

. Commonly, microfluidic devices used in neuronal culture present separated cell
chambers connected by microchannels to isolate axons from the cell body and study the
interaction of the axonal growth with different cell types and/or drugs®>-*®. Even though organ-
on-a-chip focuses on recreating a small section or function of the brain, there is a possibility of
interconnecting devices that simulate different organs, which allows for the evaluation of the

effect of a drug in several different tissues besides the target one.

Nonetheless, these models have some disadvantages besides not being able to mimic the whole
brain. One of those is the difficulty of accessing the cells for assays that require cell lysis such
as RNA extraction when compared with 2D. Another disadvantage is the variability between
replicates which can increase the time needed to ensure the reproducibility of the model**.
3.3.Type of cells used in in vitro models

Choosing the appropriate cell type is crucial for the accurate information that we can gather
from a model. The origin of these cells, human or animal, is also important and needs to be
taken into consideration relative to what the model is for. Animal cells are the most used source
of cells for their availability and extended knowledge of their phenotypes, but they do not fully
predict the complexity of human cells in healthy and in disease tissues. Instead of using animal
cells, human cell lines arise as a more reliable option, especially when ND models are being

planned®’.

30



Primary cells are one option to use for in vitro brain models. Although there are some primary
cell lines commercially available, this type of cell is usually harvested from human or animal
tissue and has proven to provide higher functional output, reflecting better what happens in
vivo®. However, these cells are difficult to purify and while growing at a slower rate, can lose
their phenotype in culture®. Immortalized cell lines are one of the most used types of cells in
scientific research. These cells are derived from tissue and undergo significant mutations to
avoid cell death and are able to proliferate indefinitely. Immortalized cell lines are widely used
for their ability to grow fast, allowing high passages while maintaining their robustness, and
for their low cost in acquisition and maintenance compared to other cell choices. Even though
this type of cells is very useful when a new model is being optimized, the results obtained from
these cells can be misleading and not a fair replica of what happens in vivo, especially in what

concerns transporters, tight junctions, and barrier function®.

Besides primary cultures or immortalized cell lines, stem cell culture is widely used in research.
Stem cells are characterized by their ability to self-renew while being able to differentiate into
all cell types. This cell type can be classified into three different stem cells according to its
source: embryonic stem cells, which are obtained from the inner cell mass of the blastocyst;
adult stem cells from adult organs or induced pluripotent stem cells from somatic cells.
Embryonic stem cells have a great potential for their ability to differentiate into all
differentiated cell types, but the use of these cells is often coupled with ethical problems®’.
Adult stem cells are multipotent, meaning that they can divide into different cell types, but all
are related to the same lineage. They are present in adult organs in few quantities and their
extraction is difficult or even not feasible®>. Within stem cell culture, human induced
pluripotent stem cells (iPSC) arise as a promising cell type in brain models since they represent
the closest to the human brain without the need to be harvested from the organ itself. These
cells are obtained from somatic cells, from healthy humans or patients, that go through a
reprogramming process when exposed to a specific cocktail of factors, Oct3/4, SOX2, c-Myc,
and K1f4%3. Besides their use as a therapeutic approach to neurodegenerative diseases, iPSCs
have been used for disease modeling and drug screening, allowing personalized medicine as

they contain the genetic information of the patient®*%>.

31



4. Focus on scaffold-based models

Tissue engineering and regenerative medicine are research fields highly interested in the
biomaterial-based culture for the development of more accurate in vitro brain models and new

therapies for NDs or injuries in the nervous system®>767,

3D brain tissue models are designed to allow a more complex interaction between cells and
their environment, mimicking the communication and electrophysiology network
characteristics of the brain tissue that are possible with 2D models*. By combining biology
and engineering, these models are built with materials capable of simulating the biochemical
and biophysical properties of the brain, allowing control over cell culture in processes such as
cell adhesion, morphology, migration, proliferation, and differentiation’®*’. One of the main
characteristics of a scaffold is durability. Scaffolds should be fabricated to allow the long-term
culture that certain cell types need while being slowly replaced by the ECM the cells

themselves secrete! %,

Several works compared neuronal cell culture in 2D versus 3D and reported better outcomes
in 3D culture. Zhang et al. compared a 2D and a 3D culture to study AD, using a PuraMatrix
hydrogel supplemented with laminin to culture human iPSC-derived neuroepithelial stem cells.
The results proved that the 3D model was more capable of mimicking the redistribution of P21-
activated kinases, seen in this pathology, originated by AP oligomers'’!. Adil et al
differentiated hPSC to striatal progenitors in a 2D Matrigel-coated surface for 90 days or in
PNIPAAmM-PED hydrogels for 26 days and then harvested and cultured in a laminin-coated
surface. The results showed a 7-fold increase of DARPP32" cells and a 13-fold increase of
CTIP2" cells for the 3D cultures at day 28 compared with 2D cultures at day 25. At day 60, the
cells differentiated in 2D cultures were not active while 69% of cells cultured 26 days in 3D
were spontaneously firing action potentials. The 2D culture was 73% active only on day 90'%%,
The cells differentiated in 3D culture were then transplanted into a HD mouse model which
slowed the progression of the disease and improved the motor coordination and survival of the

animals.

Several scaffolds possess fibers, pores, or channels to stimulate communication within the
model. Conventional methods for scaffold fabrication are phase separation'®, self-assembly!'®,
freeze-drying'®®, and solvent casting'®. Other techniques coming from microsystem
technology such as photolithography, soft lithography, or laser texturing involve another type

of expensive machinery, but they can pattern structures with detail for cell culture.
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Electrospinning!®’ or electrospraying are also techniques available to produce solid
scaffolds'®®. There is however a recent technique, called bioprinting, that has been gaining

popularity for its control over the architecture produced!®.

4.1.Important scaffold properties in 3D models
To build a suitable scaffold, the materials must comply with several requirements to act as
scaffolds such as biocompatibility, easy manipulation, fit for chemical or physical

modification; permeability to oxygen, nutrients, and electrical conductance; reproducible and

afordable'!”.

4.1.1. Biocompatibility
One of the most important features of a scaffold is its biocompatibility with the cell culture. It
is one of the first steps when characterizing biomaterial suitability to test if the cells remain

viable during culture, avoiding the overactivation of apoptotic pathways and rejection.

The scaffold should also elicit a response from the cells instead of being inert since the native
ECM interacts with the cells to stimulate tissue formation. Incorporating various modes of
interaction, such as adhesion sites, allows dynamic biological processes, such as cell migration

and communication, to take place’.
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Figure 2 Schematic of the important properties in scaffolds for 3D neural models. Biocompatibility, biomimetic

composition, stiffness, electric conductivity, porosity and degradability. Created with Biorender.com.

4.1.2. Biomimetic composition
In addition to the requirements mentioned above, it is relevant to choose biomimetic materials
in the composition of the scaffold, such as proteins or small molecules that are present in the
native brain ECM. By having a biomimetic composition, the cells can recreate the structure
and function of the tissue more accurately, allowing the generation of a more realistic model
capable of simulating brain function and the mechanisms of brain disorders''!. Laminin''?,
hyaluronic acid!'®, arginine-glycine-aspartic acid (RGD) peptides'!*, poly(lysine)'!’®, and

)116

poly(ornithine)"'® are examples of molecules that can be included in the scaffold composition

that favor the survival and differentiation of neuronal cells.

4.1.3. Stiffness

The stiffhess of the substrate influences the fate of the differentiation of neuronal cells. Since
the brain is the softest tissue of the body, the scaffold should have a low mechanical stiffness,

with values around 0.1-1 kPa!'”. The sensibility to the stiffness of the substrate was shown in
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vitro with neuronal stem cells (NSC) differentiating into neurons on softer gels (100-500 Pa),
with increased cell migration while in stiffer substrates, the cells differentiated glial cells (>1
kPa)!''®, Mesenchymal stem cells were also sensitive to the stiffness of the matrices,
differentiating into glial cells on stiffer substrates (10 kPa) or neuronal cells in softer ones

(1kPa)'®.

However, it is challenging for the scaffold to keep its shape and durability for long-term culture
when the values are so low. As a compromise, stiffness from 0.1 to 10 kPa is considered the

suitable range for a neuronal model'%’.

4.1.4. Electrical conductivity
Electroconductivity is essential for the communication and survival of neuronal cells. Neural
cells communicate through electrical signaling and the monitorization of electroconductivity is
a measure of the formation and maturation of neural networks. The electrophysiological
behavior of the cells can be measured by patch clamp recordings, optogenetics, calcium
imaging, or microelectrode arrays (MEA)'2!. In 3D culture, calcium imaging is used to monitor
the voltage-gated calcium channel (VGCC) functionality by detecting the changes in
intracellular calcium levels. The VGCC functionality can differ from 2D to 3D. Lai et al.
assessed this difference, comparing 2D cultures of primary neuronal cells from mice with
superior cervical ganglion to 3D cultures and freshly dissected superior cervical ganglion
tissue. The results showed that 3D cultures and freshly dissected ones had a similar calcium
increase while 2D cultures demonstrated an exaggerated increase, making 3D culture more
physiologically relevant'??. In other studies, electrically conductive polymers such as
polyaniline or carbon and nanotubes can be added to the scaffold to promote conductivity

and/or neural regeneration'>12,

4.1.5. Porosity

The porosity degree and pore size affect the mechanical properties of the scaffold, such as the
degradation rate, and biological processes like cell infiltration. The porosity should be
appropriate for the size of the adult stem cell (around 20 pm). Pores with a small size support
stem cell adhesion and the formation of the local niche but can reduce the velocity of
penetration of morphogenetic factors that influence cell culture and differentiation. Bigger
pores allow a faster nutrient and oxygen diffusion but can result in a lower mechanical

intergrity”®!'?’.
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The porosity of the biomaterial also relates to the swelling rate. The swelling rate is a
measurement of the increasing weight of the sample when in contact with water, indirectly
measuring the water intake’®. This measurement is of big importance to assess if the material
would allow a sufficient medium intake, necessary for the nutrition and differentiation of
neuronal cells. However, when the pores of the material are composed of thick walls, the
increase in swelling could lead to an increase in the thickness of these walls, which in
consequence would lead to a decreased size of the pores!?®. It is then important to ensure the
scaffold has a porosity appropriate for cell migration without compromising its mechanical

integrity!?’.

4.1.6. Degradability

As mentioned before, a scaffold should keep its integrity long enough for cells to reorganize
and start producing their own ECM to replace it'°. The degradation of biomaterials is usually
defined as the breakdown of the material into smaller when in contact with a biological
environment. During degradation, the scaffold loses its mechanical strength and is usually
accompanied by a decrease in the pH of the medium caused by the by-products of the
degradation which compromise cell viability'*’. This factor explains why the frequency of
culture medium replacement influences the degradation, with cultures with fluid flow

presenting lower rates of degradation'!

. The porosity, swelling rate, and chemical composition
also influence the degradation. Higher porosity decreases the rate of degradation but pores with

thicker walls have a higher rate due to the autocatalysis related to hydrolosis'!.

The influence of stiffnesses and degradability of hydrogels on neuronal progenitor cells (NPC)
stemness was accessed by Madl et al. They produced hydrogels composed of elastin-like
proteins with RGD bioactive domains with different stiffnesses and degradability. Surprisingly,
the maintenance of stemness was dependent on the degradability and not the stiffness of the
subtract'32. Later, Madl also reported that proteolytically degradable hydrogels culture with
NPC induced the differentiation to lineage-specific cells expressing neuronal and astrocytic
markers allowing the maturation to neurotransmitter-responsive neurons when the matrix
degradation occurred before differentiation in opposite with stiffer matrixes or degradation

occurring later on!®.
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4.2 .Biomaterials used in 3D brain models:

4.2.1. Hydrogels

Hydrogels are the most used biomaterial type used in neuronal scaffold culture!**. They are
described as polymeric networks created through chemical and physical crosslinking with high

water content and permeability!*

. Hydrogels are biocompatible and flexible in their physical
characteristics and composition which allows them to be used in several applications such as
cell culture, cell therapy, and drug delivery!*®!3”. They can be tuned to encompass biochemical
and biophysical cues to promote dynamic interaction between cells and their environment!®,
In neuronal culture, hydrogels have been developed to incorporate the mechanical,
architectural, and biochemical cues present in the brain, and different mechanisms are used to
create the appropriate soft scaffolds needed!**. Hydrogels can be classified as natural, synthetic,

or hybrid based on the origin of the material.

4.2.1.1. Natural polymers
Natural polymers are obtained from plants or animals and incorporate in their composition
molecules present in native ECM, as well as the products of its degradation. Usually, the most
used natural polymers are polysaccharides that when in an aqueous solution, can reversibly
transition from solid to gel through external stimuli such as chemical crosslinking or

140" collagen!*"1*?, hyaluronic acid'®!%3,

temperature, forming hydrogels®?. Gelatin'*, alginate
Matrigel®!, silk!** or cellulose'*’ are some examples of naturally sourced polymers. Since these
materials englobe ECM molecules, they are generally biocompatible, biodegradable, and

bioactive, with binding sites that allow the interaction between cells and their environment!#°,

However, these materials are difficult to purify and sterilize, processes which can even
denaturant the proteins present in this material'*’. In consequence, there is less control over
their physical and chemical properties as well as their degradation rates, when compared with
synthetic biomaterials, presenting differences from batch to batch. Nevertheless, a combination

of different materials can be helpful to achieve the desired scaffold!'*®.

4.2.1.1.1. Collagen
Collagen is one of the most commonly found proteins in the mammalian tissue ECM,
comprising an overall 25% of the protein content, with desirable properties like
biocompatibility, biodegradability, and cell adhesion'®’. Contrary to other tissues, the most

common variable form of collagen in the brain is collagen IV'4°.
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In vitro, collagen scaffolds triggered neurotrophic factors such as BDNF and GDNF when
implemented after brain trauma. Huang et al. also reported a functional recovery after the
implementation of the scaffold'*°. Cairns et al. developed a 3D brain model using a doughnut-
shaped silk protein sponge infused with collagen to mimic the white and grey areas of the brain
(Figure 3A). Within it, they cultured human-induced neural stem cells, differentiated by direct
reprogramming. They used a herpes simplex virus type 1 and could replicate several hallmarks
of Alzheimer’s disease, such as AP plaque formation, neuroinflammation and neuronal loss in
the model.'*! Fiihrmann et al. used collagen type-I for a nerve regeneration model where 2D
and 3D architecture were tested for the axon growth-promoting the effects of human neural
progenitor-derived astrocytes found in dorsal root ganglion axon regeneration. The results
showed greater axon regeneration on 3D culture when compared to laminin-coated subtract
that acted as a positive control. The 3D scaffolds where hNP-astrocytes were seeded with dorsal
root ganglion explants showed greater axon regeneration than those without astrocytes. The
porosity and topography of the scaffold also contributed to better communication with the

astrocytes and the Schawn cells/fibroblast that migrated from the explant!>2,
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Figure 3 Examples of scaffolds produced of natural polymers (collagen, gelatin, alginate, hyaluronic acid,
Matrigel and silk) for 3D neural culture. (A) Immunostaining of doughnut-shaped silk protein sponge infused with
collagen where seeded cells were infected with mock or herpes simplex virus type 1. The arrows point to the areas
where the neuronal loss is visible by the decrease in TUJ-1 (green) expression. Adapted from . (B) Scaffold
comprised of gelatin methacrylate functionalized with dopamine where the neural differentiation, assessed
through immunocytochemical stain, demonstrated the differentiation of neural cells by the expression of TUJ -1
(red) at day 12 of culture. Adapted with permission from '>3. (C) Immunofluorescence images of -11I tubulin (red)
expression at day 10 in neurons encapsulated in blended alginate/collagen hydrogel. Adapted with permission
from 3% (D) Immunofluorescence images of the expression of B-I1I tubulin (red) and doublecortin (DCX, green)
of NP cells cultured in 2D and HA-based hydrogels. DCX expression is apparently higher after the differentiation
protocol (DIFF) and in 3D culture. Adapted with permission from '>°. (E) Immunofluorescence image of amyloid-
P deposits (blue) in familial AD ReN cells (GFP stained in green) cultured in 3D Matrigel scaffolds. Arrow points
to extracellular amyloid- deposits. Adapted with permission from ¥'. (F) Fluorescent image of neurons (green)

cultured in silk scaffold infused with collagen (blue). Adapted from '*°.
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42.1.1.2. Gelatin

Gelatin is a hydrolysate of collagen with lower immunogenicity, which is biocompatible,
biodegradable, and with natural RGD sequences that aid cell attachment!>”!>8, In addition, it
has matrix metalloproteinase (MMP) sequences which allow cell mobility and remodelling'>°.
Gelatin is thermosensitive and can degrade relatively fast. To gain control over the polymer,
gelatin is usually crosslinked chemically (using glutaraldehyde, carbodiimide, dextran
dialdehyde, or formaldehyde for example) or physically with methacrylic groups that interact
with a photoinitiator activated by UV light!**"1% Gelatin is widely used in scaffold-based
models because of its variable mechanical properties, such as pore size and stiffness, that can
be adapted to encapsulate neuronal cells®®>!3’. Zhou et al. developed a scaffold for the
differentiation of injured nerves using gelatin methacryloyl in combination with dopamine
(GeIMA-DA) with mouse-derived NPC (Figure 3B). The results showed a porous and
interconnected scaffold, helpful for the growth of NPCs. The differentiation of the cells was
validated by the increase in TUJ1 and MAP2 expression while Nestin was downregulated.
When compared with single stem cell transplants, NPCs showed a significant improvement in

their differentiation'>3,

4.2.1.1.3. Alginate

Alginate is a polysaccharide found in seaweed, biocompatible and non-immunogenic.
However, alginate is bioinert and has low bioadhesivity, and can be difficult to purify!¢*.
Alginate is an interesting polymer to use for hydrogel production for its capacity to retain water.
The mechanical properties of alginate, such as stiffness or porosity, are tunable by changing its
concentration or conjugation with different ligands or materials. This can be beneficial to adapt

the hydrogel according to the properties of the extracellular matrix needed!®>!%.

Alginate is widely used in neural tissue engineering models'®""'®. Wen et al. used a
functionalized alginate hydrogel to encapsulate and differentiate NPCs to oligodendrocytes.
The system was able to replicate the difference between human and mouse NPCs on the

timeline of oligodendrocyte development®?

. Moxon et al. also used alginate in combination
with collagen to create a tuneable biomaterial for 3D neuronal culture (Figure 3C). The results
showed successful incorporation of the fibrils on the scaffold structure as well as adherent
human iPSC-derived neurons capable of creating complex neural networks. The gene
expression of the cells was also influenced by the mechanical tuning of the hydrogel

stiffeness'>*.
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4.2.1.1.4. Hyaluronic Acid

HA is one of the most present polysaccharides in the brain capable of regulating cell adhesion,
migration, and differentiation''>. It is non-immunogenic with good biocompatibility and
biodegradability. HA has a high molecular weight and high ability to absorb water, which
contributes to the maintenance of the mechanical integrity, viscoelasticity, homeostasis, and
lubrification of the tissues'®. By itself, hyaluronic acid has poor mechanical strength, but it

can be functionalized or mixed with other materials to be used as scaffolds'3*169-171

Hong et al. developed hyaluronic acid catechol biopolymers with both adhesive and cohesive
properties depending on pH that also proved to be stable and compatible with neural stem cell
culture. These properties make this biopolymer interesting for cell culture of these cells and
the incorporation of those within gels'’?>. Zhang et al. created a model to compare the
maturation and differentiation of human iPSC-derived neuron progenitors from both healthy
donors and Rett syndrome patients. In this case, the scaffolds were composed of methacrylate-
modified hyaluronic acid. This combination accelerated the maturation and differentiation of
the healthy cells while MeCP2-mutant cells were defective on migration, having a slower
differentiation rate with defective neurite outgrowth and synaptogenesis'’>. Seidlits et al.
studied the effect of laminin-derived adhesion peptides added to HA-based hydrogels on the
survival, proliferation and differentiation of neural stem and pluripotent cells (Figure 3D).
Results showed that cells increased their differentiaiton towards neurons and oligodendrocytes

over 3D cultures'>.

4.2.1.1.5. Matrigel

One of the natural materials most used in neuronal culture is Matrigel. Matrigel is a material
extracted from a mouse sarcoma and it is filled with extracellular matrix proteins such as
laminin, collagen, and growth factors. It also contains binding molecules (such as entactin) that

allow the formation of a gel with this material' 7.

Matrigel is used as a coating where human neural progenitor cells had a higher survival rate
when differentiating into neurons!’*. Cells cultured in a Matrigel substrate show complex
cellular behavior that was not easily observed in 2D cultures. Kim et al. utilized Matrigel as a
3D scaffold for the culture of human-derived neurons expressing familial AD mutations. This
model could reproduce not only the aggregation of amyloid-f but also the accumulation of
hyperphosphorylated tau characteristic of the disease (Figure 3E)3!. Miguel et al. also used

Matrigel in the form of capsules coated with alginate for modeling tauopathies. The results
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identified the switch in Tau splicing along the differentiation of iPSC-derived neurons as well
as proved the iPSC-induced neurons able to differentiate into cortical neurons within the

capsules'”.

Nevertheless, Matrigel presents drawbacks in batch-to-batch variability and low mechanical

strength that limit its application in scaffold-based models®.

4.2.1.1.6. Silk

Silk is an interesting polymer to use in scaffold-based models, especially for long-term cultures.
Silk protein scaffolds are biocompatible with robust mechanical properties and malleable
porosity. The structure and pores of silk scaffolds can be maintained for several months because
of the slow proteolytic degradation of the silk'’®. Tang-Schomer et al. cultured primary rat
cortical neurons with a silk-collagen scaffold that showed to produce a functional brain-like
cortical tissue. This composite material created a compartmentalized scaffold capable of spatial
separation between neuronal cell bodies and their projections, similar to the cerebral cortex

structure (Figure 3F)!°.

