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Abstract 
 

Neuromesodermal progenitors (NMPs) are a cell population that has been pointed as responsible for 

generating both posterior neural precursors and mesoderm derivatives that will develop into the spinal 

cord. These progenitors function during embryonic gastrulation when epiblast cells undergo 

differentiation to establish three germ layers (endoderm, mesoderm, and ectoderm) that will give rise 

to all tissues in the embryo. NMPs have been studied in vitro, using a protocol for three-dimensional 

(3D) generation of cell aggregates, entitled gastruloids, through self-organization in presence of Wnt 

pathway agonists that activate polarized 3D elongation. However, this method has limitations, 

concerning efficiency and reproducibility of the process. In this work, I aimed at developing more 

robust methods to generate and propagate NMPs in culture, starting from mouse embryonic stem cells 

(mESCs). To achieve this aim, I employed a mechanical scaffold during in vitro gastruloid 

development, using poly(lactic-co-glycolic acid) (PLGA) fibers. To monitor the process, I used 

morphological approaches in which aggregates were counted and measured, while also doing 

fluorescence detection with Sox1::GFP cells and immunofluorescence with relevant molecular markers 

for NMPs. Results show an increase in successful gastruloid formation and elongation when PLGA 

was used, while also exhibiting a patterned cell growth with less variability, thus representing a more 

robust protocol than the original one where fibers were not used. Additionally, I found that neural 

tissue emerging in extending fiber-supported gastruloids is organized in a neural tube-like structure, 

showing hints of apicobasal epithelial polarity and suggesting that fibers provide adequate mechanical 

support for tissue organization. 

Key words: Embryonic stem cells; Neuromesodermal progenitors; Spinal cord; Poly(lactic-co-glycolic 

acid); Gastruloid.  
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Resumo 
 

Os progenitores de neuromesoderme (NMPs) são uma população celular apontada como responsável 

pela origem quer de precursores do sistema nervoso central posterior, quer de linhagens da 

mesoderme que irão gerar a medula espinal. Esta população está activa durante a gastrulação 

embrionária, em que células do epiblasto sofrem diferenciação para estabelecerem três linhas 

germinais que darão origem a todos os tecidos do embrião. A partir de estudos in vitro, NMPs podem 

ser gerados a três dimensões (3D), em agregados celulares chamados gastrulóides, usando a via de 

sinalização Wnt para activar elongação tridimensional. No entanto, este é um método com limitações 

em termos de eficiência e reprodutibilidade. Por essa razão, neste projecto tive por objectivo 

desenvolver métodos mais robustos para gerar e propagar NMPs em cultura a partir de células 

estaminais embrionárias de murganho (mESCs). Para medir os resultados, utilizei uma avaliação 

morfológica, em que os agregados foram contados e medidos em dias-chave, fazendo também 

detecção por fluorescência de células-repórter para o gene Sox1 e imunofluorescência com 

marcadores moleculares relevantes para identificar NMPs. Os meus resultados mostram um aumento 

no número de agregados formados e elongados quando o PLGA é usado, exibindo também um 

desenvolvimento mais padronizado, com menos variabilidade e portanto mais reprodutível do que o 

protocolo-base. Além disso, encontrei tecido neural emergente nos agregados em extensão quando 

há presença das fibras, organizado numa estrutura semelhante ao tubo neural e mostrando indícios 

de polaridade epitelial apico-basal, sugerindo portanto o uso de PLGA enquanto suporte mecânico na 

organização dos tecidos. 

Palavras-chave: Células estaminais embrionárias; Progenitores de neuromesoderme; Medula 

espinal; PLGA; Gastrulóides.  
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1. Introduction 

1.1. Stem Cells 

Stem cells have been followed closely both as a promising research field and as a novel therapeutic 

approach. A broad definition of these cells regards them as undifferentiated cells that are capable of 

maintaining their undifferentiated potential upon division, thus generating identical stem cells, in a 

property called self-renewal, while also having the ability to generate cells with specific functions 

according to extrinsic stimuli and signals (and at different levels of specialization), in what is known as 

potency [1]. Stem cells thus play an important role in tissue development and regeneration, 

homeostasis, and show promise in applications as disease modeling, drug screening or tissue 

engineering [2,3]. 

Several stem cell types have already been isolated from virtually every tissue type, presenting different 

levels of cell fate potential, being named according to their potential for differentiation. A stem cell is 

called totipotent if it has the potential to originate a complete organism, usually a term reserved for the 

zygote and the first results from its division. After that, a stem cell may be called pluripotent if it has the 

potential to originate cells from all three germ layers (endoderm, ectoderm, and mesoderm), but it is 

no longer able to give rise to extraembryonic tissues and therefore cannot originate a complete 

organism. Further along the differentiation line, stem cells may either be multipotent or unipotent, 

according to their ability to originate several cell types within a specific tissue or organ, or a single cell 

type, respectively [4]. However, this classification for stem cells is very fluid and it is continuously 

being improved as new exceptions to this rather strict model are found. 

1.1.1. Embryonic Stem Cells 

Embryonic stem cells (ESCs) are defined as pluripotent stem cells that can be isolated from the inner 

cell mass of a blastocyst (the term for a 5-day embryo in humans) and cultured in vitro. These cells 

have the ability to divide while maintaining their pluripotency and are also able to give rise to all cell 

lineages of the organism [5]. 

The first depiction of successfully isolated and cultured in vitro mouse embryonic stem cells (mESCs) 

ESC‘s is from Evans & Kaufman, in 1981 [6]. These cells are characterized by the expression of 

pluripotency genes that function together to maintain the pluripotent undifferentiated state, such as 

octamer-binding transcription factor (Oct) 3/4, sex determining region Y-box 2 (Sox2) and Nanog and 

some genes responsible for the rapid proliferation of mESCs in culture, like Stat3 or c-Myc [7]. mESCs 

thus represent an interesting model to mimic embryonic development in vitro. 
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1.2. Embryonic development in mouse 

When the mouse embryo undergoes implantation in the uterus, severe changes occur, led by a great 

increase in size due to rapid cell proliferation and a cylindrical disposition of the blastocyst. It divides in 

the inner cell mass (ICM), which gives rise to all of the embryonic tissues, and the trophectoderm (TE), 

which provides nutritional support for the embryo and gives rise to extraembryonic tissues like the 

placenta (Figure 1) [8, 9]. 

After the spatial reorganization, the embryo is organized in two main cell layers, the proximal (or inner) 

epiblast and the distal (or outer) visceral endoderm. The onset of the gastrulation process will then 

give rise to three germ layers, which will originate all embryonic tissues. These layers are endoderm 

(the innermost layer, gives rise to most visceral organs), mesoderm (the intermediate layer, gives rise 

to muscle tissue throughout the body) and ectoderm (the outermost layer, gives rise to neural tissue 

and skin epithelium). 

 

Figure 1: Overview of mouse early development. (Developmental Biology, 2013). AVE - anterior visceral endoderm; 
AME - axial mesendodermal cells. 
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The gastrulation process starts with the recruitment of epiblast cells to a transient zone called the 

primitive streak (PS), an epithelial to mesenchymal transition zone [8] that marks the anterior-posterior 

axis. Recruitment is accompanied by a ‗dropping‘ migratory movement associated with loss of 

epithelial characteristics, such as cell-to-cell adhesion by some of the epiblast cells. Invaginated cells 

will originate mesoderm or endoderm cells (developing an intermediate progenitor population called 

mesendoderm) (Figure 2) [9, 10]. The gastrulation process is accompanied by lengthening of the 

streak, due to an expansion of the recruitment process towards the anterior region of the embryo, 

reaching the anterior limit at the level of the primitive node. 

 

Figure 2: Formation of Primitive Streak and origin of the germ layers in a chick embryo. Adapted from [10]. 

In the vertebrate embryo, after the elongation of the PS is concluded, a regression of the streak is 

observed, led by the node falling back, shortening the PS and leaving in its place a mesodermal 

population and posterior neural plate cells, both descending from neuromesodermal progenitors 

(NMPs) located in the epiblast flanking the streak, as discussed in more detail in section 1.3. [11-13]. 

Mesodermal cells located in the central axis of the streak undergo a morphogenic transformation in 

order to give rise to the notochord (Figure 3), which is a rod of cartilage-like tissue that serves both as 

mechanical support for neural tissue development, and as an important signaling center during 

development, responsible for the folding of the neural plate into the neural tube [14].  
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Figure 3: Dorsal view showing regression of the primitive streak in the embryo and establishment of left-right 
asymmetry.  (Left) Activation of FGF signaling pathways by the node, together with Wnt (not represented) led to the 
generation of neural plate and notochord as the streak regresses, giving way to differentiated tissues (right). Adapted 
from [12]. 

1.2.1. Central Nervous System (CNS) development in mouse embryo 

After gastrulation, the neural plate will then, using the notochord as an anchor, start the process of 

primary neurulation, which leads to the development of the neural tube [15]. This process is 

characterized by the thickening of the edges of the neural plate to form the neural folds (Figure 4), 

which bend in order to originate a lumen with an opening called the neural groove. Afterwards, the 

groove closes and generates the neural tube. The process of primary neurulation has different 

characteristics whether it is the anterior or posterior neural system that is being referred to. In the case 

of the anterior nervous system, the epiblast only gives rise to ectoderm, which will derive into neural 

tissue, meaning that anterior neural plate will develop from the anterior epiblast with no gastrulation 

involved. In the case of the posterior nervous system, gastrulation is necessary to obtain all germ 

layers as mentioned, since spinal cord development is not only restricted to neural lineages [16]. 

Neural development is accompanied by differentiation of the adjacent paraxial mesoderm organized in 

somites, giving rise to the dermomyotome and sclerotome, from which dermis and muscle tissues, and 

the vertebral column, respectively, will originate [17-19]. 

The formation of the neural tube in the tail region of the embryo, or secondary neurulation, derives 

from a mesenchymal population (tail bud) that is established at the posterior end of the growing 

embryo [15].  The tail bud will give rise to both mesoderm and neural tube, through a process of 

cavitation (instead of folding neurulation), and will then connect to the primary neural tube (Figure 4). 
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Figure 4: Primary and secondary neurulation processes. Adapted from [19]. 

1.3. Neuromesodermal Progenitors 

Upon the development of the posterior central nervous system, NMPs are formed during gastrulation 

of the epiblast, being laid close to the node as the PS regresses. NMPs are bipotent cells with the 

ability to form both neural and mesodermal lineages that will give rise to posterior regions of the CNS, 

including the spinal cord. This implies a model, in which anterior and posterior neural tissues may 

have independent origins, instead of a prior anterior development that undergoes transformation 

through posteriorizing signals, as it was accepted before the discovery of NMPs [20]. 

1.3.1. Activation-Transformation hypothesis 

Firstly mentioned by Niewkoop & Nigtevecht in 1954 [21, 22], the ―Activation-Transformation‖ 

hypothesis claims that neural development firstly gives rise to the anterior plate from the epiblast and 

then, by exposure to posteriorizing factors, the posterior neural regions start to emerge. However, ever 

since that proposition was made, much research has been performed in order to associate specific 

molecular pathways to both stages and, even though some associations between pathways such as 
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bone morphogenic protein (BMP), Wnt and Nodal and the activation step have been made, the 

posteriorizing step has been more difficult to reveal. Although some pathways as fibroblast growth 

factor (FGF), Wnt and Retinoic Acid (RA) have been associated with a role in posteriorization, it has 

been difficult to assign them a clear role in the process, mainly due to the fact that such signals usually 

work in a combined effort with individual parts difficult to specify, and that the effect on neuroectoderm 

may arise from direct signaling or the underlying effect resulting from indirect stimulation of 

mesodermal pathways [23].  Therefore, the lack of clear results provoked the arrival of new models, in 

which the NMPs‘ discovery played an important role in establishing independence between anterior 

and posterior neural development. 

1.3.2. In vivo sources of NMPs 

The hypothesis of a different formation process for the posterior neural region, independently of the 

anterior plate and fueled by NMPs, was supported by several facts: the finding that several mutations 

only affect posterior structures, while being indifferent to the anterior regions; the discovery of bipotent 

NMPs in the mouse embryo [24], and the differences in the formation process of the neural tube in the 

tail region compared to the head and trunk [25, 26]. 