4.2.1.2. Synthetic polymers
Synthetic materials are more easily tunable when it comes to their physical and chemical
properties since their exact composition is known and can be adjusted. The mechanical
properties and degradation rate, for example, can be controlled by changing parameters such
as molecular weight or crosslinking level. This ability makes these materials much more
reproducible when compared to natural polymers’>. However, synthetic materials do not
possess biomolecules such as adhesion ligands limiting the interaction between cells and
scaffolds. An easy solution for this downside is to undergo biochemical modifications in the
materials to insert biomolecules such as growth factors or adhesion molecules to create a
scaffold more similar to the ECM. An important aspect to take into account is that synthetic
materials are to make sure the products of their degradation do not become toxic for the cells®2.
Some examples of synthetic polymers are polyethylene glycol!”’

methacrylate'’® or RADA-16'°1

, poly 2-hydroxyethyl

4.2.1.2.1.  Polyethylene glycol (PEG)

PEG is a polymer used in the fabrication of scaffold models and medical and pharmaceutical
products. It is non-toxic and adheres poorly to proteins and cells. PEG is water soluble and
usually mixed with poly(ethylene glycol) diacrylate (PEGDA) or methacrylate (PEGMA)'”.
Crowe et al. used polyethylene glycol diacrylate with Irgacure 2959 (PEG2959) and Dental LT
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Clear (DClear) as suitable biomaterials using a two-photon polymerization technique to create
a scaffold for neural culture. This scaffold was biocompatible with the network development
of these cells, facilitating observation using imaging techniques. The results showed a scaffold
that supported the growth, differentiation, and alignment of the cells while being capable of

optical access to the individual cells'®,

4.2.1.2.2.  Polycaprolactone
Polycaprolactone (PLC) is one of the most used synthetic polymers in tissue engineering. It is
a linear aliphatic thermoplastic polymer synthesized from caprolactone with biocompatibility

and mechanical properties suitable to be used as a scaffold for cell culture'®!

. However, for
neuronal culture, PLC alone has a low biocompatibility. The combination of PLC with other
materials can overcome this drawback!®2. Cerrone et al. used electrospinning to create
polyhydroxyphenylvalerate (PHPV) with PCL nanofibers to access their influence on neurite
outgrowth of human iPSC. The results showed that this conjugation of synthetic materials
increased the cells’ lifespan up to 2.3-fold and the neurite elongation by 3.8-fold. The migration

of the cells was also increased when compared to PCL alone!'®3.

4.2.1.2.3.  Self-assembling peptides

Self-assembling peptides (SAP) are biosynthetic materials with increasing interest in 3D cell
culture as scaffolds to recreate the internal organization of the ECM'#, RADA 16-like SAPs
are formed by natural amino acids capable of spontaneously self-assemble in physiologic
conditions into antiparallel B-sheets that mimic the architecture of the ECM. In neuronal
cultures, RADA 16-1 have shown to induce neurite outgrowth and synapse formation, and favor
the proliferation and differentiation of NSC'®°. Cunha et al. RADA 16-1 based self-assembly
peptides combined with RGD and laminin-derived motifs, BMHP1 and BMHP2, to create a
3D scaffold for the culture of neuro stem cells. The cells were found to be viable, and

proliferative and they differentiated on this scaffold'®®.

4.2.2. Combination of natural and synthetic polymers

187

Combining natural and synthetic materials is also a possibility °’. Natural polymers such as

gelatin can be methacrylated to become more tunable and form hydrogels with biological

properties suitable for cell culture'’

. Additionally, this process can also help the conjugation
of gelatin with other polymers, natural or synthetic. Hybrid scaffolds combine the best
properties of natural and synthetic polymers, being reproducible, easy manipulation of their

physical and chemical properties, and with high affinity to the cells.
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Cantley et al. showed the combination of different materials to create a 3D architecture. This
structure was able to support the long-time cultures required to differentiate neurons and glia
cells from human iPSC. The scaffold was a sponge of fibroin coated with polyornithine and
laminin to which collagen was added to support the cell culture. After 5 days of iPSC culture,
this model permitted the culture of healthy and patient-derived iPSC in a functional network
of interconnected neurons and astrocytes. Stem cells derived from Alzheimer’s and
Parkinson’s disease expressed the growth and gene similar to the native disease tissue, proving

188 Karvinen et al. created

that this scaffold was useful for neurodegenerative disease modelling
a scaffold adequate for neural cell culture composed of hyaluronan-polyvinyl alcohol and
alginate-polyvinyl alcohol. The results proved that this scaffold was tunable, with a similar

stiffness to brain tissue. This enhanced the neuronal growth of iPSC-derived neurons'®’.

4.2.3. Decellularized scaffolds

Another type of material to be used for scaffold in cell culture is decellularized ECM. It is
characterized by the intact native ECM of a tissue where cells have been removed as a way to
avoid immune and inflammatory responses from the antigens present!®’. These scaffolds
maintain the ECM proteins and growth factors, creating an ideal environment for 3D cell
culture'!. DeQuach et al. developed a process to decellularize the porcine brain using
detergents capable of keeping several isoforms of collagen, glycosaminoglycans, perlecan, and
laminin to be used in neural cell culture. This material was proven to be suitable as coating of
iPSC-derived neurons which expressed normal neuronal markers as well as morphology'®?.
Sood et al. studied the difference between using fetal and adult decellularized brains on the
differentiation and functional maturation of hiPSC. Fetal ECM brain showed the best results
for the maintenance of differentiated neurons in long-term culture and with better activity.
Astrocytes were also present during the second month of differentiation, proving to be less
toxic for the culture. The biochemical cues of both fetal and adult decellularized brains were
accessed, showing properties similar to native tissue!*>.

The decellularization process can most of the time damage the mechanical properties of the
ECM, which can be a disadvantage. To overcome this change, the decellularized matrix can be
crosslinked or combined with other polymers'®*,

From the several fabrication techniques such as electrospinning, freeze-drying, self-assembly,
solvent casting, and 3D printing, the latest has been gaining popularity due to the advantages

it brings when producing scaffolds for 3D in vitro models.
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4.3.3D bioprinting
3D printing arises as an innovative and useful tool to produce scaffolds. It can be described as
a process where thin layers are deposited in a substrate to be cured later, producing a 3D
structure. Bioprinting is a type of 3D printing where cells and materials are printed together.
One of the most interesting features of this approach is that it provides precise control of the

deposition site of materials and cells, allowing the control of the architecture model'*>.,

There are several parameters to consider when bioprinting. Some of the most influential ones
are the ink rheological properties, nozzle diameter, working temperature, and radiation!'?%17.
The shear stress applied to the cells while printing can decrease cell viability, especially if the
material is rigid. Shear-thinning bioinks are preferable since they confer more protection to the
cells but also allow a high-resolution printing'*®. The nozzle diameter is important since small
diameters allow a better resolution but might suffer clogging!®*2°!. Temperature and radiation
also have to be sufficient to allow the printing of a defined scaffold while being adequate to

not harm the cells during the process?*>2%,

Several techniques can be used in bioprinting?®*. Extrusion-based bioprinting is the most used
technique since it is the one which applies less pressure, making it safer for the cells and
avoiding the dispersion of them into the edge of the construct that can lead to a non-
homogeneous distribution of cells (Figure 4A)"!. Micro-extrusion-based deposition
techniques are used when the material is extruded in a controlled manner, usually by pneumatic
or mechanical extrusion systems, and deposited in a substrate as continuous fibbers'®>. The
microfluidic extrusion is a similar technique where the bioink and the crosslinking agent meet
in a microfluidic chamber before extrusion, polymerizing before the deposition which allows
an easy flow when passing through the nozzle and the print of more defined structures®.
These techniques are suitable for more viscous bioinks as well as cell densities when compared

to inkjet techniques, however, they can have lower cell viability and lower resolution®®.

45



Extrusion Fused Deposition Modelling - Inkjet

Pneumatic Piston Screw Thermal Piezoelectric

Valve l .
Heating,
I ~ Heater Piezoelectric
actuator

—_— p2
Laser-based bioprinting

Stereolithography

Energy
absorbing layer
l Bioink
Moving
L] \ Platform
) Donor layer
e Liquid bioink +
L photoinitiator

Figure 4 Bioprinting techniques. (A) Extrusion by pneumatic forces, piston, or a screw; (B) Fused deposition

modeling; (C) Inkjet can be thermal or piezoelectric and (D) Laser-based bioprinting which includes

stereolithography.

Fused-Deposition modeling is a technique included in the extrusion-based techniques that
deposits a melted thermoplastic layer-by-layer on a substrate to build the scaffold. It is the most
inexpensive technique but also the least accurate and with lower resolution (Figure 4B). Cell
survival using this technique is very low since the cells do not resist the high temperatures used
in the bioprinting process. Selective laser sintering is similar to fused deposition but with higher
resolution. This technique uses a low-wavelength laser to fuse the beads of the premade
material ?’. Inkjet bioprinting is a technique known to use forces such as thermal, acoustic,
piezoelectric, or electro to eject the drops of the bioink into the substrate?®® (Figure 4C). Its
main advantages are the lower cost when compared with other techniques, high printing speeds
and high spatial resolution. However, it is limited to the fact that can only print low viscosity
bioinks and low cell density as the clogging of the nozzle is common. It is a technique suited
for low thermal bioinks as well'®’. Laser-based bioprinting is another technique where a laser
beam is focused in an absorbing layer that propels the bioink toward the collector (Figure 4D).

It is a technique able to maintain a high resolution with a medium/high speed of printing,
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however, is expensive when compared to other bioprinting techniques. In addition, the laser as
well as the force in which the drop is placed on the collector can cause cell death?®.
Stereolithographic bioprinting is a type of laser-based bioprinting where a scanning laser beam
is used to solidify liquid photosensitive bioinks through photopolymerization. Compared with

laser bioprinting, stereolithography is faster, has a higher resolution, and has a lower cost'?’.

The gelation status of the biomaterial is important to create a defined scaffold, especially in
extrusion bioprinting (Figure 5). When the material is under-gelated, the ink leaves the nozzle
in drops creating undefined filaments, wider than the nozzle size, that fuse. The holes between
filaments are rounder and there is no clear separation of the layers, resulting in a poorly defined
structure. When the polymer is over-gelated, the filament is irregular and even though there are
still square holes between filaments, the structure is fractured. With proper gelation, the
filament runs fluidly and creates a connected and uniform scaffold, with the width of the
filaments the same or very similar to the nozzle size. The layers of the scaffold are also clear,

with square holes with defined edges®'’.

A B

Figure 5 Different types of typical gelation status: (4) under-, (B) proper-, and (C) over-gelation. Scale bar Imm.

Adapted with permission from *'°.

It is important to notice that bioprinting is a procedure that allows printing multiple cell types

100

as you can load different bioinks in independent print heads™. Culturing multiple cell types is

of big interest in brain models. Printing neurons together with glia cells (astrocytes and
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pericytes) would produce a more accurate model. Joung et al. were able to create a 3D
bioprinted platform that incorporates spinal neuronal progenitor cells and oligodendrocytes
progenitor cells capable of a later differentiation to spinal neurons and oligodendrocytes
(Figure 6A). Spinal neural progenitor cells and oligodendrocytes progenitor cell clusters were
bioprinted through extrusion-based multi-material 3D bioprinting, allowing precise control
over the position of these cell agglomerates and the use of different bioinks in different print
heads. These oligodendrocytes were capable of myelinating the axons and providing a model
for damaged central nervous system tissue 2!'. One big advantage of printing different cell
types is the possibility to print endothelial cells, thus promoting the growth of vascular
networks in the model. The vasculature is essential for the tissues to get nutrients, so creating
vasculature would not only be a better mimic of the in vivo situation but also would allow cell

culturing for long-time periods>®.
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used to replicate a spinal cord injury. Adapted with permission from *"\. (B) Microfluidic extrusion technique
used to quickly print iPSC-derived neuronal progenitors. Adapted with permission from *2. (C) Bioprinting of
iPSC cells in agglomerated to form embryonic bodies and latter differentiated in several neural cell types.

Adapted with permission from *'>.

Creating bioprinted scaffolds for neural cells is not an easy task as these cells prefer softer
scaffolds. Printing materials with low elastic modulus can affect the integrity of the scaffold,
not allowing the creation of a layered structure or obtaining high dimensions on 3D models'".
Collapsing of the structures is a recurrent problem found when using this type of materials,
increasing the difficulty of the construction of the scaffolds®!**!>. De la Vega et al. used

microfluidic extrusion to print hiPSC-derived neural progenitor cells in under 5 minutes while

maintaining the viability and differentiation capacity of the cells to generate spinal cord motor
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neurons (Figure 6B). This bioprinter can process the materials before printing, allowing the
programming of the cell-laden bioinks patterns. Cells were cultured for a month and exposed
to small molecules to evaluate their effect during the differentiation process?'?. Gu et al.
successfully bioprinted human iPSCs with a polysaccharide-based bioink using an extrusion
method. This system the proliferation and differentiation of the iPSCs into neuronal subtypes
and supporting microglia (Figure 6C). This bioprinted scaffold proved to be a useful model to

perform drug screening in addition to the disease models?'?.

Although biomaterial-based models are in constant development and bring several advantages

in 3D in vitro models, there are some limitations left to improve.

4.4. Limitation of scaffold-based culture
3D culture has certain limitations. Even though the deposition of the cells can be controlled,
especially with 3D bioprinting, after the fabrication of the samples, the direction where the
cells displace is uncontrollable®>. This unpredictability is coupled with the difficulty to monitor
the culture through microscopy since the cells are not all in the same focus depth, which can

cause difficulties for working with these cultures and interpreting their results*-'°.

The size of the culture is not as compatible with genetic and biochemical assays as 2D
cultures®'”. In processes such as neuronal differentiation, it is important to monitor if the
differentiation process is taking place according to the protocol by assessing the expression of
specific proteins and genes. In 3D cultures, there are diffusional limitations and
immunostaining processes, which might need an extra amount of antibodies or incubation time
to allow for the correct staining of the cells, making these protocols longer and more expensive
than in 2D cultures. Another step that might be necessary to aid the visualization of 3D cultures
is embedding the sample in paraffin and block sectioning followed by immunohistology
staining and visualization?!®. This not only adds more time to the protocol but also extra
expenses. On protocols for a genetic profile evaluation, such as PCR, there is a need to lyse the
cells to extract their DNA. In 2D samples, this process is also easier and quicker but in 3D, the

dissociation of the sample can be difficult*'’.

Cells secrete molecules throughout the culture to monitor the culture in health or response to
external stimuli (such as drugs). In 2D culture, these secreted molecules can be collected during
media exchanges and analyzed, without interrupting the culture. In 3D cultures, this collection
might not be possible since the secreted molecules can be entrapped in the biomaterials. To

access them, the sample needs to be dissociated, which requires different samples for different
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timepoints®!”.

The main reason is that these techniques were developed taking into
consideration 2D cultures. As cultures are shifting to other configurations, the evaluation

techniques also need to evolve to match.

3D culture also presents more variability for the increase in factors with can contribute to
different outcomes®. Reproducibility is harder to obtain than in 2D but must be ensured to
fully extract conclusions from the results. An improvement in the standardization of the
protocols also needs to be made. Since this type of culture is considered recent, several groups
develop their own protocol, adapted to specific type of cells. This can make the replication of

protocols and comparison of results difficult, pointing the need for more standardization®!.

Another limitation of the scaffold culture is the co-culture of different cell types, such as
neuronal cells and endothelial cells. Some efforts have been made using 3D bioprinting to
deposit different cell types and recreate some vasculature in the model??°. However, different
cell types have different cell culture media to keep the typical phenotype of each type**!. When
the cells are cultured in the same sample, the cell culture medium needs to the same. This might
entail a study to find a suitable medium that allows different cell types to survive but taking
into consideration the complex composition of cell media during neuronal differentiation, it is

improbable to find such conditions.

5. Focus on organ-on-a-chip models for the brain

Microfluidics can be defined as the study and manipulation of small quantities of fluid (10~ to
10718 L) through micro-sized channels. Microfluidic chips or devices are small platforms where
channels and compartments can be fabricated with dimensions below 100 um usually

222 When these devices are

constructed with the aid of photolithography and soft lithography
used as cell culture platforms to mimic organ microenvironment and function, it is called organ-
on-a-chip. The small size, tunable framework, low volume requirement of reagents and cells,
and control over fluid flow make these devices advantageous as in vitro models®>. These
devices are usually fabricated with transparent materials which make them compatible with
techniques such as optical or high-resolution video microscopy allowing easier monitoring of

the culture over time?2*2%>,

In neuronal cultures, microfluidic devices can have several applications. As cell sorting
devices, microfluidic chips can help with the separation and sorting of neurons that later go
through single-cell analysis. This contributes to the purification of the culture and identification

226

of the genetic mechanisms that happen in the differentiation of the cells*”. When using
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microfluidic devices for the cell sorting process, fewer resources are used and different steps
can be done simultaneously or in parallel, reducing the time of the overall process. Microfluidic
devices can also be used to facilitate and automatize the differentiation process of stem cells
into neural cells. Differentiation protocols follow complex steps of adding specific small
molecules at specific timepoints. Microfluidic devices can allow the manipulation of different

parameters simultaneously, such as the fluid flow to introduce the different cell media®?’.

One of the most explored applications of microfluidic models in neuronal cultures is the use of
the same to create brain-on-a-chip cultures to replicate the network formation that happens in
the tissue during brain development. Some of the important factors to simulate in the model
are the proliferation, migration, differentiation, and functional activity of the specific types of

neuronal cells.

In neuronal cultures, culturing different types of neural cells together can be challenging
because the cell media is specific to the cell type. However, microfluidic devices can assist in
this matter as cells can be cultured in interconnected chambers with a structure that allows the
introduction of different fluids, independently or minimizing the mixing effect, and allowing
each cell type receives its corresponding medium??®. This allows the study of their interaction

without risking the cell viability or changing the culture protocol.

5.1.Axonal guidance and/or separation
Microfluidic devices can be designed with structures as small as 1-2 um. This small dimension
is particularly helpful when culturing neural cells because it allows the separation of the cell
body from its extensions (axons or dendrites). This separation is used to study axon biology
and processes such the axonal growth, signal propagation, and cell-cell interaction??**°, This
type of study focused on the axonal response are very difficult to do in standard well-plates
where the cells grow and differentiate in a bundle of cell bodies and their projections. With
microfluidic devices, specific chambers are constructed and interconnected by microchannels
which depending on the length, only axons can access®®. In a physically and chemically
controlled environment such as this, it is possible to study the axonal response to biological

cues or even the influence of other cell populations.
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Figure 7 Microfluidic devices for axon separation and/or guidance. (4) a device with two cell chambers divided
with microchannels with a synaptic chamber in between for Huntington'’s disease and (B) Alzheimer’s disease.
Adapted with permission from 1332 (C) Multichambered device for the culture of different types of neurons
connected with microchannels. Adapted with permission from %. (D) Microfluidic-assisted axotomy device to

study the regenerative ability of motor neurons after lesion. Adapted with permission from >*.

These devices are also used to study NDs that can affect axonal behavior. Virlogeux et al. used
a three-compartment device connected by microchannels to recapitulate both the healthy and
HD cortico-striatal network (Figure 7A). They use the chambers and channels to create a
presynaptic, synaptic, and postsynaptic region. Results showed dysfunctions and
hypersynchrony on the HD devices®*!. Li et al. also used a three-compartment chip but this
time to study the neurotoxicity of AP peptides, very characteristic of AD (Figure 7B). The
authors integrated two microgrooves connected to the compartments to create a gradient of
chemotactic factors. These devices allowed the demonstration of a localized mechanism on the
neurotoxicity induced by AP peptides, useful for the development of Alzheimer’s disease
treatments?*?>. Kamudzandu et al. developed a microfluidic device to mimic the complex brain
circuitry with 5 chambers connected by microchannels where different sub-types of neurons
were cultured (Figure 7C). The chip proved to recapitulate the formation of an active neural

network with normal cell morphology®.

The design of the model can also help recreate the disease or injury. Sala-Jarque et al.
developed a microfluidic device composed of two chambers separated by microchannels to

mimic the neuromuscular junction on peripheral nerve injuries (Figure 7D). Motor neurons
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were cultured on one side while muscle cells were on the other. A perpendicular channel
between chambers and passing through all microchannels was used to vacuum-induce axotomy
through air bubbles. The regenerative abilities of the neurons were accessed after optogenetic
stimulation both on neurons and muscle cells. Results showed an increased axon regeneration
after increasing neuronal activity as well as a release of paracrine factors by the muscle cells

after stimulation, also triggering the regrowth of axons on the lesion area®*>,

Several brain-on-a-chip models use straight microchannels connecting the cell compartments.
This architecture doesn’t have control over the directionality of the axons and when two or
more neural populations are seeded, the connectivity is bidirectional. These models are still
useful for disease modeling and drug screening. However, in some brain regions, the

connectivity of the cells is unidirectional, creating complex networks.

5.2.Axon’s directionality

The versatility of the design of the device allows the incorporation of different techniques to
achieve the unidirectional connection between cell populations. One of the techniques used is
based on the cell-seeding protocol. By seeding cells with different densities, the densest
population tends to occupy the microchannels first, creating a unidirectional connectivity**.
Another option is to seed the cells on different days, allowing the first population to reach the

microchannels first and then seeding the other population®*.

Another commonly used technique to control the directionality of the connection is by using
asymmetric geometries in the design of the device. By using microchannels with different
width dimensions, one end smaller than the other, the direction of the connection is favored,
from the wider to the narrow side. Peyrin et. al used a similar design and observed that the
axonal growth was happening mostly unidirectionally (97% vs 3%)**. Besides the
asymmetrical microchannels, other structures can be added to the small channels to facilitate
unidirectionality. Gladkov et al. evaluated neurite growth in channels with different shapes

2% <6

(“spines”, “triangles” and “zig-zag”)*’

. Results showed that most axons grew in the promoted
direction with a unidirectional spiking pattern on synaptic activity. The shape of the cell
reservoir can also be designed to direct axonal growth. Forr6 ef al. studied different geometries
and reported that a stomach-shaped reservoir (one round and one sharp side) had 92% fidelity

in directing axons®.
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5.3.Static versus dynamic models
In microscales, the properties of fluids change when compared to the macroscale. In
microfluidic devices, the flow is laminar, and the surface tension has an influence. This makes
the inclusion of flow in cell culture models possible and beneficial, according to the organ
and/or function, it is being modulated®??. With this possibility, the organ-on-chips have two
different classifications, they can be static, when the cells and cell media are seeded and
changed manually, or dynamic, where pumps are connected to the devices and the cell media
can circulate automatically. Dynamic models can be used to make the culture more autonomous
but also to expose the cells to shear stress that cells would be in contact with (endothelial cells
in blood vessels for example), mimicking better the natural environment of the cells. It has
been shown that in cell culture models, the use of dynamic cultures enhanced the expression
of genes involved in cell growth, proliferation, and differentiation when compared to static

cultures®’.