NMPs originate from early epiblastic tissue with neuromesodermal potential and recent studies have 

allowed the in vivo mapping of the regions where NMP niches can be found [20]. They arise from PS 

regression, due to activation of epiblast cells by the node‘s signaling pathways, and have been found 

at the caudal lateral epiblast (CLE) and the node-streak border (NSB) (Figure 5). Furthermore, they 

are not considered stem cells per se due to their limited proliferative potential and tendency for 

differentiation [24]. These progenitors play an important role by contributing to the formation of the 

preneural tube and the presomitic mesoderm, as mentioned above. NMPs are also characterized by 

showing fluctuating numbers during spinal cord formation, as well as a progressive dislocation 

matching the elongation of the embryonic axis, with the rostralmost position in which NMPs were 

found is the ventral region of the anterior spinal cord, at the level of the sixth somite [20]. 

Therefore, the NMP population is characterized in vivo as being a dynamic progenitor population that 

originates during early embryonic development, varying in number during the different stages of body 

elongation and axis formation, while remaining a heterogeneous population that may give rise to 

neural or mesodermal tissues, with different gene expression profiles [27]. 
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Figure 5: Location of NMPs in the developing embryo at (A) E7.5 and (B) E8.5. At E7.5, posterior spinal cord is 
generated from NMPs located in the node-streak border (NSB), as part of the anterior primitive streak (PS), and in the 
adjacent caudal lateral epiblast (CLE). At E8.5 neural progenitors (Np) and mesodermal progenitors (Mp) have already 
been originated from NMPs. Adapted from [20]. 

1.3.3. In vitro Derivation of NMPs 

In order to better understand the molecular mechanisms behind the in vivo development of NMPs, 

some protocols were developed to obtain these progenitors in vitro, even if some of the pathways 

related to their development are still not clear. NMPs are obtained through directed differentiation of 

ESCs or epiblast-like stem cells (EpiSCs) with the help of a GSK3 inhibitor (Figure 6), to activate the 

Wnt pathway, combined with FGF signaling stimulation, leading to firstly an epiblast-like intermediate 

and then to NMP populations, which may be directed towards neural or mesodermal differentiation 

[28, 29].  
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Figure 6: Development of NMPs and associated pathways. Adapted from [20]. 

The differentiation process relies either on the use of three-dimensional (3D) aggregates or a 

monolayer sheet of cells. In the latter, mESCs are cultured attached to the bottom of wells, and then a 

GSK-3 inhibitor is also employed to generate NMPs from the stem cell populations [28]. While this 

culture technique is proven useful to understand certain molecular processes at a small scale, it is not 

a close representation of embryonic development when approached in a large scale. Even if it mimics 

in a satisfactory fashion a small and targeted form of in vivo development, the flat distribution of 

cultured cells it is not an accurate representation of a clearly 3D process, and that is why the 

aggregate culture alternative is often employed. This technique is similar to embryoid body (EB) 

culture, which are spherical cell clusters that form spontaneously through self-organization and 

differentiation of ESCs in suspension when present in low attachment conditions. EBs are capable of 

differentiating in all three germ layers, allowing the induction of a specific path either by extrinsic 

signals derived from growth factors in the medium or by intrinsic cell-to-cell contact-induced pathways 

that may give rise to all the somatic tissue lines [30]. 

However, while EBs have a disorganized and difficult to control differentiation process, they can also 

be specifically stimulated in a controlled fashion to originate NMPs and then specific tissues [29]. 

Nonetheless, there are some issues to be taken into account, like the medium, which should be 

chemically defined, with the absence of animal serum to reduce variability from batch to batch, and the 

control of aggregate dimensions (the ideal are 150-200 μm [29]) to avoid significant inequalities in 
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distribution of oxygen and nutrients throughout the clusters, which is a concern when dealing with EBs‘ 

development [31]. 

Baillie-Johnson et al [29] developed a protocol for induction of NMPs through the use of self-

organizing 3D aggregates derived from mESCs, which was the one that this work was based on.  

Markers expressed by the NMP population allowing its detection are mainly Sox2 and Brachyury (Bra), 

while also noting the reduction or even absence of pluripotency markers such as Oct3/4 [29]. These 

markers are characteristic of NMP populations because they are typical neural (Sox2) and 

mesodermal (Bra) progenitor markers. 

These markers were experimentally tested through fate-mapping experiments with grafting of 

Sox2
+
Bra

+ defined cells from GFP-expressing embryos into wild-type embryos showed an induction of 

neuromesodermal potency on the NSB, correlating these markers with NMP characterization [32]. 

Furthermore, genetic fate-mapping of Bra-expressing cells established a connection between the 

expression of this gene and the making of the spinal cord, thus revealing a neural potential to add to 

its already known mesodermal potential, further characterizing it as a relevant trait of the NMP 

population [33-36]. 

1.3.3.1. Organoid culture and gastruloids 

As mentioned above, two-dimensional monolayer culture, while useful, fails in representing accurately 

the 3D nature of in vivo environments. EB cultures are a better approach, making use of the self-

assembly properties of epiblast cells in suspension to obtain certain types of tissue that are not easily 

obtained from adherent cultures, such as blood or cardiac cells [37-40].  

Organoid cultures use the same principles as EB cultures and were first shown to result in in vitro 

development of structures resembling in vivo tissues by Y. Sasai‘s team, when generating optic cups 

from ESC 3D aggregates with a cellular organization similar to in vivo retina [41]. This work was a 

hallmark in tissue self-organization and allowed the development of highly patterned structures from 

aggregates of unpatterned cells, suppressing most external signals by controlling culture conditions 

and then direct cells towards a differentiation path. Authors [40, 41] also noted the importance of 

specific time points when cells show a higher tendency towards the development of aimed structures 

and, if stimulated in that direction, behave in a predictable fashion and may lead to complex and 

spatially organized tissues (in Sasai‘s work, the timestamp was when cells began to express a typical 

retina marker). 
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There are also cases in which spatial organization is not clear in organoid culture, but patterning also 

exists, due to small-scale tissue interactions that are organized in a local fashion, but show no global 

coordination, like when culturing organoids for brain cortex [42]. 

Organoid culture arose therefore from these seminal experiments to achieve 3D differentiation in a 

patterned fashion, allowing tissue interaction and spatial organization resembling in vivo development. 

While there has been a great focus the generation of organoids targeted for specific tissues to study 

pathological models and underlying molecular processes, interest in the use of this technique to study 

embryonic development has also been rising, hence the origin of gastruloids. 

Gastruloids are generated in vitro through a process similar to embryonic gastrulation when an EB 

produces a rudimentary organization of body axes and separation of germ layers in culture. Some 

features of this process may be studied using monolayer culture, even generating a flattened 

topological organization similar to the cylindrical development of mouse embryos during gastrulation, 

also showing a patterned gene expression typical of this stage [43]. 