Microfluidic devices with their architecture and perfusion can also help deliver specific
molecules or drugs to study their effect in specific timepoints or a gradient manner. Gradients
of chemical and mechanical cues are fundamental for cell polarization and axon direction
growth. The disruption of the control over the cell processes can lead to unwanted connectivity

240 Microfluidic devices

and defective functionality, characteristic of neurological disorders
can be used to generate gradients of attractant molecules to assess axon responsiveness or even
guide the axonal cone growth?*!?*2, Ramamurthy et al. used an ultra-slow microfluidic device
capable of generating continuous and overlapping chemical gradients to differentiate mouse
embryonic stem cells into neuron-and Schwann cell-like cells with myelination events

occurring’®

. Demers et al. developed a microfluidic platform with a gradient of chemical cues
to recreate neural tube development. The study was able to mimic the neural tube patterning
similar to what is observed in vivo with the opposing and/or orthogonal gradients recreated by
the microfluidic device ?*. Uzel et al. designed two microfluidic devices capable of generating
orthogonal gradients to study the ability of two different molecules the induction of cellular

response with mouse embryonic stem cells**.

One of the most explored applications of dynamic models in neurobiology is blood-brain
barrier models. The BBB, as mentioned before, is a crucial part of the brain vasculature defined
by a tight unit that is built by not only endothelial cells but also neuronal cells such as astrocytes
and pericytes?*. Several models of BBB-on-a-chip take advantage of the architecture of the

device to culture multi-cell types present in the neurovascular unit as well as include fluid flow
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in the lateral channels??®247-25! Sances et al. developed a spinal cord-chip system with iPSC-
derived spinal neural progenitor cells cultured with brain microvascular endothelial cells
(Figure 8A)?*2. This co-culture model had increased neuronal activity in vascular-neural
interaction genes, showing a developmental gene expression closer to what happens in vivo.
Vatine et al. used a BBB-on-a-chip with co-culture of neural and endothelial cells, and
perfusion which enhanced the performance of the barrier, exhibiting physiologically relevant
TEER values (Figure 8B) ?>*. The model was able to replicate the inflammatory response and
transport of biomarkers. When using cells from patients, the model could detect functional

differences when compared to healthy donors.
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Figure 8 Blood-brain barrier-on-a-chip models. (A) and (B) combination of iPSC- derived neurons culture with

endothelial cells in sandwich formation for BBB mimicking. Adapted with permission from *>233,

There are a superior number of publications on static devices than on dynamic ones. This is
mainly due to the difficulty in introducing fluid flow in neuronal culture and the physiology of
the brain tissue itself. Cells in the brain are extremely sensitive, especially primary cultures or
induced stem cells. A small movement in the seeding or maintenance of the culture can lead to
a dragging and subsequent loss of the cells in the culture. In some cases, high shear stress can

be used to model traumatic brain injury®>*,

5.4.3D microfluidic devices
Another common architecture of brain-on-a-chip is the parallel formation, where channels are
aligned laterally to each other and separated by small pillars?47->*¥2%5_ This architecture is not
only important for cell compartmentalization but also to include materials in the model, making
it three-dimensional®*?°2>8 Adding a biomaterial in the environment where neurons are
cultured is valuable not only to better recreate the native tissue, but it is also helpful in the
question of the high sensitivity of the cells to fluid flow. By adding the neural culture mixed in
the middle channels, the lateral channels can be used to pass the cell culture media. The lateral

channels can also be cultured with endothelial cells which are exposed to shear stress in vivo,
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elevating the model to incorporate the BBB too. Osaki et al. used a 3D platform to study the
interaction between microvascular and neuronal networks (Figure 9A). The design had
triangular-shaped pillars separating the channels where endothelial cells were cultured from
motor neuron spheroids. The co-culture showed improvement in neurite elongation and

neuronal connectivity as well as an effect in the formation of the vascular network under

perfusion?*’
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Figure 9 3D microfluidic models. (A) Multi-channel microfluidic device with channels separated by triangular-
shaped pillars for the co-culture of human iPSC-derived endothelial cells and motor neuron spheroids. Adapted
with permission from *°. (B) 3D BBB model with human endothelial cells embedded in Matrigel. Adapted with
permission from . (C) 3D Alzheimer model using a microfluidic platform for the tri-culture of neurons,
astrocytes and microglia. Adapted with permission from *°. (D) Microfluidic platform for the study of
amyotrophic lateral sclerosis (ALS) using i3D skeletal muscle bundles and iPSC-derived motor neurons

spheroids. Adapted with permission from **°

Chung et al. used 3 channels where brain endothelial cells were cultured on the middle one for
blood-brain barrier modeling (Figure 9B). The receptor-mediated transcytosis, as well as brain
endothelial-specific penetrating abilities of different peptides, were evaluated and the models
were proven to use for drug development®!. Adriani et al. built a 3D neurovascular
microfluidic model with 4 channels separated by pillars to mimic the neurovascular unit**®,
The channels were filled with medium, primary rat astrocytes embedded in the hydrogel,
primary rat neurons embedded in the hydrogel, and human endothelial cells plus medium. The
cells presented type-specific morphology and functional properties similar to other existing

models. Lee ef al. developed a microfluidic device of 3 channels separated with pillars where

hiPSC-derived endothelial cells, primary brain pericytes, and astrocytes were cultured with a
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fibrin hydrogel to quantify nanoparticle permeability. Surface-functionalized particles showed
a higher permeability than non-functionalized ones. This model enabled rapid analysis of the
permeability compared to Transwells models and with a more physiological relevance®¢!. Park
et al. incorporated three different cell types in a 3D architecture for Alzheimer’s disease
modeling (Figure 9C)**°. Neurons, astrocytes, and microglia cells derived from iPSC were
chosen to recapitulate representative features of Alzheimer’s disease such as beta-amyloid

aggregation, neuroinflammatory activity, and phosphorylated tau accumulation.

3D culture in a microfluidic device can be achieved with the combination of biomaterials and

spheroids/organoids??

. Neural cells in organoids present a higher resistance to shear stress and
fluid flow can be easily incorporated at the embryonic body stage of differentiation, which
would also be advantageous to the perfusion problem organoid culture faces?®?%, The
combination of microfluidic devices in organoid culture is a possible solution to allow the
continuous exchange of cell culture medium without the need for big reactors. The generation
of organoids inside a microfluidic device also decreases the heterogenicity of organoids’ size.
Osaki et al. used a compartmentalized model to study amyotrophic lateral sclerosis by culturing
iPSC-derived motor neurons from patients in the form of spheroids together with skeletal
muscle bundles (Figure 9D). The results showed the neuromuscular junctions between the
axons and the muscle fibers. It also demonstrated fewer muscle contractions, motor neuron
degradation, and increased apoptosis of the muscle on the ALS-motor unit, compared to non-
ALS device?®®. Wang et al. used a microfluidic platform for brain organoid culture to evaluate
the effects of nicotine exposure on prenatal brain development. The device was composed of 5
channels, two here the iPSC-derived organoids were encapsulated on Matrigel and the other 3

channels for fluid flow?*®. The dimensionality of the organoids and fluid flow increased the

cell viability and marker expression in comparison with the 2D culture.

5.5. Limitations of microfluidic devices
Even though brain-on-a-chip models have been explored as useful models for 2D and 3D
neuronal network studies, including long-term and organoid culture, there are still some
limitations to this type of culture. The complexity of the fabrication and handling of the devices
in the initial stages of design and culture is important to stress. It is necessary to ensure the
homogeneity of every manual replica, with special care for the small structures represented.
During culture and/or perfusion, issues with bubbles, clogging of the channels, and debris can

happen which influence the shear stress and culture conditions®?*. It is critical to have precise
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evaluations and frequent quality checks to control the microenvironment and ensure

reproducible results?**.

Imaging during and after cell culture is an aspect that needs to be considered even before the
design of the device. For example, 2D devices with microchannels are more suitable to monitor
the axon’s growth than 3D devices. The type of material used for the fabrication of the replicas
is also important for imaging. Polydimethylsiloxane (PDMS) is often used for its
biocompatibility properties and transparency, but it is known to absorb small molecules, which
can influence, for example, the staining of the culture, changing the optical properties of the
model?%. Electrophysiological recordings of neural cell activity can also be challenging,
depending on the design. Patch-clump measurements, for example, need the culture to be
accessible from the top, which most devices are not. Incorporating electrodes, such as MEAs,
as done by Habibey et al >%, is very useful to monitor if the network is functional and acting
according to healthy or diseased circumstances. However, including MEA in 3D cultures is

still challenging®®’.

6. Conclusions and Future Perspectives

The increase in the longevity of the population is accompanied with an increase of ND
incidence. Traditional 2D in vitro and animal models are insufficient to give answers to
questions about the origin of these diseases and how to better treat them. Engineering-based
models arise as promising solutions for the development of more complex and reliable brain
models. The inclusion of architecture clues and different cell types are some examples of the
current goals in ND modelling. From the several types of 3D models, scaffold-based models
and microfluidic devices are two of the most promising options. Scaffold-based models use
materials such as hydrogels to culture neural cells in a 3D environment where the cells receive
stimulus from all sides and can communicate between each other in a more complex network.
Furthermore, 3D cultures can be constructed with techniques such as 3D bioprinting which
control the deposition of the cells and the material into specific patterns or architectures.
Microfabrication techniques are very useful in neural modelling since they allow the
fabrication of small structure capable of separate and direct axon’s growth. It also allows the
co-culture of multiple cell types present in the native tissue and recreate the important circuits

in health and disease scenarios.

There are still several aspects where these models can be improved in the future. 3D models

need to be fitting for long-term protocols, especially since the culture and differentiation of
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hiPSC can take several weeks. The compatibility of these models with imaging techniques is
also a point to upgrade since most of the existent equipment was designed and optimized for
2D cultures. The perfect in vitro model for ND still needs to be found but we can combine the
strengths of the new engineering-based models to overcome their weaknesses. One example is
the inclusion of biomaterials in microfluidic devices, where we can culture cells in a 3D
environment while including perfusion to facilitate the nutrient and oxygen diffusion through
the system. Efforts such as this combination show we are going in the right direction to build

more accurate neural models to better understand and treat NDs.
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Chapter 2 — Aims of the thesis

The main objective of this thesis is to develop 3D models suitable for the culture and

differentiation of neuronal cells to be used for the study of NDs. Then, we focus on the

exploration of different engineered-based in vitro models to create functional neuronal models.

Accordingly, the work is divided into two parts: the first is focused on developing a biomaterial

with physical characteristics similar to the native brain ECM while being compatible with the

culture, differentiation, and activity of neural cells. In addition, the biomaterial has to be used

in 3D bioprinting and in 3D microfluidic devices. The second part explains the development

of a microfluidic device capable to recreate the cortico-striatal and dopaminergic striatal

connection. To achieve these goals, several key objectives were defined:

I.

Development of a composite biomaterial with physical characteristics similar to the
native brain ECM and compatible with neural culture.

Evaluation of the viability, differentiation, and function of the neural cells embedded
in the biomaterial in long-term culture.

Application of the developed biomaterial as a bioink for extrusion bioprinting and the
assessment of the viability, differentiation, and function of the culture after printing.
Evaluation of the use of the developed biomaterial in a 3D microfluidic device for
neural culture.

Design and fabrication of a microfluidic device suitable for the culture of different
types of neurons to recreate the cortico-striatal and dopaminergic-striatal circuits for

HD’s and PD’s studies.
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Chapter Three — Methodology

1. Formulation of the Polymer Precursors

Gelatin (G1890, Sigma-Aldrich, USA) was altered to achieve a theoretically methacrylation
degree of 40% as previously described by Visser et al.?®®. Shortly, gelatin was dissolved at a
concentration of 10% (w/v) in 10mM PBS (Phosphate buffered saline, P4417, Sigma-Aldrich,
USA) and 1.25% (v/v) methacrylic anhydride (276685, Sigma-Aldrich, USA) was added
dropwise under constant stirring. After one hour, 10 mM PBS was added to stop the reaction
by diluting to 5x the solution. The solution was then dialyzed against Milli-Q water in 3.5kDa
SnakeSkin membranes (ThermoFisher Scientific, USA) for three days at 40 °C. The final
solution of gelatin methacryloyl was lyophilized and stored at — 20 °C. The methacrylation of
sodium alginate was performed as described previously Kloxin et al.*®®. Briefly, sodium
alginate (1% w/v) (W201502, Sigma-Aldrich, USA) was dissolved in 50 mM MES buffer at
pH 6.5. Then, 20 mM EDC (N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride)
(39391, Sigma-Aldrich, USA) and 10mM N-hydroxysuccinimide (51655, Sigma-Aldrich,
USA) were added to the solution. After ten minutes, 10 mM 2-Aminoethyl methacrylate
hydrochloride (516155, Sigma-Aldrich, USA) was added. Succeeding an incubation of 24 h at
40 °C, acetone (131007, Panreac, Spain) was used to stop the reaction, and the solution was
filtered with a vacuum flask. Milli-Q water was used to dissolve the precipitate which was then
filtered. The final solution of methacrylated alginate (AIgMA) was dialyzed, lyophilized, and

stored as described for gelatin methacrylation.

2. Composite Hydrogel preparation

Different formulations were produced to obtain a composition that better resemble the ECM
(Table 2). GelMA was used in a range 3-5%; AlgMA in 0-1% and HA (600-01-02, 15-30 kDa,
Contripo, Czech Republic) in 0-5%. A formulation with the same percentages of GelMA and
AlgMA but without HA was used throughout all the work as control. The polymers were
diluted in 10 mM PBS, for physical characterization, or in cell proliferation media for

biological assays, overnight at 40 °C.
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Table 2 Different polymer concentration tested in the optimization process.

GelMA AlgMA HA
3% - 2.5%
3% - 5%
3% 0.5% 2.5%
3% 0.5% 5%
5% 1% -
5% 1% 1.5%
5% 1% 1.5%

Then, 0.05% of the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
(L0290, TCI EUROPE N.V., Belgium) was added to the hydrogel. The hydrogels were then
crosslinked for 5 s using a 3D bioprinter (3DDiscovery BioSafety, RegenHU; Switzerland, 365
nm, 3 W ¢cm?) with the UV light source.

3. Physical characterization

3.1.Swelling analysis
300 pl of the polymers solution was placed in a 48-well plate and exposed to UV light. The
samples were then removed from the plate, weighed, and placed in a 24-well plate with 10 mM
PBS. The weight was then measured at 15-min intervals for the first hour and then at 2, 4, 6, 8,

24, and 48 h. The wet weight increase ratio (AW) was calculated using the following equation.

Aw = 2M 100 (1)
Wi

Here, Ws represents the weight after swelling, and Wi is the initial weight of the sample. The

mass increase was normalized to the initial weight of the sample.

3.2.Degradation assay
For this analysis, the fabricated samples were placed in a 12-well plate with 10mM PBS for 24
h after removal from the 48-well plate. Collagenase type 11 (17101015, ThermoFisher, USA)
was added (1.5 U mL™"), and the samples were incubated at 37 °C under shaking conditions.
The samples were weighed for 15 min in the first hour, and then at 2, 3, and 4 h. The percentage

of the remaining sample (% Wr) was calculated using the following equation.
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wt
AWr = Wi 100 (2)
Here, Wt represents the weight of the samples after incubation, and Wi is the initial weight.

3.3.Measurement of compression modulus
For the uniaxial compression test of the hydrogels, samples were prepared as before and
transferred to a 12-well plate with 10 mM PBS. After 24 h in PBS, the samples were cut using
a 10 mm diameter biopsy punch, and the diameter and height were measured with a vernier
caliper (PR0192, Amidata, S.A, Spain). The samples were then tested with a Zwick Z0.5 TN
instrument (Zwick-Roell, Germany) using a 5 N load cell at room temperature (RT) until 30%
deformation was reached (0.1 mN of preload force and strain rate of 20% min™!). The

compressive modulus was determined by extracting the slope of the linear region in the interval

of 10-20% deformation.

3.4.Scanning electron microscopy (SEM)
Samples were prepared as before and after 24 h in PBS, they were fixed with glutaraldehyde
(2.5% diluted in 0.1 M PBS, pH 7.4, G6257, Sigma-Aldrich, USA) for 2 h. The samples were
then dehydrated by immersion in graded ethanol solutions in Milli-Q water: 50% (once for 10
min); 70% (twice for 10 min); 90% (thrice for 10 min); 96% (thrice for 10 min) and 100%
(trice for 10 min). The samples were then placed at the critical point dryer (Leica EM CPD300,
Austria) and imaged using ultrahigh resolution scanning electron microscopy (Nova NanoSEM

230, FEI Company, Netherlands).

4. Cell cultures

4.1.Mouse neuroprogenitor C17.2 cells culture and differentiation

Mouse NPCs C17.2%7° (kindly provided by Dr Evan Y. Snyder, Department of Neurology and
Pediatrics, Harvard Medical School and Division of Neuroscience, Children’s Hospital,
Boston, MA) were expanded in proliferation medium [Dulbecco Modified Eagle Medium
(DMEM) high glucose, L-glutamine (41965039, Gibco, ThermoFisher, USA) supplemented
with 10% fetal bovine serum (10270106, ThermoFisher, USA), 5% horse serum (26050088,
Gibco, ThermoFisher, USA), 1% antifungal-antimitotic solution (Gibco, ThermoFisher, USA)
and 1% GlutaMAX (35050-061, Gibco, ThermoFisher, USA)].

For differentiation, medium was changed on day 1 to DMEM:F12 (11320074, Gibco,
ThermoFisher, USA) supplemented with 1% N-2 supplement (17502048, Life Technologies,
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ThermoFisher, USA), 1% antifungal-antimitotic solution (15240062, Gibco, ThermoFisher,
USA), 10ng mL-1 NGF (13290010, Life Technologies, ThermoFisher, USA) and 10ng mL-1
BDNF (450-02, Peprotech Inc., USA) (Figure 10).

C17.2 cells differentiation

NPC Seeding on the Start of
Expansion systems Differentiation
Neuroprogenitor ~a Mature
Cells Y Neurons
l Day 0 l Day 8 l
Day -2 T Day 1 T Day 15
Neuroprogenitor Early
Cells Neurons

Figure 10 Schematic of C17.2 cells differentiation. Created with Biorender.com.

4.2.2D C17.2 cell culture in coverslips
For 2D culture of C17.2 cells, 12 mm coverslips placed in a 24-well plate were coated with
poly-D-lysin (100 pg/ml, diluted in Milli-Q water, P6407, Sigma-Aldrich, USA) and incubated
for 1 h at RT, followed by three washed with Milli-Q water. Matrigel (83.3 ug/ml, diluted in
cell proliferation medium, 356237, Corning, Life Sciences, USA) was added for as a second
layer of coating and left incubating for 1 h at 37 °C. C17.2 cells were then detached from the
cell culture flask, counted and 80 pl drops containing 5000 cells each were placed on the
coverslip and incubated for 30 min at 37 °C. Proliferation medium was then added to the wells.
On the following day, the medium was replaced by differentiation medium and medium

changes were performed every 2-3 days.

4.3.Dopaminergic neuron differentiation

The differentiation of dopaminergic neurons was performed in collaboration with Guochang

Lyu from Ernest Arenas group, at Karolinska Institute.

iPSC cells were seeded in 6-well plates at day 1 at a density of 200,000 cells/cm? and
differentiated until day 21-28 (Figure 11), following the protocol described by Nishimura et
al.?’!. Briefly, wells were coated with Geltrex (A1413201, Life Technologies, ThermoFisher,
USA) and Laminin 511 (LN511, Biolamina, USA). From day 0 to day 3, cells were cultivated
in Neurobasal A Medium (10888-022, Gibco, ThermoFisher, USA) supplemented with N2
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(17502-048, Gibco, ThermoFisher, USA); B27 (17504-044, Gibco, ThermoFisher, USA); 2
mM L-glutamine (G8540, Sigma-Aldrich, USA), 250 nM LDN193189 (72102, Stemgent,
USA), 10 uM SB431542 (S4317, Sigma-Aldrich, USA), 2 uM Purmorphamine (4551, Tocris
Bioscience, UK) and 0.7 uM CHIR99021(4423, Tocris Bioscience, UK). For the first 24 h, the
media also contained 10 uM Y27632 (1254, Tocris Bioscience, UK). CHIR9901 (7.5 uM,
4423, Tocris Bioscience, UK) was administered from day 4-7. LDN, SB and Purmorphamine
were withdrawn after day 7. From day 10 to day 28, cells were cultured on differentiation
media: Neurobasal/B27/L-Glu media supplemented with 20 ng/mL hBDNF, 20 ng/ml hGDNF
(212-GD-050/CF, R&D Systems, USA), 1 ng/ml hTGFb3 (243-B3-010, R&D Systems, USA),
0.2 mM ascorbic acid (A4544-100G, Sigma-Aldrich, USA), 0.2 mM dibutyryl cAMP sodium
salt (D0627-100MG, Sigma-Aldrich, USA), and 3 uM CHIR99021. On days 11, cells were
dissociated into single cells, re-plated at a density of 590,000 cells/cm? onto plates coated with
poly-L-ornithine (P3655, Sigma-Aldrich, USA) and Laminin 511 or included in the biomaterial
at a density of 5M cells/ml and treated with 10 uM Y27632 for one day. The mDA
differentiation media was supplemented with 10 mM DAPT (2634, Tocris Biosciences, UK)
from day 12-28. The small molecule GW3965 (10 uM, G6295, Sigma-Aldrich, USA) was
administered from day 12 to day 15, followed by a cocktail of small molecules consisting of 1
uM PD0325901 (PZ0162-5MG, Sigma-Aldrich, USA) and 5 uM SU5402 (SML0443-5MG,
Sigma-Aldrich, USA), from day 16 to day 21.