However, this culture technique does not show the characteristic asymmetries that embryos reveal 

early in development, exhibiting instead radial symmetries due to confinement of cells within 

boundaries in adherent culture. When cultured in 3D EBs, though, cells exhibit polarizing phenomena 

and even differentiate further than in a monolayer fashion, originating mesodermal tissue like they 

would in an embryo [44]. 

Further studies on the formation of gastruloids revealed the need for an initial critical cell number and 

for a time-restricted Wnt activation in order to produce elongation of the aggregates to break their 

symmetry, resembling gastrulation and therefore coining the term ‗gastruloid‘, which are organoid-like 

structures mimicking gastrulation in embryonic development [20]. 

Gastruloids are thus characterized by axial extensions similar to what is observed in the embryo, and 

spatial organization with cell movement towards a specific direction to produce asymmetry [45]. Due to 

their resemblance to in vivo developmental processes and the fact that they can be followed over time 

without losing temporal resolution makes them a valuable tool for studying embryonic processes in 

vitro in a more reliable process than adherent culture. 

1.3.4. NMPs location-dependent differentiation 

As mentioned before, NMPs are bipotent and have the ability to differentiate into both neural and 

mesodermal tissue; however, that process may be conditioned by the location of the NMPs population 

and their exposure to different extrinsic signals during body axis extension. The fact that a progenitor 

population may give rise to a tissue type if grafted in one zone, and then another if grafted in a 

different area [46] raises the hypothesis that, rather than a heterogeneous NMP population with 
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different differentiation potentials, there‘s a single progenitor identity (characterized by the same 

markers), whose differentiation is modulated by positional cues. 

Hence, rostral and lateral edges of the CLE give rise to neural tissue, while populations located in 

caudal or medial positions originate mesoderm [47, 48]. On the other hand, the mesoderm itself 

presents high variability according to the position of the NMP population (Figure 7) [48, 49]. 

 

Figure 7: Fate map showing localized differentiation of NMPs population in the chick embryo, revealing different cell 
fates according to the region in which differentiation occurs. Adapted from [48]. 

Therefore, while different Sox2
+
T

+
 populations exist that coincide with reported NMP activity during 

axis elongation [46], they have a regionalized behavior, with cell fate decisions dependent upon the 

positional and regionalized molecular cues that will direct progenitors towards various differentiation 

possibilities. 

1.4. Role of Wnt in neural induction 

1.4.1. Wnt signaling pathway 

Wnt is a signal transduction pathway that, together with others such as BMP, Sonic Hedgehog (SHH) 

or FGF, plays an important role during embryogenesis, more specifically during neural induction [50]. 

Wnt signals have been associated with events such as cell proliferation, differentiation and cell fate 

decisions [51]. 

Wnt proteins are produced in the endoplasmic reticulum, but they are retained there until 

functionalizing proteins are activated, which will interact with the Wnt protein. First, Porcupine needs to 

perform a lipid modification on Wnt in order for it to move onto the Golgi apparatus. Then, it remains 
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stored there, until the Wntless transmembrane complex interacts with the protein, allowing it to be 

secreted from the host cell to activate target cells [52]. Triggers for Wnt production are still not well 

known, but it has been shown that Wnt production levels have interaction with products of the pathway 

that can travel to the host nucleus and regulate Wnt transcription [53]. 

The Wnt pathway operating in NMPs is the canonical one (Figure 8), which involves signal 

transduction through Frizzleds (Fz) receptors to β-catenin. 

In this canonical pathway, as it is represented in Figure 8, Wnt proteins originated from signaling cells 

act on target cells through binding to the Fz/low-density lipoprotein (LDL) receptor-related protein 

(LRP) complex present at the cell surface. 

This attachment will lead to a signal transduction cascade involving diverse intracellular proteins, such 

as Dishevelled (Dsh), glycogen synthase kinase-3β (GSK-3), Axin, Adenomatous Polyposis Coli 

(APC), among others, as well as the transcriptional regulator β-Catenin. The levels for β-Catenin in the 

cytoplasm are usually kept low by a continuous action of a proteasome controlled by a GSK-

3/APC/Axin complex that causes degradation of the β-Catenin protein [52-58]. 

However, when Fz receptors bind to Wnt molecules, the recruitment of Dsh to the plasma membrane 

occurs, which in its turn causes the phosphorylation of the LRP complex, inducing docking of the 

inhibitory complex led by the coupling of Axin to the membrane. This will cause the dislocation of the 

Axin complex away from the destruction region in the cytoplasm, causing the stabilization of β-catenin 

and an increase in cytoplasmic levels (Figure 8). 

As its levels increase, the protein migrates to the cell nucleus, where it interacts with the T cell-specific 

transcription factor (TCF), leading to transcriptional activation of Wnt target genes, some of which will 

be members of the pathway itself in order to provide feedback control, by downregulating Fz and LRP 

receptors expression, for example, thus tuning Wnt levels using the pathway itself [51]. 
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Figure 8: The canonical Wnt pathway. With a lack of Wnt exposure, the proteasome regulatory complex remains active 
and causes degradation of β-catenin (left). When Wnt binds to Fz receptors, Dsh recruitment occurs, followed by Axin 
docking and disassembly of the destructive complex, causing β-catening levels to increase in cytoplasm and 
transcription to occur. Adapted from [51]. 

As mentioned above, Wnt signaling is responsible for a wide variety of functions and misregulation of 

the pathway may lead to malformations and diseases, as is the case of colorectal cancer, where tumor 

progression is associated with an APC mutation that causes abnormally high levels of β-catenin in the 

cytoplasm of intestinal epithelial cells [59]. 

Wnt is usually associated with cell proliferation, as knockout mutants for Wnt1 fail CNS expansion, or 

Wnt5A knockout mutants lack limb outgrowth due to a decreased induction of cell cycle regulators that 

stimulate cell proliferation [60]. An abnormal upregulation of cell proliferation due to Wnt hyperactivity 

and β-catenin mutations is also associated with cancer progression and tumor growth, due to an arrest 

of cells in the G1 phase of the cell cycle, causing rapid undifferentiated proliferation [59, 61]. 

Wnt is also associated with cell differentiation and cell fate specification over several tissue types, like 

the establishment of a crypt progenitor in mouse small intestine [61], or both self-renewal of 

hematopoietic stem cells and differentiation of these into T-cells [62,63], thus illustrating the wide 

variety of functions that Wnt encompasses. 

1.4.2. Role of Wnt in neurulation 

Wnt has proved to be a major pathway involved in the entire process of CNS development and, more 

relevantly to this work, to the formation of the posterior nervous system in vertebrate embryos. Its 

effects can be traced back to posterior neural plate development at first. 
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Deriving from the primitive node, Wnt interacts in a synergistic fashion with FGF signaling and 

promotes activation of an enhancer for the gene encoding Sox2, whose expression, after inhibition of 

the repressing effect activated by BMP due to independent sources, causes the development of the 

posterior neural plate. Then, Wnt accompanies the regression of the PS, being repressed immediately 

after Sox2 activation, which means that its time-restricted stimulus is important for plate formation, but 

not essential towards its maintenance [64]. 

Present also during anterior neural development after neurulation, Wnt is one of the main players in 

regionalization of the central nervous system, patterning the regions of the forebrain and hindbrain, as 

well as the dorsal and ventral domains of the spinal cord [65]. 

Besides the neural plate, Wnt is also involved in the development of the neural crest, which is an 

embryonic tissue formed during gastrulation that will give rise to diverse lineages like the peripheral 

nervous system, craniofacial skeleton or melanocytes. Although present in the same region as the 

neural folds and the primordial neural plate, the crest is easily identifiable due to a distinct gene 

expression pattern, led by the expression of Xslug, Xsnail and Xtwist genes [50]. The origin of this 

tissue comes from the anterior neural plate border (which will also originate part of the neural folds), as 

it is submitted to molecular cues during gastrulation which, similarly to what happens in the neural 

plate, will have a posteriorizing effect on the tissue and give rise to the neural crest. The molecules 

involved are also traceable to the plate phenomenon, as they are revealed to be the work of a 

synergic relation between FGF and Wnt pathways (expressed by the lateral and ventral mesoderm), 

related to primordial and more temporarily advanced neural crest, respectively. The maintenance of 

the crest is also secured by Wnt, together with BMP signaling, which also relates the tissue formation 

to the importance of timing in the molecular exposure of the ectoderm, since BMP initially has an 

inhibitory effect and needs to be repressed for the crest to be developed, but then it is important for its 

maintenance [50, 66].  

1.4.3. Wnt and Neuromesodermal Progenitors 

Wnt is involved in posterior patterning of the CNS during its formation, as well as in differentiation and 

maintenance of the NMP population. Firstly, acting together with BMP, nodal and activin, it is capable 

of inducing a PS-like differentiation in in vitro 3D models [67]. 

The commitment of the NMP population towards neural or mesodermal fate is associated with a rise in 

Wnt signaling, through increased levels of β-catenin. That, together with activin and nodal, directs the 

NMPs towards one fate or the other (high levels mean a mesodermal fate, while low levels of Wnt lead 

to neural differentiation) [67]. 

In vitro models with exposure to Wnt signaling lead to a consequent generation of posterior features in 

the progenitor tissue, instead of the development of anterior characteristics [68, 69]. Hence, exposure 
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to Wnt is essential for expression of both NMP characteristic markers, Sox2 and Brachyury, while the 

lack of it is associated with expression of anterior markers, thus showing that Wnt has a major role in 

triggering anterior-posterior asymmetry in the embryo. It is able to induce development of the 

progenitor population that will organize the posterior nervous system, while being absent from the 

anterior region during gastrulation (Figure 9) [67]. 

 

Figure 9: Wnt-mediated anterior/posterior CNS division. Wnt activation leads to pluripotent cells commitment towards 
a neuromesodermal (NM) or mesoendodermal (ME) state. Red arrows mark Wnt effects. Adapted from [70]. 

Finally, regarding NMP populations specifically, Wnt also seems to have a decisive role in the 

commitment of precursors to each of the potential lineages, since commitment to mesodermal 

lineages appears to have a need for Wnt stimuli, revealing higher cytoplasmic levels of β-catenin. Its 

absence leads to the formation of neural tissue by default, which raises the hypothesis that NMPs are 

initially neural-fated and extrinsic signals are the stimuli for mesodermal differentiation. Such 

hypothesis originates from the fact that it is possible to undertake neural differentiation and 

reprogramming of mesodermal-fated cells to neural lineages in the absence of Wnt, but the opposite is 

not true (which also implies that although fundamental for neural development, Wnt may not be the 

decisive factor when it comes to neural lineages) [46, 70]. 

Use of a GSK-3 inhibitor in in vitro models allows the increase of cytoplasmic β-catenin levels, thus 

mimicking Wnt effect in the embryoid body, all the while revealing the temporary constraints for Wnt to 

act. If there‘s a lack of Wnt stimulus during the timing in which cells are competent for NMP induction, 

there‘s an anterior neural induction by default, and if the Wnt stimulus is too long, there‘s a lack of 

neural differentiation and the majority of NMPs will adopt a mesodermal fate, which reveals the 

importance of temporal constraints for Wnt in the developmental stage [67, 71, 72]. 

Therefore, we may conclude that Wnt is essential for induction of the NMP population and that, 

although it is not fundamental for neural differentiation to occur, it also has a major role during 

mesoderm generation, which will then give rise to the somites and tail bud at the end of the spinal cord 

through differentiation of the mesodermal populations [73]. 
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1.5. Poly(lactic-co-glycolic acid) (PLGA) 

PLGA is a biocompatible polymer widely used as a form of biodegradable suture that is absorbed by 

the body in a span of weeks after placement, leading to a gradual process of scarring, and it has also 

a wide potential as a scaffold for cell culture. 

This copolymer is constituted by two sup-groups (Figure 10) joined covalently, a polylactic acid (PLA) 

subunit and a polyglycolic acid (PGA) subunit, with the first one having a highly hydrophobic character 

and the second one highly hydrophilic, thus resulting in a relatively hydrophobic (due to the faster 

degradation of the PGA) character for PLGA fibers [74, 75]. 

 

Figure 10: Fundamental unit of PLGA (left subunit x from PLA and right subunit y from PGA). 

Compatible with the process of electrospinning, it may be used to achieve neural differentiation and 

cell alignment [76], by obtaining aligned fibers which are easily modifiable with additional molecules 

relevant for the specific tissue. 