Dopaminergic neurons differentiation

PSC Start of Inclusion in
Expansion Differentiation the biomaterial
-
Pluripotent Floor Plate Immature
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Stem Cells Midbrain Cells mDA Neurons

Figure 11 Schematic of the ESC-derived striatal neurons differentiation. Created with Biorender.com.
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5. Sample fabrication

5.1.Inclusion of the cells in the hydrogel as drops
The polymer precursors were dissolved overnight in proliferation media and on the next day,
C17.2 cells were mixed with the solution at a density of 1x10° cells/ml as well as the
photoinitiator LAP. After, 30 pl drops were plated in a 24-well plate, and each well was
irradiated for 5 s using a 3D bioprinter (3DDiscovery BioSafety, RegenHU; Switzerland, 365
nm, 3 W cm ?) with UV light source (Figure 12). Proliferation media was then added to the
wells and replaced with differentiation media on the following day. Medium was changed

every 2-3 days.

For the encapsulation of the cells in Matrigel as control, the same cell concentration was used,
mixed with Matrigel cooled at 4 °C and plated in 30 pl drops. The plate was then placed on the
incubator for 15 min at 37 °C. Cell proliferation media was added to each well and replaced to

differentiation media on the next day (day 1). Medium was changed every 2-3 days.

UV light
crosslinking

NP cells

(|

I
|
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Gelatin-based ' Cell culture
biomaterial + medium
LAP

Figure 12 Inclusion of C17.2 in the hydrogel in drop-shape samples. Created with BioRender.com.

Consistent drop shaped samples were prepared using iPSC-derived cells for midbrain
dopaminergic neuron differentiation (EPIPSC cells) instead of C17.2 cells. In this case, the
medium used to dissolve the polymers was the base medium (Neurobasal media supplemented
with B27 and L-glutamine) or day 11 (D11) complete differentiation medium (Neurobasal
media supplemented with B27, L-glutamine, hBDNF, hGDNF, hTGFb3, ascorbic acid and
dibutyryl cAMP sodium salt). The cells were embedded in the hydrogel at day 11 of
differentiation at a density of 5x10° cells/ml. The culture was kept until day 28 of
differentiation, 17 days after inclusion in the hydrogel (Figure 13).
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Figure 13 Timeline of the experiments performed with EPISPC cells embedded in the hydrogel. Cells were
included in the 3D culture on day 11 of differentiation and evaluated at day 12, 16, 21 and 28. Created with

BioRender.com.

5.2.Bioink preparation and extrusion bioprinting parameters
After overnight dissolution in cell proliferation media, the polymers were mixed with C17.2
cells at 1x106 cells mL-1 and the photoinitiator LAP. The bioinks were then placed in a 3-cc
printing syringe (Nordson Corporation, USA) and loaded into the direct dispensing head of the
bioprinter (3DDiscovery BioSafety, RegenHU Ltd.; Switzerland, 365 nm, 3 W cm—2) with a
cooling chamber at 12 °C or 18 °C. Grid squares (10 mm) were designed with BioCAD v1.0
software (RegenHU Ltd., Switzerland) and converted to computer-aided design (CAD) files,
which were opened in the 3D DISCOVERY HMI software interface (regenHU Ltd.). The
bioinks were printed in two layers via a 200 pm nozzle at a rate of 30 mm s-1 with 2 Pa pressure.

The printing parameters were optimized by testing three different conditions as presented in

Table 3.
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Table 3 Conditions of optimization of printing process.

Printing speed
Pressure (Pa) Temperature (°C)
(mm/s)
Condition 1 2 3 12
Condition 2 2 3 18
Condition 3 2 30 18

After each layer was printed, the sample was irradiated with UV light for 5 s. Cell proliferation
medium was then added to the wells (Figure 14). On the next day, the medium was replaced

by differentiation medium and changed every 2-3 days until day 15 of culture.

‘ Extrusion
bioprinting

UV light
crosslinking

NP cells
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biomaterial + medium
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Figure 14 Schematic of the extrusion bioprinting of the gelatin-based biomaterials embedded with C17.2 cells.

Created with BioRender.com.

6. Biological assays characterization

6.1.Live/Dead in 3D culture
Cell viability was assessed using a live/dead assay kit (L3324, ThermoFisher, USA)
comprising of Calcein AM and Ethidium homodimer (EthD-1). After washing with 10 mM
PBS, the samples were incubated with 1% v/v calcein, 1% v/v EthD-1, and 1% v/v Hoechst
(H3570, Life Techologies, ThermoFisher, USA) for 20 min at 37 °C. Another three washes
with PBS were then performed and the samples were examined under the confocal microscope
(SP5 Leica, Austria) where fluorescence images were captured at 20x. The percentage of cell

survival was calculated by counting the number of live cells using MATLAB® software.
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6.2.Immunolabelling

6.2.1. C17.2 cells

The samples were fixed and stained to evaluate the expression of proteins involved in the
differentiation process of C17.2 cells at different time points until day 28 of differentiation.
Briefly, the samples were washed 2-3 times with PBS, fixed with 4% paraformaldehyde
(P6148, Sigma-Aldrich, USA) for 15 min, and then washed an additional 2-3 times with PBS
for 10 min. The samples were then permeabilized with 0.1% v/v Tripton X-100 (T8787, Sigma-
Aldrich, USA) and 5% v/v FBS for 2 h. Three washes with PBS containing 0.1% Tripton were
performed, and the samples were incubated overnight with the primary antibody solution the
antibodies described in Table 4 at 4 °C under shaking conditions. The secondary antibody
solution containing the fluorophore-conjugated antibodies described on Table 4 was added
after three washes with PBS-Tripton 0.1%. The samples were incubated overnight at 4 °C under
shacking conditions protected from light. After, the samples were washed 3 times with PBS,
and a 1% Hoechst (Life Technologies, ThermoFisher) was added for 15 min, followed by three

washes with PBS. The samples were then observed under a confocal microscope.

Table 4 List of antibodies used for immunolabelling of C17.2 cells.

Primary Antibodies
Target Dilution Reference Supplier
MyBioSource,
Nestin 1:250 MBS500041
USA
B-III tubulin
1:1000 ab18207 Abcam, UK
(TUJ1)
Fluorophore-conjugated Secondary Antibodies

Alexa Fluor 488 1:1000 10677 Invitrogen, USA
Alexa Fluor 568 1:1000 11011 Invitrogen, USA

6.2.2. EPISPC cells
In the experiments using EPISPC cells, the immunolabelling was performed 20 minutes at RT
with 4% paraformaldehyde solution (P/0840/53, ThermoFisher, USA), washed three times
with PBS and stored with 0.03% sodium azide (71289, Sigma- Aldrich, USA) at 4 °C. Samples
were blocked and permeabilized for 45 min at RT with PBS with 0.3% Tipton X-100 (T8532,
Sigma-Aldrich, USA), 0.03% sodium azide, 1% BSA (A9647- 1006, Sigma-Aldrich, USA),
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5% normal goat serum (S-1000, Vector Laboratories, USA) and/or 5% donkey serum (017-
000-121, Jackson Immuno Research Laboratories, USA). The samples were then incubated
overnight at 4 °C with the primary antibodies described on Table 5. After an overnight
incubation, the samples were washed and overnight with the secondary antibody solution

described on Table 5.

Table 5 List of antibodies used for immunolabelling of EPISPC cells.

Primary Antibodies

Target Dilution Reference Supplier
MAP2 1:1000 ab92434 Abcam, UK
TH 1:1000 1292 Pel-Freeze, USA

Fluorophore-conjugated Secondary Antibodies

Jackson Immuno

AF488 Donkey a-
R 1:500 711-545-152 Research
Laboratories, USA
Cy5 Goat a-M 1:500 A21236 Invitrogen, USA

6.3.Real-Time Quantitative Reverse Transcription (QRT-PCR)
TRIzolTM Reagent (15596018, ThermoFisher, USA) was used to mechanically homogenize
the samples at three different time points of culture (day 1, 15 and 28). RNA was extracted
following the manufacturer’s protocol. Briefly, chloroform (C2432, Sigma-Aldrich, USA) was
used for phase separation followed by 2-propanol to precipitate RNA. The pellet was washed
with ethanol and the pellet and dissolved in nuclease-free water (R0581, Sigma-Aldrich, USA).
cDNA retrotranscription was performed using Ready-To-Go You-Prime First-Strand Beads
(27926401, GE Healthcare, USA). Polymerase chain reaction (PCR) solutions were produced
using PowerUpTM SYBRTM Green Master Mix (A25742, Applied Biosystems, USA). The
genetic expression was evaluated with the StepOnePlusTM Real-Time System (Applied
Biosystems, USA), and the expression was calculated with the following formula: (ACt
GADPH -ACt Sample) x10*. Mouse primer sequences used are described in Table 6 and, were

extracted from the PrimerBank Database (https://pga.mgh.harvard.edu/primerbank/).

72



Table 6 Genes used in the gRT-PCR experiments.

Gene PrimerBank ID
Nestin 15011851al
B-I1 Tubulin 12963615al
MAP2 68341934c3
GFAP 196115326¢l
PAX6 346644711cl
DCX 46575787cl
S100b 6677839al

6.4.Calcium imaging
Calcium imaging recordings were performed to assess neuronal activity in the cultures. On the
day of recording, the cell medium was removed, and samples were washed with artificial
cerebrospinal fluid solution (aCSF) [0.1 M Hepes (H4034, Life Technologies, ThermoFisher,
USA), 128 mM NacCl (131659, Panreac, Spain), 4 mM KCI (601242, Sigma-Aldrich, USA),
10 mM glucose (G8769, Sigma-Aldrich, USA), 45 mM sucrose (107651, Merck, USA), 2 mM
CaCl2 (C3306, Sigma-Aldrich, USA) and 1 mM MgCI2 (M8266, Sigma-Aldrich, USA)
dissolved in Milli-Q water, pH7.4]. Then, the samples were placed in glass bottom chambers
with a diameter of 35 mm (MatTek Corporation) and incubated with 2 ml of aCSF containing
2 uM Fluo4-AM (F14201, Life Technologies, ThermoFisher, USA) for 15 min at 37 °C. The
samples were washed again with aCSF to remove excess fluorescent dye and placed under the
fluorescence microscope (Nikon Eclipse Ti2, Nikon Instruments Inc., USA). The samples were
recorded for 10 min under a 20x objective with a frame rate of 2.2 frames per second (fps).
Calcium recordings were analyzed using the custom-made software NETCAL?? by which the

activity traces were extracted. (Figure 15).
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Figure 15 Process of recording and analysis of cell activity through calcium imaging. Created with

BioRender.com.

For each recording, around 300 cells were either automatically or manually selected by the
fluorescence signal detection. A region of interest (ROI) of a round section of 8 pixels wide
was associated to each cell. For each ROI, a trace was obtained after corrected from global
drifts and artifacts. After drift correction, a baseline fluorescence level (AFo) and the neuronal
firing was preserved, excluding the time-scale fluctuations. The fluorescence was then
normalized as a function of time, AF (). The neurons were then divided into three groups (active,
inactive or fluctuant) according to their fluorescence profiles through machine learning tools.
Briefly, around 15% of the traces were manually selected, active cells presenting sharp
increases in calcium oscillation (spikes); inactive cells demonstrating oscillations close to the
baseline, and fluctuant cells presenting small oscillation or in both sides of the baseline. Then,
the software automatically assigned the remaining traces to the three populations. The active
traces were separated and exported as images. The frequency of spikes was manually counted

from the exported images.

7. Microfabrication

Three different designs were created during this work using AutoCAD software. The first was
done with the purpose of culturing NP cells in 3D. The designs were performed in collaboration
with Ana Pascual, Dr Adrian Lopez, and Dr. Oscar Castafio of Biomaterials for Regenerative

Therapies from IBEC.

The two other designs were created with the purpose of culturing human pluripotent stem cell-
derived neurons while isolating the cell body from the axons. This work was performed in
collaboration with Clelia Introna, Prof. Josep Canals and Dr. Daniel Tornero from Stem Cells
and Regenerative Medicine Laboratory at the University of Barcelona and Guochang Lyu and

Prof. Ernest Arenas from Ernest Arenas group at Karolinska Institute.
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7.1.Designs
7.1.1. 3D Microfluidic devices — 3D device

For the assays performed in the 3D microfluidic device, the design chosen was similar to the
previously published by Osaki et al.?>°. This design was composed of three channels separated
by triangular-shaped pillars (Figure 16A). The central channel had a 1.2 mm inlet and outlet
and measured 1.6 mm in width. The triangular-shaped pillars measured 300 um on the base
facing the lateral channel and 200 um length while being separated from each other by 100 pm
(Figure 16B). The lateral channels were in contact with the pillars for 8.1 mm length and

presented 300 pm of width, with two 6 mm inlet and outlet each (Figure 16C).

Figure 16 AutoCAD images of the 3D device. (A) Complete view of the design. Scale bar 2.5 mm. (B) Zoom section
in blue of (A) where the measurement of the pillars is visible in um. Scale bar 150um. (C) Zoom section in orange
of (A) where the diameter of the inlets/outlets are visible (the lateral inlets/outlets measuring 6 mm of diameter

and the radius of the smaller 600 um). Scale bar 2mm.

7.1.2. 2D microfluidic design with microchannels and 2 cell chamber —
2D-2C device

This design was composed of 4 circular 12 mm chambers, two intended for cell seeding located
in the center of the device and two lateral chambers as medium reservoirs, connected by 4.6
mm length channels (Figure 17A-C). The chambers and connected channels were designed to
be 100 um height but the chambers were to be manually opened later. The central chambers
were connected by obliquus microchannels of 1 mm length that went from 5 um to 2 um wide
and 5 pum high, with squares placed throughout the length of the microchannel every 200 pm
(Figure 17D).
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Figure 17 AutoCAD images of the compartmentalized device of the 2D-2C design. (A) The complete design. The
two rectangles represent the zoomed sections C (blue) and D (green). Scale bar 5 mm. (B) A zoom of image A.
The radius of the chambers is 6000 um. Scale bar 5 mm. (C) The length of the channels between the reservoir
chamber and the cell seeding chamber is around 4.6 mm. Scale bar 2.5mm. (D) the length of the microchannels
from one cell seeding chamber to another is 1 mm, the width of one extremity of the channel — 5 um (blue circle)
and the other extremity — 2 um (blue rectangle). Square marks are present with 200 um distance along the length

of the microchannels. Scale bar 50 um.

7.1.3. 2D microfluidic device with microchannels and 3 cell channels —

2D-3C device

This design was composed of three channels, each with an inlet and outlet of 8 mm diameter
(Figure 18A). The height of the channels was designed to be around 200 pm, while the inlets
and outlets were to be opened manually. The channels were connected, through a length of 10
mm, by obliquus microchannels of the same dimensions as the previous design with the wither
end (5 um) on the lateral side and the narrow end (2 wm) on the central side (Figure 18B). The

height of the microchannels was designed to be 5 pm.
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Figure 18 AutoCAD images of the 2D-3C device. (A) Three-Cell chambers device with six inlets/outlets. The side
channels are Imm in width and the middle channel 500 um. Scale bar 5 mm. (B) Zoom image of the microchannel
of image B (orange rectangle). The length of the microchannels— 500 um, the width of one extremity of the channel

— 5 um and the other extremity — 2 um (from side to central cell channels). Scale bar 250 um.

7.2.SU-8 master fabrication

The master for the 3D chip was designed to have one height, around 150 um. Since the
structures were bigger than 100 pm, a high-quality acetate mask was used. For the 2D-2C
master, two heights were designed, one with 5 um for the microchannels and another for the
chambers, around 100 um. For the smaller height, a chrome mask was necessary and for the
higher height, a high-quality acetate mask was used. For the 2D-3C master, the design
encompasses two heights, 5 um and 200 um. For both heights, chrome masks were used. High-
quality acetate masks were outsourced to JD Photo Data company, and chrome masks were
ordered to MicroFabSpace and Microscopy Characterization Facility, Unit 7 of ICTS
“NANBIOSIS” from CIBER-BBN at IBEC.

The SU-8 fabrication process (Figure 19) of all masters started with the desiccation of a 4”’
silicon wafer for 15 min at 200 °C followed by the activation of the surface in a PCD-002-CE

Plasma Cleaner (Harrick Plasma) for 1 min at high potency.

For the 3D chip design: To fabricate a 150 um layer, negative SU-8 3050 was poured twice.

The first time, spin coated at 10 s at 500 rpm with 100 rpm of acceleration and 30 s at 1900
rpm with 300 rpm of acceleration. The wafer was soft baked for 40 min at 95 °C. The second
layer was poured, and spin coated at 10 s at 500 rpm with 100 rpm of acceleration and 30 s at

3000 rpm with 300 rpm of acceleration, followed by a soft bake of 40 min at 95 °C.

For the 2D-2C and 2D-3C masters: An interlayer of around 10 pm was fabricated first.

Negative SU-8 2010 photoresist was poured over the wafer and spin coated for 10 s at 500 rpm
with 100rpm of acceleration and 120 s at 4000 rpm with 300 rpm of acceleration. The wafer
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was exposed at 120 mJ/cm? and post-baked for 4 min at 95 °C. For the layer of 5 um of height,
negative SU-8 2005 photoresist was poured on the wafer and spin coated for 10 s at 500 rpm
with 100 rpm of acceleration followed by 55 s at 8000 rpm with 300 rpm of acceleration. After
a soft bake of 2 min at 95 °C, the wafer was exposed at 125 mJ/cm? through a chrome mask
with the pattern of the microchannels. Then a post bake of 2 min at 95 °C was performed. A
layer of negative SU-8 2100 was spin coated on top of the wafer for 10 s at 500 rpm with 100
rpm of acceleration and 30 s at 3500 rpm with 300 rpm of acceleration. The wafer was soft

baked for 5 min at 65 °C and 20 minutes at 95 °C.

For the 2D-3C master: A second layer of SU-8 2100 was poured and spined-coated in the same
conditions as before followed by a soft bake of 10 min at 65 °C and 40 min at 95 °C.

The masters were exposed to 270 mJ/cm? through a high-quality acetate mask (in case of 3D
chip and 2D-2C masters) or through a chrome mask (in case of 2D-3C master) with the motives
of the channels and chambers. A post bake was then performed for 5 min at 65 °C and 10 min
at 95 °C, followed by a bath of 10 min in SU-8 developer to remove the excess of photoresist,
and then washed with 2-propanol to stop the developer. The masters were then hard baked for
30 min at 95 °C and 10 min at 65 °C. Lastly, the masters was exposed to tricleroperfluorosilane

in a vacuum chamber for 1 h.

1. Pre-fabrication 2. Mold Fabrication 3. PDMS Device Fabrication
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Figure 19 Step-by-step representation of the process to produce a microfluidic device. (4) Designing on AutoCAD
software. (B) Fabrication of the mold in a silicon wafer through photolithography. (C) PDMS replica production

of the final devices. Created by Biorender.com.
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7.3.Fabrication of the PDMS replicas
Once the masters were fabricated, PDMS replicas were produced by pouring a mixture of 10:1
Sylgard 184 PDMS and curing agent onto the master (DCE-1673921, Dow Corning, USA).
The PDMS was left curing at RT overnight and for 2 h at 95 °C on the following day. Then,

the PDMS was cut and peeled from the master and divided into the individual devices.

Depending on the designs, different biopsy punches (Harris Uni-Core) were used to open the
inlets and outlets. In the 3D devices, a 4 mm was used to open the inlet/outlet of the lateral
channels and a punch of 1 mm, for the lateral channels. In the case of 2D-2C devices, a 12 mm

punch was used; in 2D-3C devices, an 8§ mm was used.

The PDMS replicas and thin cover glass slides (24 x 60 for the 3D devices and 26x76 for the
2D-2D and 2D-3C devices; #1.5; Menzel-Gléser) were washed with water and soap, followed
by 15 min of sonication in ethanol. Then the PDMS and the slides were dried, and the surfaces
were activated in the Plasma Cleaner for 30 s at 30 W with constant oxygen pressure of 80 bar.
The PDMS replicas and the cover glass slides were then irreversibly bounded and placed on

the hot plate at 65 °C for 15 min to guarantee the water produced in the activation is evaporated.

To change the surface charge of the 2D-2C and 2D-3C devices, each PDMS replica was
activated in the Plasma Cleaner for 5 min at 11W to make the surface hydrophilic. Milli-Q
water was then added to the inlets and outlets to help maintain the hydrophilicity until the

devices were used in culture.

7.3.1. Diffusion test

In the 2D-3C device, a diffusion test was performed to ensure that the microchannels were
opened and to evaluate if there would be diffusion of the media from the lateral channels to the
central channel. After the devices were activated and kept with water, the water from the lateral
channels was removed and replaced with fluorescein at 0.01 M (F6377, Sigma-Aldrich, USA;
diluted in Milli-Q water). After 1 h, images were collected using a fluorescent microscope.

Some samples were kept for 5 days at 4 °C, and images were collected at that timepoint.

7.4.Inclusion of the cells in the 3D microfluidic device

7.4.1. C17.2 cells
C17.2 cells (1x10° cells/ml) were mixed in the dissolved polymers together with LAP and 10

ul of the mix were injected in the middle channel of the sterilized device. The device was then

exposed to 5 s of UV light and proliferation media was added to the side channels (Figure 20).
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On the next day the medium was changed to differentiation medium. Medium was replaced
every day.

UV light
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Figure 20 Schematic of the inclusion of the C17.2 cells embedded in the biomaterial inside the 3D microfluidic

device. Created with BioRender.com

7.4.2. EPISPC cells

EPISPC cells were also included in the 3D device using a similar seeding protocol. Cells were
harvest at day 11 of differentiation and mixed with the biomaterial and seeded at a density of
5 M cells/ml on the central channel. After UV-light exposure, cell differentiation media of day
11 was added to the lateral channels and changed every day to the corresponding differentiation

media.

7.5.Biological assays:
7.5.1. Live/Dead

The viability assays were performed as described in section 6.1 with a modification in the

incubation time, from 20 min to 40 min.

7.5.2. Immunolabelling

The immunofluorescence assays were performed as described in section 6.2.

8. Differentiation of cortical and striatal neurons

The differentiation of cortical and striatal neurons was performed in collaboration with Clelia

Introna at Stem Cells and Regenerative Medicine Laboratory at the University of Barcelona.