However, in most cases, PLGA fibers are used as an adherent scaffold for cells, whereas recent work 

[77] showed the possibility of culturing neural progenitor cells in suspension together with PLGA fibers 

(Figure 11), using a low-adhesion plate to achieve cell aggregation and optimized elongation with the 

PLGA microfilament serving as an aligned center for cell adhesion and proliferation. In this work, brain 

organoids were formed and the PLGA fibers were suggested to produce a rigid center for cells to grow 

around, while also exerting inner tension that may induce differentiation of cells analogously to ECM-

cell interactions [78]. 

 

Figure 11: Representation of culture of PLGA fibers together with cells. Adapted from [77]. 
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1.5.1. Scaffold‘s Mechanical Structure 

When using 3D scaffolds as a support for cell culture, there is more to consider than just material‘s 

reactiveness and chemical properties, such as hydrophobicity and surface functionalization. 

Mechanical properties of the scaffold, mainly translated into its stiffness, greatly influence the 

successful proliferation and differentiation of stem cells, since a mild stiffness is always needed in the 

first place to counterbalance the cells‘ own contraction behavior [79]. 

Furthermore, when mimicking in vivo tissue, different stiffness of the scaffold results in different stem 

cell differentiation pathways, since low to mild stiffness is preferred when trying to obtain neural tissue, 

but high stiffness is ideal when striving towards bone or cartilage differentiation pathways [80]. 

That way, the mechanical input of the scaffold, together with chemical cues directing stem cells 

towards the desirable fate results in an organized differentiation protocol, which is preferred to 

traditional culture as an embryoid body, which solely relies on the self-organizational behavior of cells 

themselves, leading to high levels of randomness in tissue organization and problems to predict the 

outcome of differentiation [79]. 

The use of suspension culture together with a mechanically defined scaffold is, therefore, a viable 

attempt to better mimic 3D tissue formation that occurs in vivo, while presenting a physical cue as a 

support to minimize the random aggregation associated with traditional embryoid body culture. 

1.6. Applications of NMPs 

Derivation and characterization of NMPs in vitro allow new possibilities when it comes to studying 

tissue generation mechanisms not only at a population level but also at a molecular one. It allows both 

dynamic studies of cell population development and self-organization throughout tissue generation, 

allowing researchers to characterize pathways and gene expression profiles involved in specific 

stages of NMP development [28, 29, 44]. 

Even more, due to the bipotent character of NMPs, it is possible to induce targeted differentiation in 

either neural or mesodermal tissues, and to assess specific molecular pathways associated with tissue 

formation, as well as to evaluate temporal and spatial patterns associated with different stages of 

embryonic development, allowing the study of models for spinal cord circuitry [32]. Although in vivo 

models such as chick or mouse embryos can already be used, with NMP generation in vitro it is easier 

to manipulate culture conditions in order to devise new models to study cell behavior or response to 

specific molecular cues than in the in vivo system. 
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Furthermore, the study of the NMP population itself may provide more knowledge on the temporal and 

local development of these cells and then extrapolate it towards in vivo models, since this is still not a 

consensual area when it comes to NMPs origin.  

Besides that, this protocol may be applied to Induced Pluripotent Stem Cells (iPSCs), which are 

patient-specific reprogrammed somatic cells that regain their undifferentiated potential and have 

similar characteristics and gene expression profiles as those of ESCs [7]. Together with the method for 

achieving a 3D culture in the form of ‗gastruloids‘, NMPs may be used to study models for neurological 

diseases like it is already done with brain organoids [42], but targeted for different illnesses, related to 

the spinal cord. Furthermore, this could be applied to the development of high-throughput studies for 

drug development using the gastruloids as a platform for high-specificity drug testing [81] which allows 

increased efficiency and speed and reduced costs of a drug entering the market. 

Finally, regarding therapeutic applications, since NMPs show reduced proliferative potential and a 

tendency for differentiation [20] that lowers their tumor formation risks, their expansion in vitro from 

human pluripotent stem cells may prove itself to be a valuable resource as a cell source for patient-

specific transplantation. Production of NMPS in vitro might, therefore, be relevant as a tool for cell-

based therapies and tissue engineering, for the treatment of spinal cord injuries. This knowledge may 

be combined with other fields like Biomaterial Science or Bioengineering in order to devise controlled 

culture conditions towards generating NMPs with the least possible variability, and with no danger to 

the recipient in an eventual cell therapy. 

1.7. Aim and Motivation of Studies 

Stem cells are currently viewed as a potential source for therapeutic uses, through their use in tissue 

regeneration and cell-based therapies for lesion repair. Besides that, they can also be used to 

understand the mechanisms involved in embryonic mammalian development, both at a morphological 

and molecular level. Finally, stem cells can also be cultured either in normal conditions or to achieve 

pathological models, in order to better understand the mechanisms by which certain diseases 

progress. 

NMPs present an interesting development in the field, not only because of their therapeutic potential in 

spinal cord lesions, as mentioned above, but also because understanding their development and 

progression until fully differentiated cells may point towards the correct hypothesis regarding 

embryonic development when it comes to posterior CNS formation (spinal cord). 

In that sense, it is important to develop an optimized protocol for generation and manipulation of 

NMPs, to minimize randomness associated with the development of these populations from EBs, like 

aggregate formation rate, discrepancies in aggregate size and elongation, and lack of spatial cues for 

the directional elongation to occur. 
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Finally, this project aims to develop a method to improve NMP in vitro generation through the use of 

biomaterials that provide appropriate support for aggregate formation, in the form of the polymeric 

fibers. These would provide the proper mechanical stimuli and physical tension to help optimize 

aggregate formation and elongation, as well as provide the physical structure necessary to guide 

directional polarization of the gastruloids. 
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2. Materials and Methods  

2.1. mESCs culture 

mESCs used in this work were derived from the murine cell lines E14 and 46C (a Sox1::GFP line for 

neural development reporting). These cell lines had been frozen on 10/03/2015 in the E14 case, and 

on 13/02/2015 for the 46C line. Both cell lines originated from the laboratory of Professor Domingos 

Henrique at Instituto de Medicina Molecular, in Lisbon, and were frozen by Master‘s Student Andreia 

Pereira.  

These cells were cultured in serum-containing medium GMEM, supplied with Leukemia Inhibitory 

Factor (LIF) (1:500, originally at 30 ng/μL). Cultures were maintained in incubation at 37ºC under a 5% 

CO2 humidified atmosphere. 

2.2. mESCs cell thawing 

mESCs cryopreserved in cryovials (Thermo Fisher) and stored in liquid nitrogen were thawed in a 

37ºC water bath for approximately one minute and resuspended in 4 mL of pre-warmed GMEM+LIF 

medium, followed by centrifugation at 1200 rotations per minute (rpm) for 4 min. After removing the 

supernatant, the pellet was resuspended in 5 mL of the same medium and transferred to a 60 mm dish 

previously coated with 2 mL of 0.1% gelatin (1:20, SIGMA). Cells were incubated for 6 hours at 37ºC 

after which the medium was changed to 3 mL of GMEM+LIF.       

2.3. mESCs cell passaging 

Cells were washed twice with 5 mL of Phosphate Buffered Saline (PBS) and incubated with 500 μL 

0.1% Trypsin-EDTA (originally at 2.5%, GIBCO) for 2 minutes at 37ºC. Then, after observing the 

successful dissociation of cells from the plate surface on the microscope, the trypsin was inactivated 

using 4 times the trypsin volume of GMEM and the cells were centrifuged at 1200 rpm for 4 min. After 

removing the supernatant, the pellet was resuspended in 1 mL GMEM and the cells were counted 

using trypan blue exclusion method on the microscope, using a counting chamber. Finally, the cells 

were seeded at a density of 30 000 cells/cm
2
 using GMEM+LIF in previously gelatin-coated dishes. 

2.4. mESCs cell freezing 

For cryopreservation, cells were centrifuged at 2000 rpm for 5 min and resuspended in a density of 

3 000 000 cells/mL using 90% GMEM and 10% dimethyl sulfoxide (DMSO; Sigma), which is a 

cryopreservant that prevents the formation of ice crystals inside the cell. Then, the cells were 

transferred to a -80ºC freezer and a week later to liquid nitrogen. 
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2.5. Aggregate formation 

After two passages of mESCs in normal expansion conditions, cells were left until reaching 40-60% 

confluence (over-confluent cells do not form stable aggregates), washed twice with 5 mL PBS, and 

dissociated using 500 μL trypsin, which was inactivated with four times the trypsin volume used of 

GMEM, followed by centrifugation at 1200 rpm for 4 min. The supernatant was removed and the cells 

were resuspended in 1 mL GMEM and counted, using trypan blue as an exclusion viability marker and 

a counting chamber. 

The cells were then resuspended in 1 mL pre-warmed PBS at a density of 75 000 cells/mL (600 

cells/well) and centrifuged at 1200 rpm for 4 min. The supernatant was then removed and the previous 

step was repeated. After washing with PBS for the second time, the pellet was resuspended in 1 mL 

warm N2B27 in a homogeneous suspension, followed by addition of N2B27 (Thermo Fisher) until a 

total of 5 mL suspension was reached. 

The cell suspension was then pipetted in droplets of 40 μL/well into the bottom of each well in a non-

treated ‗U‘-bottomed 96-well plate (Cellstar) using a multichannel pipette, followed by a further 40 

μL/well of N2B27 medium with PLGA fibers previously sliced and sheared. Finally, each well was filled 

with N2B27 up until 150 μL/well and left to incubate for 48 h at 37ºC. 

Following that period of time, the presence of aggregates was confirmed by observing the plates on 

the microscope. Then, 90 μL of the medium was removed and replaced with 90 μL fresh secondary 

medium CHIRON (3 μM Chi99021 (Chi) 1:1000 in N2B27, stock prepared at 3 mM in DMSO) in each 

well with a multichannel pipette and then left to incubate for 24 h at 37ºC. 

Culture medium was changed every 24 h (until a total of 120 h since the beginning of the experiment) 

using a multichannel pipette held at approximately 30º to remove 90 μL of medium present in culture 

and replace it with 90 μL of fresh N2B27 in each well.    

2.5.1. PLGA sterilization 

PLGA fibers (commercialized as Vicryl, Ethicon) were cut and sheared under the microscope using a 

surgical blade and stored in a P60 plate in PBS, while being exposed to UV light for 15-20 min for 

sterilization.  

Microfibers were obtained by cutting a 5 cm-long portion of the original fiber, in order to obtain on 

average 5-10 microfibers per well. The polymeric fibers were not longer than 1 mm nor wider than 0.5 

mm. 
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They were collected from the P60 plate in a washing step with 5 mL N2B27, passing the medium 

several times on the plate to remove the microfibers (constant observation while performing this step 

is crucial due to the slightly hydrophobic nature of the biomaterial that may lead it to adhere to the 

plate instead of being washed away) before placing them in each well, using a plastic reservoir and a 

multichannel pipette. 

2.6. Fluorescence Microscopy 

When using fluorescence microscopy for Sox1:GFP detection, 150 μL of media were removed from 

each well in the 96-well plate and washed twice with 150 μL PBS, leaving a couple of minutes 

between washing steps to let the aggregates settle. 

This allowed reduction of autofluorescence associated with N2B27 and to wash away some fibers that 

did not support any cells. Besides that, fibers were also very autofluorescent, resulting in a heavy 

‗echoing effect‘ in the pictures when they were massively present. 

2.7. Immunofluorescence 

The expression of both neural and mesodermal markers, as well as a marker for tight junctions 

associated with the formation and organization of the lumen in the neural tube development, was 

assessed through immunofuorescence. 

2.7.1. Fixation and Primary Antibody Incubation 

The wells with aggregates selected for immunofluorescence were washed twice with 150 μL PBS, 

after having 150 μL N2B27 removed, with a couple of minutes between washing steps to let the 

aggregates settle. 

Then, with a cut P1000 tip, 250 μL were removed from each selected well and placed in a glass 

dissection well, placing all aggregates that underwent the same staining conditions on the same well. 

Using a glass Pasteur pipette (Sigma), the liquid was drawn from each dissection well carefully not to 

aspirate any aggregate nor drain the well completely, so the aggregates would not dry. After that, the 

aggregates were fixed with 1 mL 4% paraformaldehyde (PFA) solution (Sigma) for 2 hours at 4ºC in 

an orbital shaker set to low speed. The fixating agent was then washed with PBS three times, in 10 

min steps each. 