8.1.Cortical neurons differentiation

Following the protocol described in Palma-Tortosa et al. 2020?7® (Figure 21), at day 0 of
differentiation, PSC-colonies were picked and planted in ultra-low attachment culture dishes

to generate embryonic bodies (EBs) in presence of the EB medium [DMEM/F12 (05853,
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STEMCELL Technologies, USA), 10% KnockOut Serum Replacement (10828-010, Gibco,
USA), 0.1 mM 2-Mercaptoethanol (M6250, Sigma-Aldrich, USA), 0.1 Mm Non-essential
amino acids (11140-050, Gibco, USA), 1 mM L-Glutamine (G8540, Sigma-Aldrich, USA)]
with 10 uM Rock inhibitor (Y-27632, Abcam, UK), 3 uM dorsomorphin (P5499, Sigma-
Aldrich, USA) and 10 uM SB431542 (S4317, Sigma-Aldrich, USA). On day 5, EBs were
collected and seeded on a 0.1 mg/ml poly-L-ornithine and 10 pg/ml mouse laminin 111 (3400-
010-02, R&D Systems, USA) coated surface for dual SMAD inhibition with 3 puM
dorsomorphin and 10 uM SB431542. On day 6, the medium was changed to N2 medium
[DMEM-F12 (without Hepes + Glutamine, 11320033, STEMCELL Technologies, USA), N-2
supplement (1:100), 1.6 g/l D-glucose (G7021, Sigma-Aldrich, USA)] supplemented with 1
uM dorsomorphin and 10 ng/ml bFGF (F0291, Sigma-Aldrich, USA). On day 11, neuronal
rosettes were carefully picked and grown in suspension in N2 medium with 20 ng/ml bFGF to
generate spheroids that were collected, dissociated in small clumps with trypsin and grown in
adhesion on 0.1 mg/ml poly-L-ornithine and 10 mg/ml laminin surfaces to generate the long-
term neuroepithelial stem cells (It-NES). It-NES were routinely cultured in the presence of
10 ng/ml bFGF, 10 ng/ml EGF (PHGO0314, Invitrogen, USA) and 1 pg/ml B27 (17504-044,
Invitrogen, USA). Cells were then passed at low density in the differentiation-defined medium
in the presence of 10 ng/mL BMP4 (314-BP-010, R&D Systems, USA), 10 ng/mL Wnt3A
(5036-WN-010, R&D Systems), and 1 uM cyclopamine (C4116, Sigma-Aldrich, USA) for
seven days to produce cortical progenitor cells that were harvested and seeded in the two lateral
compartments of the 2D-3C microfluidic device. The cells were left in the device for an
additional 28 days, with the final neural medium changed every 2-3 days. The final neural
medium is composed of BrainPhys supplemented with B27 without vitamin A (1:50, 12587-
010, Gibco, USA).
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Figure 21 Schematic of the ESC-derived cortical neurons differentiation. Created with Biorender.com.

8.2.Striatal neurons differentiation
Following the publish protocol described in Comella-Bolla et al. 2020°"* (Figure 22), hESCs
were treated with BMP/SMAD inhibitors, I pM LDN 193189 (396388, EVOTEC Ltd. Milton,
UK), 1,5 uM IWRI1 (476979, EVOTEC Ltd., Milton, UK) and 10 uM SB431542 for § days
until neuronal rosettes were obtained. At DIVS cells were passed and plated in Matrigel-coated
plates in presence of LDN and IWR1; SB was removed from the medium and the cells were
left differentiating for 8 days. At day 16, telencephalic progenitors were dissociated and the
resuspended in SCM1 medium and plated in the central compartment of the 2D-3C
microfluidic device. SCM1 medium (At DIV 16, DIV 18 and DIV 21) contains: Advanced
DMEM/F-12 (1X) (12634-010; Gibco, USA) with 2 mM of GlutaMax I 100x (35050-038,
Gibco ThermoFisher, USA); 1 % penicillin-streptomycin (15140122; Life Technologies
Europe BV, Netherlands); 2 % B-27 supplement (17504-044; Gibco, USA); 2 uM PD 0332991
(482855; EVOTEC Ltd. Milton, UK); 10 uM DAPT (396736; EVOTEC Ltd. Milton, UK); 0.6
mM CaCl2 (to give 1.8mM final complete medium; Merck, USA), 200 uM ascorbic acid (AA,
A4544-100G, Sigma-Aldrich, USA), 10 ng/mL hBDNF; 10 uM Forskolin (000087; EVOTEC
Ltd. Milton, UK), 3 uM CHIR 99021 (CH; 401952; EVOTEC Ltd. Milton, UK), and 300 uM
GABA (0.44; Tocris Cookson Inc., USA). On day 23, LGE neuroblast were switched to a final
maturation medium SCM2 supplemented with a cocktail of differentiation factors, changed
every 2-3 days, until the final day of differentiation 37. SCM2 medium (From DIV 23 to DIV
37; changed every two-three days) contains: (1:1) of Advanced D-MEM/F-12 (1X) with 2 mM
of GlutaMax I 100x; Neurobasal A (10888-022; Life Technologies Europe BV, Netherlands);
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1 % penicillin-streptomycin, 2% B-27 supplement; 2 uM PD; 3 uM CH; 0.3 mM CaCl2; 200
uM AA and 10 ng/mL hBDNF.

Striatal neurons differentiation
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Figure 22 Schematic of the ESC-derived striatal neurons differentiation. Created with Biorender.com.

8.3.Dopaminergic neurons differentiation
In the experiments using the 2D-3C device, three iPSC lines for midbrain dopaminergic
neurons were used: one derived from a healthy individual (EPISC), one from a PD patient with
a GBAE326K mutation (5106) and the third was a control to the line 5106 with the corrected
mutation (5108) in combination with the hESC differentiated to striatal neurons used above.

The cells were differentiated as described on section 4.2 in collaboration with Ernest Arenas

group.

9. Inclusion of iIPSC-derived cells into the microfluidic device

After the 2D-3C microfluidic devices were produced and activated, sterilization was performed
using 70% ethanol and 10-min UV light exposure on the laminar-flow hood. Then, each
channel was rinsed thrice with Milli-Q water and left filled with PBS. Prior to use, the central
chamber was coated with 100 pg/ml poly-D-lysine in borate buffer, followed by three washes
with PBS and coated with Matrigel. The lateral channels were coated with 0.5 pg/ml poly-L-
ornithine and maintained at RT overnight. On the next day, the lateral channels were washed
three times with PBS and a solution of 10 pg/ml of mouse laminin 111 in PBS (for cortical
differentiation) or human laminin 511 in PBS (for dopaminergic differentiation) was added and

incubated for at least 1 hour at 37 °C.

The NPCs were collected on day 16 for striatal and dopaminergic cells and at day 28 for the
cortical cells. The cells were resuspended in 10 pl of the differentiation media correspondent

to each cell type at different cell densities and placed on the respective chambers of the device.

83



In the cortico-striatal 2D-3C device, cortical cells were seeded at 100.000 cells in 10 pl in the
lateral channels. The central channel of the device was coated with PDL/Matrigel
supplemented with BDNF and kept empty for one week. Then, striatal cells were seeded at
100.000 cells in 10 ul (Figure 23A). In the midbrain-striatal 2D-3C device, striatal cells were
seeded at 100.000 cells in 10 pl in the central channel while dopaminergic cells were seeded at

200.000 cells in 10 pl in the lateral channels (Figure 23B).

In all samples, one hour after the seeding, the media of the cells was added to the left chambers

(300 pl) and then to the right ones (200 pl). Media was changed every 2-3 days.
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Figure 23 Timeline of the experiments with PSC-derived neurons in the 2D-3C device. (4) Co-culture of striatal
and cortical neurons. Cortical progenitors were seeded at day 28 of differentiation on the lateral channels of the
device. Striatal progenitors were seeded seven days later, at day 16 of differentiation, on the central channel of
the device. (B) Co-culture of dopaminergic and striatal neurons. Striatal progenitors were seeded in the central
channel at day 16 of their differentiation while dopaminergic progenitors were seeded seven days later, at day 16

of their differentiation on the lateral channels of the device. Created with BioRender.com.
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10. Biological characterization for the cell in the 2D-3C microfluidic
device

10.1. Immunolabelling

Human PSC-derived cells were fixed for 20 minutes at RT on the microfluidic device with 4%
paraformaldehyde solution, washed three times with PBS and stored with 0.03% sodium azide
at4 °C. Samples were blocked and permeabilized for 45 min at RT with PBS with 0.3% Tipton
X-100, 0.03% sodium azide, 1% BSA, 5% normal goat serum and/or 5% donkey serum. The

samples were then incubated overnight at 4 °C with the primary antibodies described in Table

7.

Table 7 List of antibodies used for immunolabelling of cortical and striatal neurons.

Primary Antibodies
Target Dilution Reference Supplier
CTIP2 (25B6) 1:300 ab 18465 Abcam, UK
FOXP1 1:500 ab32010 Abcam, UK
Sigma-Aldrich,
GABA 1:500 A2052
USA
Glutaminase
1:300 ab156876 Abcam, UK
(KGA)
MAP2 1:1000 ab92434 Abcam, UK
Nestin 1:200 MABS5326 Millipore, USA
TBR1 1:500 ab31940 Abcam, UK
B-IIT tubulin Sigma-Aldrich,
1:500 T220
(TUJ1) USA
Fluorophore-conjugated Secondary Antibodies
Jackson Immuno
AF488 Donkey a-
v 1:500 715-545-150 Research
Laboratories, USA
Jackson Immuno
Cy2 Donkey o-G 1:500 705-225-003 Research
Laboratories, USA
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Jackson Immuno
Cy3 Donkey a-R 1:500 711-165-152 Research
Laboratories, USA

Jackson Immuno

Cy3 o-Rat 1:500 712-165-150 Research
Laboratories, USA
Cy5 Goat a-M 1:500 A21236 Invitrogen, USA
FITC- a-Chicken 1:500 F10-05 Aveslab, USA
NL557- a-Chicken 1:500 NLO16 R&D System, USA

After, the samples were washed three times for 10 min each with PBS. The cells were then
incubated for 1-2 h at RT in darkness with the secondary antibodies described in Table 7,
followed by three washes of 10 min with PBS.

10.2. Calcium imaging
The spontaneous activity of the hIPS cells was recorded on the last timepoint of differentiation
(day 37 for striatal neurons and day 55 for cortical neurons). The samples were processed as
described with the difference of adding 200 pl of aCSF solution containing 2 uM of Fluo4-AM
into the chamber and washed twice for 15 min before recording the central part of the channels.
Extracellular potassium chloride (KCI) was added to the lateral compartment only previous to
the recording. The device was mounted on Olympus IX71 (Olympus America Inc., NY, USA)
inverted microscope monitored with the Orca Flash 4.0 camera (C11440-22CU, Hamamatsu
Photonics). The fluorescence source was provided by the Dual OptoLED power supply (Cairn
Research Ltd., Faversham). Image sequences of neuronal activity were acquired for 10 min at

RT, with a 10x objective with a 0.3x optical zoom, and a speed of 20 fps.

11. Statistical analysis

All graphs are presented with the mean and standard deviation values. Statistics analysis was
performed with GraphPad using an unpaired t-test statistical analysis on the analysis of pore
diameter and using a two-way variance analysis (ANOVA) with Turkey’s and Sidak’s post-
hoc multiple comparisons test on all other analyses but only Sidadk’s post-hoc multiple
comparisons test results were represented to simplify the visualization. P-values lower than

0.05 were considered statistically significant.
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Chapter 4 - RESULTS

This chapter shows the results obtained during the experiments performed for this thesis. It is
divided into two parts: the first focuses on developing a biomaterial suitable for 3D neural
cultures; the second part is focused on designing a microfluidic platform for modeling

Huntington’s and Parkinson’s disease.

The majority of the results presented in PART I are included on the published paper: “Pereira
I., Lopez-Martinez M.J., Villasante A., Introna C., Tornero D., Canals J.M. and Samitier J.
(2023), Hyaluronic acid-based bioink improves the differentiation and network formation of
neural progenitor cells. Frontiers in Bioengineering and Biotechnology 11:1110547. doi:

10.3389/fbi0e.2023.1110547”

PART I - Development of a compatible biomaterial for neuronal

models

We wanted to explore the possibility of creating a biomaterial with a controllable composition
that would be suitable for the culture of neuronal cells, their differentiation, and functionality.
Matrigel is one of the currently commercially available materials used in 3D neuronal cultures.
Even though the cells can survive and differentiate, the composition of Matrigel suffers
variability from batch to batch, which impedes the standardization of differentiation

protocols®?.

From the wide range of polymers being explored in 3D modeling, we chose to work with three:
gelatin, alginate, and hyaluronic acid. Gelatin is one of the most used biomaterials for its natural
origin, biocompatibility and biodegradability. Alginate, also of natural origin, was included to
bring support and durability to the composite material. Hyaluronic acid is one of the most
common polysaccharides in the brain extracellular matrix and was chosen to bring the

biomaterial a step closer to the original ECM composition of this organ.

1. Optimization of the composition

To ensure a homogenous and robust bond of gelatin with alginate, both polymers were
chemically modified with methacrylic groups to allow photocrosslinking of the polymers. The
formulation we wanted to evaluate would then be composed of GeIMA, AlgMA and HA.

However, their proportions on the final hydrogels needed to be optimized considering the
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viability and behavior of the cells in the culture. We started with a range of 3 to 5% of GeIMA,
AlgMA from 0 to 1% and HA from 0% to 5%.

1.1.Viability assessment of the encapsulated cells

We evaluated the viability of culturing cells for all formulations described in Table 2 of Chapter
Three — Methodology. The assay was performed with the C17.2 cells encapsulated and kept in
culture until day 8, a time point used for the differentiation of C17.2 cells in 2D*”°. Matrigel
was used as a control. Results showed the cells were able to proliferate in all conditions,
increasing the cell number and spreading across the material, as seen in Figure 24. We observed
that most cells were alive, for the majority of Calcein AM signal in green, surviving the
inclusion in the hydrogels and 5 s UV irradiation needed for the crosslink, assuring that the

fabrication process of the 3D culture was safe for the cells.

3% GelMA + 0.5% AlgMA
+2.5% HA
L ]

Matrigel

3% GelMA +2.5% HA 3% GelMA + 5% HA

? A\ s

Day 1

Day 8

3% GelMA + 0.5% AlgMA 5% GelMA + 1% AlgMA 5% GelMA + 1% AlgMA
+ 5% HA 5% GelMA + 1% AlgMA +1.5% HA +2.5% HA
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Figure 24 Viability assays performed on drop-shaped samples of C17.2 cells embedded in different polymer
concentrations. Representative confocal images of biocompatibility results of C17.2 cells encapsulated in
different concentrations of hydrogels for the optimization of the formulation at day 1 and day 8 of culture. Nuclei

are stained blue, live cells in green and dead cells in red. Scale bar 100 um.

The morphology of the cells also changed over the 8 days of culture, going from most round
cells on day 1 to cells with small projections by day 8. The formulations with 3% GelMA, 0.5%
AlgMA and 2.5 or 5% of HA already showed some projections on day 1.

1.2.Protein expression assessment of encapsulated cells
Apart from the viability assessment, immunofluorescence assays were performed to assess
protein expression and decide the final formulation. 2D culture and Matrigel were used as
control. The samples were kept in a differentiation medium from day 1 to day 8. On day 1 and
day 8, we evaluated the expression of nestin, a neuroprogenitor cell marker, and B-III tubulin,
an early neuron marker (Figure 25). We observed in all formulations that the expression of

both markers already on day 1 but on day 8, the expression of B-1II tubulin increased.

We observed that on day 8, 3% GelMA + 2.5% HA and 3% GelMA + 0.5% AIgMA + 2.5%
HA had a higher signal of B-III tubulin expression, similar to the controls. These formulations
also showed increased cell projections. The formulations with 3% GelMA + 5% of HA and 3%
GelMA + 0.5% AlgMA + 5% HA had less expression of this marker, and we noticed fewer
projections of the cells, which can indicate that the percentage of HA is too high at 5%. The
formulations with 5% GelMA showed an increase in B-III tubulin expression but with shorter
cell projections, especially in 5% GelMA + 1% AlgMA + 2.5% HA. Nevertheless, as seen

before, the viability of the cells was not affected by this increase.
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Figure 25 Differentiation of C17.2 cells embedded in different polymer concentrations. Representative confocal

images of immunofluorescence images of C17.2 cells encapsulated in different hydrogels for 8 days of the
differentiation process. Progenitor marker nestin is stained in green, early neuron marker p-111 tubulin is stained

in red, and nuclei in blue. Scale bar 100 um.

We had promising formulations with good viability and support of differentiation, namely the
3% GelMA + 2.5% HA and 3% GelIMA + 0.5% AlgMA + 2.5% HA. However, the samples
degraded fast (Figure 26). Samples with 5% HA had the most noticeable degradation by day

7, with 2.5% HA also showing a decrease in size after only one week of culture.

For long-term cultures, such as human pluripotent stem cell differentiation protocols,
formulations with 3% GelMA without AlgMA or with only 0.5% were not sufficient as they
degraded quickly. Between the HA percentages, 2.5% and 5% also showed the faster

degradation of the samples, indicating that 1.5% HA was the most adequate percentage.
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Figure 26 Biomaterial drops with C17.2 cells encapsulated on days 1 and 7 of culture. Black arrows point to the

less visible drops. Scale 2.5 mm.

Finally, we settled with 5% GelMA + 1% AlgMA + 1.5% HA as our final formulation. During
the following results, we used 5% GelMA + 1% AIgMA as a control formulation, assessing if

the presence of the HA would jeopardize or enhance the culture and differentiation of the cells.

2. Physical characterization of the hydrogels

Besides the biocompatibility of the formulation, it is important to assess the physical
characteristics of the formulation to ensure that parameters such as stiffness and porosity are
adequate for a brain ECM-like material We then complemented the characterization of the
chosen formulation (5% GelMA + 1% AlgMA + 1.5% HA) and control (5% GelMA + 1%
AlgMA) with physical assays: swelling, compression modulus, and degradation assays (Figure
27). In the swelling test, the maximum volume increase was 59.2 + 14.9% for GeIMA + AlgMA
hydrogel and 67.2 + 16.9% for the GelMA + AlgMA + HA hydrogel (Figure 27A). On the
compression modulus assay, the control formulation presented a value of 4.6 1.1 kPa whereas

the formulation with HA showed a slightly lower value, 4.2 + 0.8 kPa (Figure 27B).
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Collagenase type II was added to study the degradation rate of the hydrogels, with GelMA +
AlgMA + HA degraded more slowly (Figure 27C).
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Figure 27 Physical characterization of the study formulation GelMA + AlgMA + HA compared with the control
Jormulation of GelMA + AlgMA by (A) swelling, (B) compression, and (C) degradation assays.

SEM was performed on samples to evaluate the surface and porosity of our formulation and
the control, as well as the cell morphology and attachment (Figure 28). GelMA + AlgMA
hydrogel without cells is presented in Figure 28A, and GeIMA + AlgMA + HA hydrogel in
Figure 28C. When comparing these hydrogels, the formulation GeIMA + AlgMA had a
statistically significant higher pore diameter (2.56 + 0.76 um) than GeIMA + AlgMA + HA
(2.04 £+ 0.64 um); the quantification is represented in Figure 28G. On day 1 of culture GeIMA
+ AlgMA showed dispersed cells both on the surface and underneath (Figure 28B). Similar
results were observed with the GeIMA + AlgMA + HA hydrogel embedded with C17.2 cells
on day one (Figure 28E). On day 15, the cells embedded in GeIMA + AlgMA hydrogel
proliferated, and aggregates were formed (Figure 28C). An arrangement of the scaffold
structure was also observed because of the ECM produced by the cells. For the GeIMA +
AlgMA + HA hydrogel embedded with C17.2 cells on day 15, the results were identical to
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those of the control formulation, with increased cells, visible aggregates, and rearrangement of

the scaffold (Figure 28F).

Figure 28 Scanning electron microscopy (SEM) of the hydrogels. GelMA + AlgMA without cells (4), on day 1 of
culture (B) and day 15 (C); GelMA + AlgMA + HA without cells (D), on day 1 (E) and day 15 (F). Scale bar 20
um,; (F) Quantification of the pore diameter of both formulations. Data are presented as mean + standard

deviation. Unpaired t-test statistical analysis performed: **=p<(0.05.

3. Evaluation of GelMA + AlgMA + HA hydrogel for long-term
culture of C17.2 cells

In order to assess the capability of GeIMA + AIgMA + MA for long-term 3D cell cultures, we
performed viability, differentiation and functional assays, using GelMA + AIgMA as a control

formulation.

3.1.Viability assays of C17.2 cells throughout 28 days in culture
It was important to evaluate if the formulation that we selected was compatible with long-term
culture protocols, common in neurobiology studies using stem cells. Accordingly, we studied
for up to 28 days the durability and viability of the hydrogel for the formulation of choice with
C17.2 cells cultured, using as control GeIMA + AlgMA. Results in Figure 29A show a
predominance of the rounder-shaped cells on the first two timepoints which changed after day
15, where cells became more elongated, with larger projections and increased cell connectivity.
The viability rates of the formulation are above 65% at all time points and comparable to the
control formulation (Figure 29B). The control formulation presented a significant decrease in

viability throughout the time of culture whereas GeIMA + AlgMA + HA hydrogel maintained
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similar values of viability. We observed that the cells increased their proliferative rate in both
formulations, particularly from day 1 to day 15, with our formulation presenting the highest
number of cells than the formulation without HA, for day 15 and 21 of culture (Figure 29C).
By day 28, samples from both formulations were able to last without much degradation,

proving that the composition is suitable for the long-term culture of C17.2 cells (Figure 29D).
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Figure 29 Long-term viability assay on C17.2 cells embedded in GelMA + AlgMA (control) or GelMA + AlgMA
+ HA hydrogels for up to 28 days. (4) Representative confocal images of biocompatibility studies. Nuclei are
stained blue, Calcein AM in green representing the live cells and EthD-1 in red representing the dead cells. Scale
bar 100 um. (B) Quantification of the viability of the cells. (C) Quantification of the number of cells throughout

the 28 days in culture. (D) Photos of the samples on day 28 of culture. Data are presented as mean + standard
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deviation. Statistical significance was calculated using a two-way variance analysis (ANOVA) with Sidak’s post-

hoc multiple comparisons test considering **p<0.01; ****p<0.0001.

3.2.Differentiation of C17.2 cells up to 28 days in culture

For the formulations of GeIMA + AlgMA and GelMA + AlgMA + HA, we performed the
immunofluorescent assay with the differentiation markers, nestin, and B-III tubulin. As
presented in Figure 30A, we observed changes in morphology, consistent with the viability
results, where the increase in cell projections and connectivity is pronounced from day 15 to
day 28. The quantification of the mean signal of the images showed a stable expression of
nestin throughout the 28 days, with a significant difference between the two formulations only
on day 21, HA formulation presenting a higher mean nestin signal (Figure 30B). The
expression of B-III tubulin increased over time, particularly after day 15, with a significant
difference at day 21, with GeIMA + AIgMA + HA presenting a higher mean B-I1II tubulin signal
(Figure 30C).
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Figure 30 Evaluation of the differentiation of C17.2 cells embedded in GelMA + AlgMA (control) or GelMA +
AlgMA + HA hydrogels for 28 days. (4) Representative confocal images of immunofluorescence assay. Progenitor
marker nestin is stained in green, neuron marker p-II1 tubulin is stained in red and nuclei in blue. Scale bar 100
um. Quantification of the mean expression of nestin (B) and [-III tubulin (C) up to 28 days for both hydrogel
formulations. Data are presented as mean + standard deviation. Statistical significance was calculated using a
two-way variance analysis (ANOVA) with Siddk’s post-hoc multiple comparisons test considering *p<0.05;

#4p<0.01.
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3.3.Validation of the differentiation process through gene expression
To further study the differentiation process occurring on the 3D culture, we performed qRT-
PCR on GelMA + AlgMA and GelMA + AlgMA + HA samples on three different time points:
day 1, day 15 and day 28 (Figure 31). Gene expression was normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH).

Two progenitor cell markers, nestin and PAX6, were evaluated. Nestin was expressed evenly
throughout the 28 days of culture. PAX6 expression increased from day 1 to day 15 in both
formulations but decreased significantly by day 28. For early neuronal differentiation, the
expression of B-III tubulin and DCX genes was assessed. B-1II tubulin expression increased
significantly from day 1 to day 15 on both biomaterials, whereas on day 28 decreased
significantly, even though GelMA + AlgMA + HA maintained a higher expression at that time
point. DCX levels remained similar on days 1 and 15 and, decreased on day 28. To assess the
maturity of differentiation, the expression of mature neuron gene MAP2 was evaluated. MAP2
expression, similar to B-III tubulin levels, increased until day 15, especially in the HA
formulation, but decreased significantly on day 28 on both hydrogels. As for astrocyte genes,
GFAP was expressed mostly on day 15 in both formulations, while S100b was expressed

significantly more in GelMA + AIgMA on day 15.
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Figure 31 Quantitative gene expression of C17.2 cells in GelMA + AIgMA (control) or GelMA + AlgMA + HA
hydrogels on day 1, 15 and 28 of culture. Nestin, PAX6, p-III tubulin, MAP2, GFAP, S100b and DCX genes
relative to GAPDH are represented. Data are presented as mean + standard deviation. Statistical significance
was calculated using a two-way variance analysis (ANOVA) with Turkey’s and Sidak’s post-hoc multiple
comparisons test considering *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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3.4.Evaluation of the functional network of C17.2 cells

The functionality of neuronal cells is fundamental for their survival and differentiation. We
started by assessing the spontaneous activity of the cells in 2D, as a control, before
characterizing the activity in 3D. Cells were recorded through calcium imaging on four
different time points, day 8, day 10, day 13 and day 15, to study the evolution of the

spontaneous activity throughout the culture.

On day 8 we acquired a confluent monolayer of cells (Figure 32A) with traces of activity with
multiple spikes (Figure 32B). On day 10 (Figure 32C-D) we could see a less confluent
monolayer with spontaneous activity including cells with multiple spikes. On day 13 (Figure
32E) the monolayer changed, encompassing holes between the cells which is a hallmark of
differentiation but made the manipulation of the culture difficult because the cells were easily
detached. However, we could still successfully record their activity (Figure 32F). On the final
day of culture, day 15, the monolayer presented increased spaces between cells, but we were
where still able to obtain spikes of spontaneous activity. When comparing the traces of activity
between time points, day 8 had traces with less noise and frequent spikes. This could be
attributed to the good conditions of the monolayer that allowed an easy recording of the cell’s

activity.
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Figure 32 Functional assessment of C17.2 cells in 2D. (A, C, E, G) Brightfield photos of the recorded samples.
(B, D, F, H) Traces of the spontaneous activity of the cells of the samples presented. (4, B) day 8 of culture; (C,
D) day 10 of culture, (E, F) day 13 of culture and (G, H) day 15 of culture.

3.4.1. Study of functional activity in 3D

To evaluate of the spontaneous activity of the cells within the 3D material, we performed
calcium imaging assays on the hydrogel on day 15 of culture since it was the time point where

neuronal markers started to increase their expression (Figure 33).
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Figure 33 Functional assessment of the C17.2 cells through calcium imaging with Fluo4AM on day 15. Traces of
spontaneous cell activity of C17.2 cells cultured in 2D on coated glass slides (4) or embedded in the hydrogels,
(B) GelMA + AlgMA or (C) GelMA + AlgMA + HA. (D) Quantification of the percentage of cells with a
determined number of spontaneous spikes (1, 2, 3, 4, 5, 6, 7 or 10) during the 10 minutes of recording. Data are

presented as mean * standard deviation.

We could observe that the cells were active in both GelMA + AlgMA (Figure 33B) and GeIMA
+ AlgMA + HA (Figure 33C), proving that the culture in 3D did not impair the functionality
of the cells. When quantifying the frequency of spikes between the formulations, GeIMA +
AlgMA + HA presented a higher frequency of spikes than GelMA + AlgMA, reaching 6 spikes
per active cell, a number closer to the 10 spikes per active cell obtained in 2D. The control

hydrogel only reached a maximum of 4 spikes (Figure 33D).
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Figure 34 Functional assessment of the C17.2 on GelMA + AlgMA + HA cells through calcium imaging with
Fluo4AM on days 15 and 28. (4) Traces of spontaneous activity of C17.2 cells on day 15 and on day 28 (B). (C)
Quantification of the frequency of spikes in active cells. Data are presented as mean + standard deviation.
Statistical significance was calculated using a two-way variance analysis (ANOVA) with Sidak’s post-hoc multiple

comparisons test considering **p<0.01; ****p<0.00001.

Then, we compared the frequency of spikes in active cells embedded in GelMA + AlgMA +
HA hydrogel on day 15 (Figure 34A) and day 28 (Figure 34B) to evaluate if we can observe a
mature network with a higher number of spikes. The cells on day 28 of differentiation increased
their spontaneous spike frequency, reaching a maximum of 8 spikes per active cell, as shown

by Figure 34C.

102



4. GelMA + AlgMA + HA: a bioink for extrusion bioprinting

Once we found the composition of the hydrogel that allows cell survival and differentiation,
we wanted to assess its versatility as a bioink for extrusion bioprinting. This technique brings
a solution to the lack of organization some 3D culture models have!?’. Several parameters can
influence the printing process, which needs to be taken into consideration when starting to use
this technique. The printing pressure, temperature, nozzle size and speed influence cell
viability, and for each type of culture, those must be adjusted*’®. GeIMA and AlgMA have been
widely used as bioinks'® but the incorporation of HA modifies the properties of the hydrogel
because HA is considered a shear-thinning fluid, which would render the bioink less viscous,

and the structures could lose their definition'”!.

Taking this information into account, we optimized the printing temperature, speed and

pressure to be able to print the final formulation, using GeIMA + AlgMA as control.
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Figure 35 Optimization of the printing parameters. (4) Images of the printing scaffolds for the three conditions
and both hydrogel formulations. Scale bar 2.5 mm. (B) Measurement of the filament width of the structures printed
with the three optimization conditions. Data are presented as mean + standard deviation. Statistical significance
was calculated using a two-way variance analysis (ANOVA) with Turkey’s and Siddk’s post-hoc multiple
comparisons test considering **p<0.01; ***p<0.001; ****p<0.0001.
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When printing at 12°C, GeIMA + AlgMA had a poor definition where the filament was not
able to form the continuous grid shape (Figure 35A). In GeIMA + AlgMA + HA bioink, the
filament was not achieved, and the ink was dispensed in drop shapes. When changing the
temperature to 18 °C (Condition 2), we obtained continuous filaments, and a scaffold with two
layers was produced. However, when comparing the thickness of the filaments, there was a
significant difference between formulations, with higher values in HA formulation (Figure
35B). In the third condition, the speed of printing was increased. This permitted the deposition
of the ink in a manner that the grid was formed with two layers while maintaining with no

significant differences between the width of the filaments in the different formulations.

We proceed with condition 3 as it presented the better results for printing both formulations,

managing to print a two-layer 10x10 mm grid square with a good definition (Figure 36A).

4.1.Viability assays for C17.2 cells after printing
We bioprinted both biomaterials (out formulation and control) to assess cell viability on three
different time points (days 1, 8, and 15) (Figure 36B). Results showed rates of above 80% for
all time points and for both biomaterials (Figure 36C). Specifically, on day 1, the viability rates
were 90.5 + 4.2% for GeIMA+ AlgMA and 86.3 + 4.1% for the GelMA + AlgMA + HA
formulation. On day 8, the viability rates were 87 + 7.4% for GelMA+ AlgMA and 81 +9.1 %
for the GeIMA + AlgMA + HA formulation. On day 15, the viability rates were 82.7 = 8.0%
for GeIMA+ AlgMA and 84 + 6.9% for the GeIMA + AlgMA + HA formulation. As seen in
the drop assays, the cells maintained a proliferative capacity after bioprinting, increasing cell

density overtime.
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Figure 36 Bioprinting studies of C17.2 cells embedded in the two different bioprinted hydrogels for 15 days. (A)

Photos of the bioprinted samples of both formulations. Scale bar 5mm. (B) Representative confocal images of
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viability assay. Nuclei are stained blue, Calcein AM in green representing the live cells and EthD-1 in red
representing the dead cells. Scale bar 100 um. (C) Quantification of the viability of the cells. Data are presented

as mean * standard deviation.

4.2.Differentiation of C17.2 cells after printing

After, we assessed the differentiation process occurred after printing with immunofluorescence
assays for nestin and B-III tubulin on days 1, 8 and 15 (Figure 37). Similar to previous results,
we observed the increase in cell numbers and the difference in the morphology of the cells
throughout the culture (Figure 37A). The expression of nestin was present in all time points,
increasing significantly up to day 15 for GeIMA + AlgMA + HA, one week more than with
control (Figure 37B). Between GeIMA + AIgMA + HA and the control, the latest had a
significant increase of nestin expression over the formulation with HA on day 1 only. The
expression of B-III tubulin was steady on the first two time points and on day 15 was
significantly increased in both formulations (Figure 37C). As observed in the previous studies,
the density of cells increased overtime and the morphology changed from a round shape on day

to spread cells with increased projections and connectivity.
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Figure 37 Evaluation of the differentiation of C17.2 cells embedded in the hydrogel after printing for up to 15
days. (A) Representative confocal images of immunofluorescence assay Progenitor marker nestin is stained in
green, neuron marker B-III tubulin is stained in red and nuclei in blue. Scale bar 100 um. Quantification of the
mean expression of nestin (B) and [-11I tubulin (C). Data are presented as mean + standard deviation. Statistical
significance was calculated using a two-way variance analysis (ANOVA) with Sidak’s post-hoc multiple

comparisons test considering *p<0.05.

4.3.Evaluation of the functional network of the 3D bioprinted construct
We evaluated the activity of the cells on day 15 after printing (Figure 38). Our hydrogel and
control demonstrated spontaneous cell activity, but our formulation showed a higher frequency
of spontaneous spikes during the recording (Figure 38A-B). After classifying the percentage
of cells with the number of spontaneous spikes (from 1 to 7 per cell), it was visible that the

GelMA + AlgMA + HA formulation had a percentage of cells with 5 and 7 spikes per active
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cell, not observed on the formulation without HA (Figure 38C). A significant difference (p-
value = 0,0262) in the percentage of cells with only one spike between formulations was
observed, presenting a higher value the control formulation (73.9 + 9.8% vs 42.0 + 22.8%). A
difference in the distribution of the number of spikes is also noticeable when comparing the
percentage of cells that have 1, 2, or more than 2 spikes (p-value = 0,0037) confirming the

increase in the number of spontaneous spikes on GelMA + AlgMA + HA (Figure 38D).
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Figure 38 Functional assessment of the cells embedded in the bioprinted biomaterials through calcium imaging
with Fluo4AM. Traces of spontaneous activity of the cells embedded in GelMA + AlgMA hydrogel (4) and GelMA
+ AlgMA + HA hydrogel (B) at day 15 of culture. (C) Quantification of the number of spontaneous spikes of active
cells during the 10 minutes of recording in both hydrogels. (D) Representation of the quantification of the number
of spikes separated by the percentage of cells that have 1, 2, or more than 2 spikes. Data are presented as mean
+ standard deviation. Statistical significance was calculated using a two-way variance analysis (ANOVA) with

Sidak’s post-hoc multiple comparisons test considering *p<0.05.
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5. Incorporating the developed biomaterial in a microfluidic device

After validating the compatibility of the cells in the hydrogels in a drop shape and bioprinted,
we moved to the inclusion of this 3D culture in a microfluidic device. Combining 3D culture
with the small compartments of a microfluidic device would be advantageous to bring a more
defined architecture and decrease the number of cells and materials needed for the model®’.
This is particularly important for future drug screening assays or modeling specific functions
of the brain with cells that cannot be obtained easily in high concentrations, as sometimes is

needed for 2D or 3D models.

5.1.3D culture in a microfluidic device

Inspired by the popular BBB-on-a-chip models®>

, we used a design with 3 parallel channels,
separated by triangular-shaped pillars, where cells embedded in the biomaterial can be seeded
in the central one while the others can be used to add the cell culture media (Figure 39). On the
central channel, we included the cells embedded in the biomaterial while the cell culture

medium was included on the lateral channels (Figure 39A).

O

Q

Figure 39 3D microfluidic device setup. (A) Scheme of the device with zoom on the central and lateral channels

separated by triangular pillars. Scale bar 5mm. (B) PDMS replica of the device. Scale bar 5Smm.

5.2.Viability & Differentiation of C17.2

We started with the viability evaluation of the cells (Figure 40A). Results for our formulation
showed viability above 60% in all time points with no significant differences compared with
control up to day 28 (Figure 40B). However, the viability decreases significantly throughout
the time points on the GelMA + AlgMA formulation. We observed a tendency of the cells to

move in the direction of the lateral channels.
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Figure 40 Viability assays of C17.2 cells embedded in GelMA + AlgMA (control) or GelMA + AlgMA + HA
hydrogels inside the microfluidic device for 28 days. (A) Representative confocal images of biocompatibility
studies. Nuclei are stained blue, Calcein AM in green representing the live cells and EthD-1 in red representing
the dead cells. Scale bar 100 um. (B) Quantification of the viability rates. Data are presented as mean + standard

deviation.

To assess the differentiation into early neurons, we performed an immunofluorescence assay
on five different time points across 28 days of the differentiation process (Figure 41). The
results showed a stable expression of nestin up until day 21 with a significant decrease on day
28 in GeIMA + AlgMA + HA (Figure 41B). The expression of B-III tubulin increased
overtime, with significantly higher values on day 1 for the GeIMA + AlgMA + HA formulation,
confirming the compatibility of the system with the differentiation of these cells. We observed
a change in the cell morphology, going from a rounded shape to a more elongated one over
time. Markers’ expression and changes in morphology were similar to the ones obtained during
the experiments performed in drop or bioprinted. We also saw that the biomaterials were more

degraded on the last time point, shrinking into the middle of the central channel.
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Figure 41 Evaluation of the differentiation of C17.2 cells embedded in GelMA + AlgMA (control) or GelMA +
AlgMA + HA hydrogels inside the microfluidic device for 28 days. (A) Representative confocal images of
immunofluorescence assay. Progenitor marker nestin is stained in green, neuron marker B-III tubulin is stained
in red and nuclei in blue. Scale bar 100 um. (B) Quantification of the mean expression of nestin (B) and [-II1
tubulin (C). Data are presented as mean + standard deviation. Data are presented as mean + standard deviation.
Statistical significance was calculated using a two-way variance analysis (ANOVA) with Sidak’s post-hoc multiple

comparisons test considering *p<0.05.

5.3.Functional network in the 3D system with GelMA + AlgMA + HA

After assessing the expression of differentiation markers, we wanted to assess if the cells were
also able to show spontaneous activity in this system. In this case we only tested the formulation
we are developing, GelMA + AlgMA + HA, and we saw that the cells were spontaneously
active on day 15 (Figure 42A), with the frequency of spikes going up to 4 spikes per active cell
(Figure 42B).
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Figure 42 Functional assessment of C17.2 cells embedded in the biomaterial and cultured in the 3D microfluidic

device. (A) Traces of spontaneous activity of C17.2 cells in GelMA + AlgMA + HA. (B) Quantification of the

number of spontaneous spiker frequencies in the active cells.
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6. Inclusion of human pluripotent stem cells in the 3D culture models

After confirming the suitability of GeIMA + AIgMA + HA biomaterial with the culture and
differentiation of the murine cell line C17.2, we wanted to evaluate the behaviour of human
cells in this scaffold. The development of iPSC revolutionized brain modeling by the possibility
of obtaining human neurons from somatic cells, with no ethical concerns, leading to the
development of multiple differentiation protocols to achieve the different types of neurons and
glia. Another big advantage is the possibility to collect cells from patients and better recreate
cultures with the same genetic background?’®. Through a collaboration with Guochang Lyu
from Ernest Arenas group at Karolinska Institute, we used an iPSC line derived from a healthy
individual (EPIPSC) for midbrain dopaminergic (mDA) neuron differentiation in the 3D
systems (drop or 3D microfluidic chip) using the GeIMA + AlgMA + HA hydrogel and the
control formulation (GelMA + AlgMA).

6.1.Viability of EPIPSC cells

Viability assays were performed at three time points of differentiation: day 12 which
corresponded to the day after inclusion on the scaffold, day 16 (4 days after inclusion) and day
21 (10 days after inclusion). We used a 2D culture as a control throughout the time points.
From the images in Figure 43 we observed that on the first timepoint, cells looked similar in
all conditions (2D, GelMA + AlgMA and GeIMA + AlgMA + HA), with a round shape and
spread homogeneously across the culture area. It was also visible that most cells were alive
(stained in green). Four days later, in the 2D culture we could see an increase in cell
proliferation and a monolayer is accomplished with high viability. In 3D cultures, we observed
cell agglomerates where cells were alive, in contrary to the cells that remained alone that were
dead. This happened on both materials. On the last time point, we obtained a more advanced
stage of differentiation in the 2D culture, with an increase in axon projections while keeping
the viability high. In the 3D culture, the images showed a start on the axon projections outside

the cell agglomerates.

Viability of the cells was above 60% at all time points which is a good value for 3D cultures
of these cells. Although when quantifying the rates, we saw that 3D cultures presented a
significantly lower value when compared to 2D culture. In case of our formulation, this
difference was more significant on day16 while the control formulation had a significant lower
value on day 16 and 21 (Figure 43B). However, we didn’t have a difference in the values

between the two formulations.
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Figure 43 Viability assays of EPIPSC cells cultured in 2D and embedded in the GelMA + AlgMA (control) or
GelMA + AlgMA + HA hydrogels. (A) Representative confocal images of the viability assays at day 12, 16 and
21 of differentiation. Nuclei are stained blue, Calcein AM in green representing the live cells and EthD-1 in red
representing the dead cells. Scale bar 100 um. (B) Quantification of the viability rates of the cells in the three
different conditions (2D, GelMA + AlgMA,; GelMA + AlgMA + HA) and on three time points (day 12, 16 and 21
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of differentiation). Data are presented as mean + standard deviation. Statistical significance was calculated using

a two-way variance analysis (ANOVA) with Sidak’s post-hoc multiple comparisons test considering *p<0.05.

6.2.Differentiation of EPISPC cells

We also performed an immunofluorescence assay to check the expression of two markers,
MAP2, as a characteristic of mature neurons and TH, a marker from mDA neurons on day 16
and 21 of differentiation (Figure 44). We could see on day 16 a lower expression of the markers
in 3D compared to 2D, but there was an apparent increase of these expression on day 21, as

well as the formation of some projection of the cells.

2D —-Day 16 2D —Day21

GelMA + AIgMA — Day 16 GelMA + AlgMA — Day 21

GelMA + AlgMA + HA — Day 16

Figure 44 Differentiation of EPIPSC cells embedded in GelMA + AlgMA (control) or GelMA + AlgMA + HA

hydrogels. Representative confocal images of immunofluorescence assay performed on EPIPSC cells in 2D and
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embedded in the biomaterials on days 16 and 21 of differentiation. Nuclei are stained in blue, mature neuron

marker MAP?2 in green and mDA neuron marker TH in red. Scale bar 100 um.

6.3.Viability and differentiation of EPISPSC cells in the 3D microfluidic
device

We also wanted to assess how the cells behavior and differentiation inside the 3D microfluidic

device we used previously (Figure 39).

For this assay we used days 12, 21 and 28 of differentiation time points, for evaluation of the
cells for a longer time, to see if they would reach a more mature state of differentiation (Figure
45A). We could see that similar to the other assay with EPISPSC, the viability values were
above 60% in all time points without significant differences between formulations (Figure
45B).When looking at the morphology of the cells, the process of differentiation is noticeable
with the increase of axon projections, similar to what we obtained in the 2D culture (Figure
43A).
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Figure 45 Viability assays on EPIPSC cells cultured in the 3D microfluidic device. (A) Representative confocal

images of viability assay images of EPIPSC cells cultured in the device embedded in GelMA + AlgMA (control)
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or GelMA + AlgMA + HA hydrogels at day 12, 21 and 28 of differentiation. Nuclei are stained blue, Calcein
AM in green representing the live cells and EthD-1 in red representing the dead cells. Scale bar 100 um. (B)
quantification of the viability rates of the cells in the two biomaterials. Data are presented as mean + standard
deviation. Statistical significance was calculated using a two-way variance analysis (ANOVA) with Sidadk’s post-

hoc multiple comparisons test considering *p<0.05.

From the immunofluorescent assay (Figure 46), on day 16 we could see MAP2 expression on
the control formulation but not in GelMA + AlgMA + HA while TH was not visible in either.
By day 21, the expression of MAP2 seemed similar on the control hydrogel while starting to
be visible on our formulation, especially closer to the lateral channels. We could also observe
a morphological change on at day 21 of the control hydrogel that was not visible on the HA
formulation. By day 28, both formulations presented MAP2 and TH expression as well as

increased cell connectivity.
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Figure 46 Differentiation of EPIPSC cells in the 3D microfluidic device. Representative confocal images of
immunofluorescence assay performed on EPIPSC cells embedded in GelMA + AlgMA (control) or GelMA +
AlgMA + HA hydrogels inside the 3D microfluidic device on days 16, 21 and 28 of differentiation. Nuclei are

stained in blue, mature neuron marker MAP2 in green and mDA neuron marker TH in red. Scale bar 100 um.

However we observed along the experiments that the hydrogels were degrading faster than
what happened on the assays with C17.2 cells. This faster degradation rate was also observed

on the drop assays, making it difficult to keep three replicates until the last time points (Figure

47).
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Figure 47 Images of the GelMA + AlgMA + HA hydrogels on day 11 of culture (day of EPIPSC inclusion in the

biomaterial) and on day 21 of culture. Scale bar 2.5 mm.

6.4.The influence of the dissolution medium on the 3D culture
Since the cells presented a very round shape through the 3D culture and very few projections
on the later timepoints, we wanted to evaluate if the medium where the hydrogels were
solubilized would influence the cell culture and differentiation. Usually, when we prepare the
biomaterial composite, we dissolve the GelMA, the AlgMA and HA in a cell culture medium
overnight and on the next day we mix them with the photocrosslinker LAP and the cells. When
we are preparing the samples for the mouse C17.2 cells, we dissolved them in complete
proliferation medium since it is the medium where the cells are cultured on the day of seeding.
In the case of the EPISPC cells, on the previous assays we used the base medium (Neurobasal
supplemented with B27 and L-glutamine), without specific growth factors to avoid the
denaturation of the molecules during the overnight bath at 40°C. However, in this trial we
wanted to see if we would see any difference in the cell culture by dissolving the polymers on
the complete cell medium of day 11 (Neurobasal supplemented with B27, L-glutamine plus
BDNF, GDNF, TGFb3, AA, dbcAMP, Y27632), since it is the day of differentiation the

EPIPSC cells were included in the biomaterial.

We performed viability assays on days 12, 16, 21 and 28 of differentiation (Figure 48A). We

observed that from day 16 on there was a clear difference in the morphology of the cells
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between samples. On samples with D11 medium, the cells presented projections already at that
time point, which increased in size and number by day 28. The viability was kept constant

throughout the culture and in all conditions, at around 60% (Figure 48B).
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Figure 48 Viability assays of EPIPSC cells cultured in the GelMA + AlgMA (control) or GelMA + AlgMA + HA
hydrogels and with two different cell media. (A) Representative confocal images of the viability assay performed
on EPIPSC cells embedded in biomaterials where the polymers were dissolved using two different cell culture
media (base medium or complete day 11 medium) at day 12, 16, 21 and 28 of differentiation. Nuclei is stained

blue, Calcein AM in green representing the live cells and EthD-1 in red representing the dead cells. Scale bar
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100 um. (B) Quantification of the viability rates of the cells in the four different conditions. Data are presented

as mean =+ standard deviation.

In summary, 5% GelMA + 1% AIgMA + 1.5% HA proven to be a formulation with high
viability rates, slow degradation and compatible with the differentiation and functional activity
of neuroprogenitor cells. This formulation was compatible with long-term studies, allowing the
culture of cells for up to 28 days. When applied as a bioink for extrusion bioprinting, our
biomaterial allowed the printing of defined structures while keeping high cell viability and
allowing their differentiation. The biomaterial was included in a three-channel 3D microfluidic
device and demonstrated high viability rates and differentiation markers for up to day 21 of
culture. Human iPSC cells were included in the biomaterial in drop-shape and 3D microfluidic
device and presented good viability rates. The differentiation into dopaminergic neurons was
also visible but further optimization is required. When testing different cell culture medium for
the solubilization of the polymers, the samples with polymers dissolved in complete cell culture

medium presented better cell morphology with longer and more frequent projections.
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PART II - Development of micro-compartmentalized models for 2D

models with iIPSC-derived neuronal cells

The study of synapse formation and maturation of neurons is essential to understanding brain
development and the alterations that lead to brain pathologies. In the case of medium spiny
neurons, their maturation and homeostasis are susceptible to the connections they establish
during development. Standard 2D cultures have a heterogenous population during stem cell
differentiation that even after purification processes still lacks spatial organization. This
restricts the study of network formation between different neuronal populations and its
influence on the maturation of one another, in brain development, and disease®. Microfluidic
devices offer a solution to this type of culture, with the possibility of culturing multiple neural
cell types with axon isolation and directionality, which offers control over the culture

conditions and network formation?®*277,

Within the Advanced Stem Cell Technologies in Neurobiology Training network we had the
opportunity to collaborate with different institutions and contribute to the construction of novel
neuronal models. One of the main goals of the project was recreating a cortico-striatal-
dopaminergic neuronal model in an organ-on-a-chip platform. To assemble this model,
combined efforts were made, with our collaborators at University of Barcelona, Clelia Introna,
Prof. Josep Canals and Dr. Daniel Tornero at Stem Cells and Regenerative Medicine
Laboratory, developing the protocol for the differentiation of hPS-derived striatal and cortical
neurons while our collaborators at Karolinska Institute, Guochang Lyu and Prof. Ernest Arenas
at Ernest Arenas group, developing the protocol for the differentiation of hiPSC-derived mDA
neurons. We designed and fabricated a suitable microfluidic device compatible with the culture
of these three cell types, while allowing the isolation of the axons and a unidirectionality found

in the native circuit.

The majority of the results presented in PART II are included on the paper: “Introna C., Pereira
I., Martin B. C.S., Estarellas M., Comella-Bolla A., Gomez F. P., Lopez-Martinez M.J.,
Tornero D., Samitier J. and Canals J.M., Cortical stimulation enhances Medium Spiny Neurons
maturation in a brain-on-a-chip model of human cortico-striatal synapse. Frontiers in

Bioengineering and Biotechnology (under review).
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1. Design and fabrication of a platform for a neuron-on-a-chip model
1.1. 2D microfluidic design with microchannels and 2 cell

chamber — 2D-2C device

To facilitate the axon’s isolation and co-culture, we designed a microfluidic device with
different cell compartments connected with microchannels. The compartmentalized
microfluidic device 2D-2C was composed of two circular chambers with a diameter of 12 mm
for cell seeding, connected with 1 mm long microchannels (Figure 49A). It integrated obliquus
microchannels going from 5 um to 2 um width to promote axon unidirectionality, going from
the wither section (5 pm) to the narrowest (2 um) (Figure 49B). Square marks were added at
200 pm of the distance between them along the length of the microchannels that separate the
two cell chambers to measure how much the axon is growing. The 5 um high was chosen to
restrict the access to cells passing through the narrow channel. Two extra 12 mm diameter
chambers were added as reservoirs to avoid evaporation and they were connected by 500 pm
width x 4.6 mm length channels to the cell seeding chambers. They also allowed change of
medium avoiding direct contact of pipette tip with cells. From the AutoCAD designs, acetate
and chrome masks were obtained and used to produce the master (Figure 49C). From the
master, we produced the PDMS replicas and irreversibly bonded them to thin glass slides

(Figure 49G).
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Figure 49 Design and fabrication of microfluidic device 2D-2C. (A) Render of the device. The yellow rectangle
represents the zoomed section on (B). Scale bar 5 mm. (B) Zoom section of A presenting the obliquus
microchannels connecting the two cell chambers. The orange rectangle and circle represent the zoomed images
presented in (D). Scale bar 50 um. (C) Master produced through photolithography. Scale bar 25 mm. (D)
Measurements of the width of the microchannels. In the first photo, an arrow is signaling the measure of the
larger side of the microchannel, with 5,1 um represented by the orange rectangle on (B). The arrow on the second
photo is showing the measurement of the smaller side of the microchannel, 1.9 um represented by the orange
circle on (B). Scale bar 30 um. (E) Examples of replicas where the opening of the central chambers cut through
the microchannels. Scale bar 200 um. (F) Culture of NPC on the device and different distances from the cell
chamber opening to the microchannels in two different replicas. (G) Final PDMS replica bounded to the glass

slide. Scale bar 5 mm.

The manual opening of the central chambers was performed with a punch of 12 mm. Some
replicas were discarded because the opening was too close to the microchannels, damaging
those (Figure 49E). To measure the growth of the axon, it was important to keep the same

length for the cell chamber opening to the microchannels, but this was difficult to achieve by
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performing the manual opening of the cell chambers (Figure 49F). To solve this problem

another design was created.

1.2.2D microfluidic device with microchannels and 3 cell channels — 2D-3C

device
This design had three cell channels with an 8mm diameter inlet and outlet each (Figure 50A).
The side channels were Imm in width and the central, 500 pm, all 220 pm in height. The
channels were connected by microchannels also going from 5 to 2um wide, 500pm long and 5
um high (Figure 50B). The wither part of the microchannels was connected to the side channels
and the smaller extremity was connected to the central channel (Figure 50C) and when
measuring the microchannels we could observe the smaller end measured 1.85 pum while the

other end measured 4.50 um, which we considered inside the error design (Figure 50G).
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Figure 50 Design and fabrication of microfluidic device 2D-3C. (4) Render of the device. The orange rectangle
represents the zoomed section on (B). Scale bar 5 mm. (B) Zoom section of A. The blue rectangle and circle
represent the zoomed images presented in (G). Scale bar 250 um. (C) Master produced through photolithography.
Scale bar 25 mm. (D) Final PDMS replica bounded to the glass slide. Scale bar 5 mm. (E) Diffusion assay showing
the microchannels stained with fluorescein for 1 hour of a section similar to (B). Dotted lines are placed in the
interface between the microchannels and the central channel. Scale bar 100 um. (F) Diffusion assay after 5 days
showed only the lateral channel and the microchannels stained with fluorescein of a section similar to (B). Dotted
lines are placed in the interface between the microchannels and the central channel. Scale bar 200 um. (G)
Measurements of the width of the microchannels. In the first photo, an arrow is signaling the measure of the

smaller side of the microchannel, with 1.85 um represented by the yellow rectangle in (B). The arrow on the
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second photo is showing the measurement of the larger side of the microchannel, 4.50 um represented by the

yellow circle in (B). Scale bar 20 um.

Then, we produced the PDMS replicas (Figure 50D) and performed a diffusion test with
fluorescein to ensure the microchannels were opened. We could see that after 1 h of incubation,
the microchannels were fluorescent, confirming that they were opened (Figure 50E). This
information is also useful for the minimum incubation times for the coating of the channels
that would need to be performed before cell culture. We also evaluated if there would be
diffusion of the fluorescein after 5 days into the central channel, but we observe that that did
not happen (Figure 50F) as central part remained without fluorescence. This can indicate that
there is no major fluid interchange between the lateral and the central channels, which can

permit the co-culture of cell types that need different cell media.

1.3.Co-culture on neuron-on-a-chip - Cortico-striatal circuit model

1.3.1. Differentiation of cortical and striatal neurons
Once the 2D-3C devices were produced, we started the differentiation process of the cells to
obtain cortical and striatal neurons in collaboration with Stem Cell and Regenerative Medicine

Laboratory at UB.

We evaluated through immunofluorescence the differentiation of the cells cultured inside the
device at the last timepoint corresponding to day 55 of the cortical cells’ differentiation and
day 37 of the striatal cells’ differentiation (Figure 51A). Results successfully confirmed the
expression of mature neuronal markers (MAP2 and TUBB3) as well as cortical and
glutaminergic markers (TBR1 and KGA) (Figure 51B). We could also validate the
differentiation of the striatal neurons by the expression of striatal makers including GABA and
MSNs markers CTIP2 and FOX1 (Figure 51C), as well as the good survival rate of the co-
culture which can be observed by the good confluency of the cells and their morphology on

Figure 51D.

1.3.2. Assessment of unidirectional cortical-striatal connection
A fundamental hallmark that we wanted to achieve was to have a synaptic connection that
moves from cortical population toward striatal population and not vice versa. To ensure the
unidirectionality of the corticostriatal connections happening from the cortical channels to the
central striatal channel, the cortical progenitors were seeded 7 days before the other cell type.
We could observe the GFP-labeled cortical axons projected to the central (striatal) chamber,

validating the efficacy of the design and protocol for the co-culture of these two types of cells
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together (Figure S1E). We also accessed the functionality of the cells through calcium imaging
to evaluate the formation of functionally active circuits with monodirectional orientation. We
could see that after KCI injection in the cortical compartment, asynchronous firing in the
cortical cell population occurred, followed by an immediate and simultaneous depolarization
in the striatal compartment (Figure 51F). This event was not observed without the addition of

KCIL
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Figure 51 Biological assays performed on microfluidic device 2D-3C for the cortico-striatal neuronal model. (4)

Schematic of the placement of the two different cell types, cortical and striatal neuron, in the microfluidic device.
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Cortical neurons were seeded on the lateral channels and striatal neurons were seeded on the central channel.
(B) Representative confocal images of iPSC-derived cortical neurons. (C) Representative confocal images of
iPSC-derived striatal neurons. (D) Representative fluorescence images of co-culture of cortical and striatal
neurons cultured in the microfluidic device. (E) Representative fluorescence images of cortical neurons cultured
on the lateral chamber and their projections reaching the central chamber. Red arrows point to the projections
entering the microchannels and white arrow points to the projection reaching the central channel. (F) Functional

assay through calcium imaging of the co-culture.

1.4.Co-culture on neuron-on-a-chip - Striatal-dopaminergic circuit model

We then used the 2D-3C device to replicate the midbrain-striatal circuitry, affected in

Parkinson’s disease (PD) in collaboration with Ernest Arenas’ group (Figure 52).

1.4.1. Impact of the co-culture on the differentiation of mDA neurons
We could observe differences in morphology of the two types of culture. In the control model
with PD-mDA neurons cultured with EPIPSC cells, the morphology of the cells on the lateral
channels (dopaminergic neuron compartment) was more heterogeneous, with cells presenting
a neuron-like morphology with elongated projections and epithelial-like cells attached to the
bottom (Figure 52B). In the co-culture model where PD-mDA neurons were cultured with
striatal neurons, the cells in the lateral channels had a homogeneous morphology with a better

axon orientation towards the microchannels (Figure 52C).

A B Day 35 C Day 35

Control Control Co-culture
1y P
ff*illl! 5106 5106

{IL
5106 EPIPSC 5108
EPIPSC SN
Co-Control

“lﬂll (&
/{f.ng g™ i
%\ﬂ s108 £ 5108 |

5106 5108

Figure 52 Co-cultures with mDA or striatal neurons on the microfluidic device 2D-3C. (4) The layout of the
design of the microfluidic device with the indication of where the different cells were cultured. 10x magnification

brightfield images of co-cultures with PD-iPSC mDA neurons (5106, 5018; DIV 35), and (B) control mDA
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(EPIPSC; DIV 35) or (C) striatal (DIV 42) neurons. Images were taken at different focal planes to demonstrate

stratified layers of cells in controls.

In summary, two different designs were created to allow the co-culture of neural cells with
axon’s isolation and directionality. The second design designated 2D-3C with three channels
connected with obliquus microchannels was proven to have a more reproducible fabrication
process. This design was also compatible with the culture and differentiation of cortical, striatal
and dopaminergic neurons. The co-culture of cortical and striatal neurons was also achieved,
validating the unidirectionality of the cells from the lateral channels to the central channel and
the influence of cortical neurons in the activity of striatal neurons. 2D-3C device was also
applied to the modelling of the dopaminergic-striatal circuit, where the co-culture model

intended to a more homogeneous population of dopaminergic neurons than the control.
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Chapter 5 - Discussion

1. The development of a suitable hydrogel to support the culture and

differentiation of neurons

There is a considerable shift in cell culture to 3D models where new key players are introduced
to bring complexity and better recreate the tissue in study?’®. One of these key players in the
brain is the ECM. Due to the high sensitivity of neural cells, it is challenging to create an
artificial matrix that ensures the support and mobility of the cells, while lasting the long-term
culture protocols associated with the differentiation of these cells and allowing a correct

diffusion of oxygen and nutrients®”.

From the several explored materials used in 3D culture, hydrogels are used for their high-water
content, biocompatibility, and elastic properties'*’. Gelatin and Alginate are two popular
natural-sourced materials, commonly chemically modified to create scaffolds alone or
together'*??% Both materials are biocompatible but have different degradability: gelatin is
more degradable for its RGD binding sites which aid cell mobility while being exposed to
MMP secreted by the cells degrades the matrix; alginate is less degradable by the cells but in
return has less cell-binding sites. Together, these materials combine their advantages. The
components present in the native brain ECM are materials desired to include artificial matrixes
to incorporate the effect and architecture they have on the native tissue. HA is a polysaccharide
highly present in the brain ECM!"*28! It is known to influence cell differentiation and is

currently being explored for different types of 3D cultures.

To reach the final formulation, we evaluated several different polymer concentrations in the
biocompatibility with cell culture and differentiation and durability in culture. Formulations
containing 3% GelMA, 0.5% AlgMA and 0.5% or 5% HA presented small projections from
the day one, increasing by day 8 as well as the B-III tubulin expression. However, these
formulations would degrade quickly after one week of culture, especially the formulations with
higher concentration of HA, demonstrating their unsuitability for long-term culture protocols.
By increasing the GeIMA and AIgMA concentration, we observed presented shorter cell
projections at day 8 probably due to the higher concentration of the polymers which can create
a stiffer environment that translates to a late start of cell mobility. However, 5% GelMA + 1%
AlgMA + 1.5% HA supported the culture and differentiation while presenting minimal

degradation after 8 days in culture, being selected as the working formulation.
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We studied the physical characterization of this formulation coupled with the control
formulation without HA. The diffusion of water, nutrients, and gases is essential for the
survival of cells in 3D scaffolds as well as their mobility within the biomaterial. The swelling
rate and porosity of the biomaterial are related to swelling rates increasing with an increase in
porosity?®2. The control formulation presented values of the swelling rate as previously reported
by the group?®® while our formulation with HA had slightly higher values of water intake. This
result is consistent with previous works since HA formulations have previously been shown to
increase the water uptake capability of scaffolds'!”. The stiffness is another important
parameter of the 3D biomaterial since it can directly affect the differentiation and the activity
of the cells'!*?%*. From the compression assay, our results showed that both formulations had
values within the 1-10 kPa elastic modulus range, meaning that they are optimal for neuronal

models'?®

, with GelMA + AlgMA + HA formulation reaching a slightly lower value compared
with the control. This can be explained by the high-water intake of HA mentioned before. Also,
the degradation rate is an important feature to be evaluated since the degradation can help
neuronal cells to spread and move across the material or even control the differentiation of
neuronal progenitor cells?®>?%, Herein, results showed that both materials were degraded over
time, with the biomaterial with HA having a slightly longer time of degradation which being
beneficial for long-term assays, allowing more time for cells to adapt to the environment and

start producing their own ECM.

From the SEM results, the porosity of the surface of our formulation and the control was visible,
both having a high frequency of pores. A smaller pore size was measured in the formulation
with HA which could be attributed to the complexity of the formulation. In other published
works, the SEM images of biomaterials with similar compositions presented much bigger
pores! 19287288 This could be due to the methodology used for processing the samples for SEM
analysis. Most works do freeze drying before the SEM analysis and this process can induce the
production of bigger pores due to ice crystals®®>*7:2%? A high swelling rate in combination
with a smaller pore size could also be an indicator that water was being absorbed by the pore

walls'?®

. Another important point is that with the degradation of the biomaterial during the
culture, the size of the pore is set to increase. With the increase in the pore size, cells tend to
have higher extrusion of filopodia®®. This is present in the results of these formulations in the
immunostaining images, whereby on day 15 the cells presented bigger projections and
connectivity as well as on the SEM images on day 15 the cell number and connectivity

increased, which could be helped by the increase in pore size of the matrix.
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Regarding the results for the evaluation of the compatibility with the neuronal cell culture and
differentiation. The formulation with HA was demonstrated to be compatible with long-term
culture (28 days), with viability rates similar of those of the control formulation. Cell
proliferation was visible in the increased number of cells from day 1 to day 15 of culture.
Mammalian cells usually proliferate until reaching that state of proximity where they stop

division, cell growth, and motility*!?

. NPC, including C17.2 cells, are proliferative until they
enter the post-mitotic phase during differentiation?!?2, Differentiation was also possible in
the composite formulation with stable values of nestin expression and increasing B-III tubulin
expression. These results can indicate that the C17.2-derived NPCs populations mature at
different rates and one subpopulation keep an immature state while the other subpopulation of
NPCs undergoes neural differentiation and maturation. However, the decrease in gene
expression of Pax6 and DLX at the last timepoint is consistent with a large differentiation of
NPCs, being more relevant for those NPCs cultured on GeIMA + AlgMA + HA. The gene
expression of nestin and B-III tubulin was coherent with the immunofluorescence assays by
day 15. In addition, significant differences in the expression of the neuronal marker B-III
tubulin were observed in the immunofluorescent assays at day 21, where GelMA + AlgMA +
HA presented a significant increase in the expression of B-III tubulin compared to the control,
meaning that cells were differentiating to neurons and validating our formulation suitable for
neuronal culture and differentiation. The results were complemented by showing the
expression of MAP2 and S100b, increased by day 15. These two markers indicated that part of
the population was indeed differentiated into mature neurons but also there were astrocytes
present. C17.2 cells are described to differentiate into a mixed population of neurons and
astrocytes?’>2%%, However, in the formulation with HA, the expression of S100b was lower than
the formulation without HA, suggesting a smaller population of astrocytes about neurons,
which probably could be related to the better spontaneous activity observed. However, by day
28, the expression of most differentiation genes had decreased compared with day 15, which
could be an indication of degeneration of differentiated C17.2 cells by that late timepoint,

resembling the decrease in B-III tubulin and MAP2 reported in**?

. Nevertheless, analyzing the
B-IIT tubulin values at timepoint 28 it seems that GeIMA + AlgMA + HA composition slows
down this degeneration process compared with hydrogels without HA. The degeneration of
differentiated neuronal cells may be produced by an unfavorable environment to maintain
neuronal cells or a lack of enough cell networks that are necessary for long-term neuronal

survival in vitro. The degradation of the hydrogels in both formulations is low until day 28,

the interaction between neuronal cells seems that it’s enhanced at day 28 with neuron clusters
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formation, and the environmental conditions are not significatively modified suggesting that
could be necessary between day 15 and 28 a modification of the media conditions to maintain

the differentiation process.

The compatibility of a biomaterial with electroactive cultures is very important for the survival

and maturation of the cells, especially from neural lineage'?!

. Our formulation was proven to
be electroconductive, with C17.2 being able to spontaneously fire. Our formulation
outperformed the control formulation, presenting a higher number of spontaneous spikes. At
day 28 the frequency of spikes increased, validating the maturation of the cell network formed

in the system.

The increase in the spontaneous activity can indicate a more mature population which is
contradictory to the PCR results that show a decrease in the general gene expression of neural
markers by the same time point. Gene expression is precedent to protein expression®** and it
can be an indicator that the protein expression of markers could decrease in the following days
of culture if samples are in culture. Another explanation would be negative feedback, where
the amount of markers would be sufficient for the full differentiation and no more gene

expression would be needed?*?

. We could also be measuring the activity and protein expression
of only a part of the culture and not the entirety of it in Ca®* imaging, whereas in PCR analysis,
the quantification is for the entire sample. Then, the results obtained may indicate a mature
population only referred to a subpopulation. It would be necessary more experiments to further

validate these results and to understand which of these scenarios is the one taking place.

2. The composite hydrogel as bioink for extrusion bioprinting of

neuronal cells

3D printing is a revolutionary technique that allows the controlled deposition of biomaterials
and cells, solving the lack of control over the fabrication of 3D cultures. Extrusion bioprinting
is one of the most used bioprinting methods, but the viability of the cells can be affected by the
shear stress while printing?®®. The results obtained after bioprinting C17.2 cells in a defined
square grid showed that the viability was higher than 80% after printing and this value was
kept in the following two weeks, indicating that the formulations were able to be printed with
a good definition without damaging the cells. Throughout the culture, cells proliferated until
day 15, where they appear to reach confluency, identical to the increased proliferation observed
in the previous results using hydrogel drops. A change in the morphology of the cells was

distinguishable, going from having a round shape on the day after printing, to showing small
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projections one week later and increasing those projections and cell connectivity by the last
time point. A change in the size of the nuclei was noticed as well, from being characteristically
big in the case of NP cells to decreasing over time, indicating the transition from NP to a neural
phenotype, validating the process of differentiation®”’. The expression of nestin was constant
throughout the two weeks while the expression of B-III tubulin increased over time, especially
by day 15, coincident with the results obtained with the drop-shaped samples discussed in the

previous section.

Despite the challenges in recording the activity of neuronal networks in 3D, spontaneous
activity was detected on both hydrogels, with GeIMA + AlgMA + HA outperforming the
control formulation with a higher number of spontaneous spikes of activity. The increase in the
number of spontaneous activity spikes is a characteristic of the maturation of neuronal
culture?”®, which points to our formulation being capable of supporting the culture of a mature

neuronal network.
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3. Combining microfluidic devices and the developed hydrogel to

create a 3D culture model

Microfluidic devices can be of assistance to 3D culture is the reduction in the size and quantity
of materials used for culture and reagents for the monitoring assays>”. To assess if the
biomaterial we have developed would adapt to a 3D neuron-on-a-chip, we used a similar
design, with three channels, where the biomaterial and C17.2 cells were cultured in the middle

and the cell culture media were added to the lateral channels.

We kept the cells in culture for up to 28 days, measuring their viability rate and assessing if the
differentiation was taking place by immunofluorescence assays. The results showed viability
rates similar to the ones observed on the other assays with this HA formulation, although it
slightly decreases over time. We could observe that the cells tend to concentrate in the contact
area with the cell media channels. This could indicate that the cells are seeking a more
nutritious space, pointing out that the dimensions of the device might not be ideal for a correct
diffusion of cell culture media. The decrease in viability can also be linked to the time of
culture. C17.2 cells are mouse cells that usually differentiate in 10 days. Time points further
than that can lead to the degeneration of the fully differentiated cells. However, it was important

to access if the system would last long-term culture and so we kept the culture up until day 28.

From the immunostaining, we can see a stable expression of nestin and increasing expression
of B-III tubulin, in agreement with the previous 3D assays. However, in this case, the
biomaterial seemed to be degrading and losing shape after day 21 in culture. We hypothesize
that a smaller quantity of biomaterial (10 pl) contributes to faster degradation. In comparison
with the assays of viability, this degradation was not so visible. The type of assay also
influences the final state of the culture when acquiring the images. In immunofluorescence
assays, there are more steps in the protocol that include a fixation process and more washes.
This can influence the degradation of the material, that at the end of long protocols such as this,

can decrease its size.

We performed a functional assay on day 15 to see if, by that time point, there would be
spontaneous activity. We were able to detect spontaneous activity, proving that the neuronal

network was being formed in the model.

There are still some parameters to tune in this model. The size of the middle channel in

proportion to the lateral channels might be too big to allow a correct diffusion of media. In the
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future we would like to test the device under perfusion, to see if the diffusion of media would
be improved and assess the influence of that in the culture. Another point to evaluate would be
changing the dimensions of the design, ensuring that we can adapt the architecture to fit with

the 3D culture more efficiently.
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4. Inclusion of human pluripotent stem cells into the 3D cultures

After validating the suitability of the developed biomaterial for mouse neural culture and
differentiation, we moved to the inclusion of hiPS-derived dopaminergic neurons in the model.
It is unquestionable that to study the human brain and its pathologies, the in vitro model must
include cells of human origin. The great advances in iPSC culture have allowed the
development of differentiation protocols to achieve several types of neurons in healthy

conditions or patient-derived, contributing to the modeling of several neurological disorders.

The viability studies performed showed a similar viability rate in 3D when compared to the 2D
culture on the first time point but decreased in the following two, especially on the formulation
without HA. The morphology of the cells was different between these conditions. In 3D, the
cells presented a rounder shape, often dying when far from other cells, only starting to present
some projections by day 21 of differentiation. This could indicate the material was not
facilitating the movement of the cells, especially at the first time points. When checking for the
expression of TH and MAP2, markers of mDA and mature neurons, we could see their
expression by the latest time point as well, even though the staining was weak, pointing out
that the cells were able to start their differentiation within the system. Another phenomenon
we observed was a faster degradation of the samples, compared to the assays with C17.2 cells.
Further studies are needed to confirm these results and access if the composition of the

biomaterial needs to be adjusted to further promote cell mobility.

In the study in the 3D microfluidic device, we could see better viability rates but after day 21,
the biomaterial was mostly degraded. The cells also tended to cluster. However, several
projections between the cell clusters were visible, which would indicate the cells were viable.
We did not observe high levels of TH expression at any time point, but there was an increase
in MAP2 expression. Between formulations, there is an apparent difference in the MAP2
expression on the first two time points, with GeIMA + AIgMA showing higher protein
expression, but the layout of the cells and biomaterial indicated that on the HA formulation,
the biomaterial was less degraded and that could translate to a higher difficulty of the antibodies
to penetrate. We could not conclude if our formulation GeIMA + AlgMA + HA had a visible
effect and differences on the culture of EPIPSC in comparison with the control, but cells were
viable, featuring a high capacity of metabolism and remolding the environment within the
material. Further assays are needed to optimize the culture conditions and immunofluorescence

protocols.
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The degradation of the samples in both models could be due to the composition of the cell
culture media. The media of the differentiating cells is full of small molecules which vary in
composition according to different time points in culture. Some of these small molecules, such
as BNDF, GDNF and DAPT, stimulate cells to increase their metabolic activity in culture*®*
392 This can translate to the production of enzymes by the cells that degrade the natural

polymers present in the biomaterial.

Another study was performed where we changed the solution to where the polymers were
dissolved before culture. In the other assays, GelMA, AlgMA, and HA were dissolved in the
base medium of the cells. A medium without small molecules is added to differentiate the cells.
Since these molecules can be degraded at temperatures close to 40 °C, we thought to spare their
use for the solubilization process that happens at 40 °C, saving money as well. However, we
tested if by solubilizing the polymers with the complete medium at day 11 there would be some
difference in the viability of the cells. In terms of viability rates, we did not see significant
differences between conditions but the same did not happen in the morphology. Surprisingly,
as early as day 16 of differentiation, there was a clear difference between conditions. The
samples with complete medium started showing projections from one cluster of cells to the
other. On the following time points, these projections increased in number and length. Further
studies are necessary to understand in depth if the physical structure of the material is changed

or if the metabolic activity of the cells is increased.

These studies point to compatibility of the culture while also giving rise to new questions. In
most published works there is no particular emphasis on the solution used to solubilize the
polymers. Some studies use water’®, others PBS**, or even complete medium?®®. These last
results generated us more questions about the solubilization method and its influence on the
culture. Further studies should be performed to validate these observations and evaluate the
influence of the dissolution media in the physical characteristics of the biomaterials (stiffness
and degradation for example) as well as the viability, morphology, motility and differentiation

of the cells in culture.
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5. Neuron-on-a-chip  for recreation of cortico-striatal and

dopaminergic-striatal communication

There are several areas of the brain where the connection between neural cells has a distinct
direction that cannot be replicated in a well-plate’*. In 2D cultures, the multi-culture of cells
is difficult to achieve and when the cell population is heterogeneous, the orientation of the cells

is unpredictable.

The cortico-striatal circuit connects the cerebral cortex responsible for cognitive functions to
the striatum, responsible for motor control. This circuit is unidirectional, going from the cortex
to the striatum and the disruption can lead to diseases such as HD%. It is important when

modeling such a connection that unidirectionality is ensured.

Microcompartimentalized devices arise as a helpful solution to culture multiple cell types in
communications in a controlled environment. The malleability of the design of microfluidic
devices makes these models able to isolate the axons from the soma of the cells, allowing the

study of axons’ growth and cell-cell communications2®*.

In this work we developed first a device with separate cell compartments connected by obliquus
microchannels, to isolate the axons and promote unidirectionality. On the first design
developed, we successfully produced a master with structures as small as 2 um with the
microchannels correctly aligned with the cell chambers. However, since the chambers were
manually opened, it was not possible to guarantee reproducibility in the fabrication of the
replicas. A second design was done, this time with three different cell channels, connected

again with obliquus microchannels.

This optimized design was used for the recreation of cortico-striatal and nigra-striatal circuits.
We successfully differentiated cortical and striatal neurons as well as dopaminergic and striatal
neurons until full maturation, without media contamination that could difficult the
differentiation protocol. Apart from the differentiation, the cells of the cortico-striatal model
were able to form active synapses and give rise to spontaneous action potentials. This event
was not observed without the addition of KCI, which led us to conclude that the cortical
neurons were able to induce the firing of the striatal MSN over the connections happening

through the microchannels.

From the nigro-striatal model, we observed a difference in the morphology of the mDA cells

when co-cultured with striatal neurons, suggesting an influence in the differentiation where in
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the co-culture the morphology of the cells was more homogeneous, implying the culture could

be purer.

Future steps involve combination of these two circuits, recreating the cortico-striatal-nigral
connection. It would be important to have a model to study the influence of each cell type in
brain development and use patient-derived cells, studying this connection in the case of HD
and PD. The design of the device can also be adapted to include more cell channels and allow
the culture of other cell types such as glia cells (astrocytes, oligodendrocytes, microglia, etc.)

which play a critical role in brain development and pathologies.
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Chapter 6 - Conclusions

I.

Different concentrations of GelMA, AlgMA and HA were evaluated for the
construction of a 3D neural model. 5% GelMA + 1% AlgMA + 1% HA was found to
be the suitable formulation from all the other concentrations to explore as a scaffold to
culture neuronal cells, with high water intake, low stiffness, and slow degradation rate.
This formulation was compatible with the long-term culture of C17.2 cells, lasting up
to 28 days in culture while demonstrating good viability rates and increasing expression
of neuronal markers.

GelMA + AlgMA + HA hydrogel was proven to be electrocompatible with neural
culture with cells functionally active in the 3D culture, with increasing spike frequency
over the 28 days in culture.

The developed formulation was fitting as bioink for extrusion bioprinting of C17.2
cells. The printed structure had a good definition and cells kept high viability rates after
printing as well as in the following two weeks of culture.

The printed construct was also compatible with the differentiation of the NP cells,
proved by the increased expression of B-III tubulin and functional activity of the cells.
Significant differences in the activity of the cells were observed when compared with
the control formulation, validating the positive effect of HA in the system.

GelMA + AlgMA + HA hydrogel was incorporated in the central channel of a 3D
microfluidic device flanked by two cell culture media channels. C17.2 cells embedded
in the biomaterial were able to survive, differentiate and be functionally active, proving
the versatility of this hydrogel to be used in such 3D systems.

The first assays with hiPSC-derived dopaminergic neurons suggested that the material
was compatible with the culture of these cells in both in drop shape and in the 3D
microfluidic device systems by demonstrating good viability values and the start of
differentiation. Further optimization of protocols, such as immunofluorescence
staining, need to be performed.

The assays with hiPSC-derived dopaminergic neurons brought questions to the
solubilization method of the hydrogel preparation, with formulations diluted in the
complete cell media outperforming the samples prepared with base media in terms of

number and length of cell projections.
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10.

1.

12.

13.

Microfluidic devices were designed for the co-culture and tri-culture of neural cells,
with axon’s isolation and unidirectionality. SU-8 masters with two layers of distinct
heights were successfully produced and PDMS devices fabricated to use for the culture
of human derived progenitor cells.

The second design, 2D-3C, with three cell channels separated by obliquus channels was
found to be the most suitable of the two designs for the culture and differentiation of
hPSC.

Human cortical and striatal neuros were successfully cultured in this device and able to
complete their differentiation. In addition, the connection between the two types of
neurons was achieve unidirectionally, from the cortical to the striatal compartment,
simulating the directionality this circuit presents in vivo.

The recreation of the cortico-striatal circuit was further demonstrated through the
influence of cortical neurons in the activity of striatal neurons.

The device developed was also suitable for the culture of striatal and dopaminergic
neurons, recreating the dopaminergic-striatal circuit, with the first trials pointing to an
apparent improvement of the differentiation of the dopaminergic neurons when co-

cultured, in comparison with the control.
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Appendix 1 - "H-NMR spectra of AlgMA
and GelMA

This Annex provides supportive information to the results presented in PART 1 of the Result
section of this thesis. It consists of the nuclear magnetic resonance ('H-NMR) spectra
performed to confirm the methacrylation of the gelatin and alginate. This analysis was

performed in collaboration with Anna Vilche from Nanobioengineering group at IBEC.

Methodology

'H-NMR analysis was performed to evaluate the effectiveness of methacrylation methacrylated
alginate (AIgMA) and methacrylated gelatin (GelMA) and compared with alginate and gelatin
samples. To perform the analysis, ,20 mg of each polymer was dissolved in 0.8 ml of deuterium
oxide (D20) (VWR Chemicals). As an internal NMR reference, 0.002% of D>O solution of
Trimethylsilylpropanoic acid was previously prepared. Samples were dissolved at 65-70 °C at
constant stirring for 1 h. Later, 0.8 ml of each solution was transferred into temperature-
resistant Class A NMR tubes. GeIMA samples were kept and tested at 37 °C to avoid gelation
while AlgMA samples were kept at room temperature and tested at 70 °C. Samples were tested
using a 500 MHz Brunker Avance Neo unit and the data was processed using MestReNova
software. For the analysis of the "TH-NMR spectra, PRESAT technology was used to eliminate

the solvent (D20O) peak since it was positioned in the interest region.

Results

When comparing the alginate (Figure 1A) and AlgMA (Figure 1B) spectra we could see two
peaks present only in AIgMA spectrum at 5.17 and 6.11 ppm, corresponding to the methacrylic
groups, confirming the methacrylation. As for the GelMA sample (Figure 1D), its spectrum
revealed two new peaks at 5.43 and 5.66 ppm in addition to the modification of the peak at 2

ppm which are attributed to the methacrylic groups, validating the methacrylation protocol.
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Figure 53 'H-NMR analysis of polymer precursor samples. (4) H-NMR spectrum of alginate; (B) H-NMR
spectrum of AlgMA; (C) table with the corresponding peaks in the AlgMA spectrum. (C) H-NMR spectrum of gelatin,
(D) H-NMR spectrum of GelMA.
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Appendix 2 — GeIMA + AlgMA + HA

crosslinked at 395 nm

This appendix section provides a pilot study using the developed biomaterial in PART I but
crosslinked with a different UV light source. In collaboration with Biomaterials for
Regenerative Therapies group from IBEC, we studied the culture of C17.2 cells in the 3D
microfluidic device with GeIMA + AlgMA + HA assessing the viability and differentiation of
the cells. In parallel, we characterized the physical properties of the hydrogel.

Introduction

The fabrication of hydrogels for cell culture can be achieved through several methodologies.
In the case of composite materials, one of the common techniques to link them is by chemically
modifying the materials with methacrylate groups and crosslinking them with UV light when
combined with a photocrosslinker. In this thesis, the photocrosslinker we used was LAP. This
reagent allows a stronger crosslinking with UV light in the length of 365nm. However, the
crosslink can happen at lower wavelengths like 395nm!. The exposure of the cell to UV light
can be harmful and so viability studies are important for UV-crosslinked materials. However,

lower wavelengths such as 395 nm are known to be less harmful to the cells?.

In this proof-of-concept study, we wanted to assess if by changing the UV-light source, the
GelMA + AlgMA + HA biomaterial would provide similar or better results than the ones

performed with the UV lamp 365 nm and presented in the Result section of this thesis.

Methodology

The microfluidic devices used in these studies were the same described in the Methods section
7.1.1 3D Microfluidic device — 3D device. The hydrogel was prepared as described in section
2. Composite hydrogel preparation. In case of the physical assays, the samples were prepared
as described in 3. Physical characterization, using the 395 nm lamp (395-400nm LED lamp,
Sevenjuly, Amazon) instead of the 365 nm UV lamp from the 3D bioprinter (3DDiscovery
BioSafety, RegenHU). Samples were exposed at 10.5 cm of distance from the lamp, for 40
seconds, and with a 2 cm PDMS layer between the sample and the lamp to simulate the PDMS

present in the microfluid device.
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The inclusion of the hydrogel and cells in the microfluidic device was performed as described
in 8. Inclusion of the cells in the 3D microfluidic device using the 395 nm lamp instead. The
biological assays, LIVE/DEAD and Immunolabelling were performed as described in 8.3.1
and 8.3.2 in Methods section.

Results

For the physical characterization of the GeIMA + AlgMA + HA formulation, we performed a
degradation assay and a compression modulus assay (Figure 1). The degradation rate of the
two hydrogels did not have any significant differences (Figure 1A) as well as the compression

modulus values (Figure 1B).
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Figure 1 Physical characterization and viability assays using GelMA + AlgMA + HA samples crosslinked with
365 nm or 395 nm UV lamp. (A) degradation assay, (B) compression modulus evaluation, (C) quantification of
the viability rate on days 1 and 8 of C17.2 cells culture Matrigel and in GelMA + AlgMA + HA hydrogel

crosslinked with 365 nm or 395 nm UV lamp. Data are presented as mean * standard deviation.

200



We assessed the viability of C17.2 cells for up to 8 days in culture inside the 3D device and
compared it with Matrigel (Figure 1C). Results showed no significant differences on day 1
between formulations, which can indicate that the use of a different UV light source was not
more beneficial for the cells as we would have predicted. However, there was a significant
decrease in viability from day 1 to day 8 on the formulation crosslinked with 395 nm, indicating

that the formulation with 365 nm had more promising viability rates.

After, we evaluated the differentiation of C17.2 cells in the 3D device and compare the cell
and the hydrogel behavior up until day 15 (Figure 2). In both hydrogels we could see nestin
expression on the first timepoint and an increase in the expression of B-III tubulin over the 15
days (Figure 2). These results indicate that cells were able to start their differentiation process

independently of the crosslinking UV lamp.

The cell morphology is also distinguished between the two conditions. On the first time point,
both conditions have round cells, consistent with the other experiments in the other models. By
day 8, cells started to show small projections. However, in the samples crosslinked with a 395
nm UV lamp, the staining of the cells seems to have reached farther inside the channel and
allowed better visualization of the cell morphology. On day 15, the cells were placed
differently. On the samples fabricated with a 395nm UV lamp, the cells are mostly placed on
the border of the remaining biomaterial, but on the right side of the pillars. In the case of the
samples fabricated with the 365nm lamp, the cells and the biomaterial have moved to pass the
pillars and into part of the lateral channel, while keeping connected. The morphology is not
easily identified since the cells seem clustered. The staining of the cells is also weaker towards

the center of the middle channel.

We could also observe that from day 8 the hydrogel started to retract into the center when the
crosslink was performed with a 395 nm UV lamp. With the 365 nm UV lamp, that behavior
was only observed by day 21 of the culture (Figure 18 of Result section). On day 15, this
behavior is even more noticeable on the samples crosslinked with the 395 nm UV lamp. This
could be an indicator that the sample degraded faster with the 395 nm UV lamp due to a weaker

crosslink.
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Figure 2 Representative confocal images of the differentiation of C17.2 cells in the 3D microfluidic device
crosslinked with two different UV light sources (365 nm vs 395 nm) on days 1, 8 and 15 of culture. Progenitor

marker nestin is stained in green, neuron marker B-I1I tubulin is stained in red and nuclei in blue. Scale bar 100

um.

Conclusions and Future Perspectives

The crosslinking of hydrogels with lower wavelengths have been described as less harmful for
the cells. In this study we evaluated the physical properties of GeIMA + AlgMA + HA hydrogel
crosslinked with a 395 nm lamp and compared with the results obtains with 365 nm lamp used

throughout the thesis. The results from both hydrogels were similar in all the physical
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characterization, proving that the parameters of the hydrogel production were adequate for a
comparison between the two materials in the biological assays. C17.2 cells were embedded in
both hydrogels and cultured in a 3D microfluidic device, where their viability and
differentiation were assessed. The viability of the cells was not improved using a lower
wavelength lamp, decreasing significantly by day 8 on that sample. The differentiation of the
cells was visible in both materials, but the hydrogel crosslinked with 395 nm started to shrink
earlier than the hydrogel crosslinked with 365 nm, proving to be less suitable for long-term
culture. Further assays would be recommended to further characterize the culture using this

UV source and confirm if the material is suitable for only short-term assays.
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