The PBS was then aspirated and replaced with a 1 mL solution of PBS containing 10% FBS and 0.2% 

Triton X-100 (PBSFT) for three 10 min washing steps on an orbital shaker at low speed at 4ºC. 
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The aggregates were then blocked for 1 h in 1 mL PBSFT at 4ºC on an orbital shaker set to low 

speed, followed by an overnight incubation step with a 500 μL solution of the primary antibody (Table 

1) diluted in PBSFT at 4ºC on an orbital shaker set to low speed. The wells needed to be covered in 

paraffin to prevent evaporation.  

2.7.2. Secondary Antibody Incubation 

The primary antibody solution was aspirated the following day and washed with 1 mL PBSFT at 4ºC in 

the following manner: twice for 5 min, thrice for 15 min and seven times for 1 h, in an orbital shaker set 

to low speed. The medium needed to be chilled for these steps. 

Then, the final washing solution was aspirated and aggregates were incubated overnight with the 

correspondent secondary antibody (Table 2), adding also 3 μL of 4’’,6-Diamino-2-Phenylindole 

dilactate (DAPI) nuclear staining in a 500 μL solution diluted in PBSFT at 4ºC in the dark on an orbital 

shaker, sealed with paraffin to avoid evaporation. 

2.7.3. Mounting and Imaging 

The next day, the secondary antibody solution was aspirated and the aggregates were washed with a 

1 mL solution of PBS containing 0.2% FBS and 0.2% Triton X-100 (PBT) twice for 5 min and thrice for 

15 min, at room temperature (RT) on an orbital shaker protected from light. 

The washing solution was afterwards aspirated and the aggregates were incubated at RT in the dark 

with a 1 mL 1:1 solution of glycerol:PBT (Sigma) followed by a 30 min incubation with a 1 mL 7:3 

glycerol:PBT solution.  

Following this step, the glycerol solution was aspirated and replaced with 1 mL Mowiol mounting 

medium (Sigma). 

Using microscope slides, the aggregates were mounted using a cut P20 tip by pipetting a 17 μL 

droplet onto the slide. Then, using spacers attached to the slide to prevent the crushing of the 

aggregates, the coverslips were placed on top of the spacers. 

The aggregates were then left for at least 12 h to settle on the slide at 4ºC before going into confocal 

imaging. 
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Table 1: Primary antibodies and respective dilutions used in immunofluorescence assays 

Primary Antibodies 

Target Host Source (Catalogue 

number) 

Dilution 

Brachyury Goat R&D (AF2085) 1:200 

Sox2 Rabbit 

Polyclonal 

Millipore (AB5603) 1:200 

ZO-1 Mouse 

Monoclonal 

Zymed (33-9100) 1:50 

 

Table 2: Secondary antibodies and respective dilutions used in immunofluorescence assays. 

Secondary Antibodies 

Target Host Source Dilution 

Alexa 488 Donkey anti-

Rabbit 

Molecular Probes 

(A21206) 

1:400 

Alexa 594 Donkey anti-Goat Santa Cruz (SC-

3855) 

1:400 

Alexa 594 Goat anti-Mouse Molecular Probes 

(A11032) 

1:400 
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2.8. Image processing and 3D reconstruction 

After confocal imaging and fluorescence microscopy, the images were measured, scaled and 

analyzed using Fiji© software. 

In confocal imaging, the images were acquired and quickly processed in Zen© software and, in the 

event of acquiring Z-stacks, they were then reconstructed and analyzed using Imaris© software. 

2.9. Aggregate measurement technique 

When measuring the size of an aggregate, after defining the correct scale depending on the objective 

and microscope used, some criteria was used when proceeding to the measurement. Dividing the 

measured aggregates into three main groups, there were: aggregates at day 3; stretched aggregates 

at day 5 and curled aggregates at day 5. 

For aggregates at day 3, since they were still spherical in nature, the considered dimension to be 

measured was the diameter of the aggregate. For aggregates at day 5, the dimension chosen to serve 

as parameter was the maximum possible length of the aggregate, and, in this case, when dealing with 

stretched aggregates, the measurement was done using only one axis to determine the length. When 

the aggregate was curled, the maximum possible length resulted from the sum of the maximum 

lengths in each main axis of the gastruloid (Figure 12 for illustration of the procedure). 

 

Figure 12: Measurement procedure of aggregates at: day 3 (A), day 5 and stretched (B) or day 5 and curly (C). Distance 
measured is shown by the yellow lines. 

2.10. Statistical Analysis 

Results were presented as mean ± standard error of the mean (SEM), displayed as error bars: 

SEM = 
                  

√ 
  (1) 

The significance of variability between results from various groups was determined by t-test when 

comparing datasets two at a time and by One-way ANOVA test when comparing more than two data 
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sets, using GraphPad Prism software. The results were considered statically different when p<0.05. 

The associated subtitles are * for p< 0.05, ** for p<0.005 and *** for p<0.001 and **** for p<0.0001. 
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3. Results  

As mentioned above, the aim of this work was to optimize NMP generation through 3D culture using 

gastruloids. To achieve this, several experiments were performed by culturing mESCs in suspension 

throughout a 5-day protocol described originally by Baillie-Johnson et al [29] and that is summarized 

below: 

 

 

 

 

 

In this protocol, mESCs were plated on a 96-well plate and left in suspension in low-adhesion 

conditions, to form aggregates. Some aggregation was already visible after 24 hours in culture, 

resulting in small spherical aggregates that sometimes would disintegrate before the end of the 

protocol. After 48 hours in culture, when aggregates grew in size (on average with a diameter of 150-

200 μm [29]), a chemical pulse was applied in order to activate Wnt agonists and promote elongation 

of the aggregates. After the pulse was applied, medium was changed daily and developing gastruloids 

were observed, with elongation being noticeable at day 4 in culture. Finally, at day 5, cell culture was 

stopped and aggregates were collected for further testing.  

Regarding the protocol used in this work, most of the steps remained equal; the main difference was 

the presence of PLGA fibers (500-1000 μm in length) together with seeded cells in the 96-well plates.  

However, besides culture in presence of PLGA fibers, other parameters of the protocol needed to be 

optimized to adapt the protocol to culture with biomaterials. First experiments were therefore aimed at 

achieving technical optimizations of protocol parameters such as initial cell density per well and initial 

medium volume used. This was deemed necessary since parameters from the original protocol [29] 

did not take into account the use of any biomaterials and, therefore, were not suited to pursue optimal 

aggregation together with PLGA fibers. In that sense, before studying at length the effects of culture in 

presence of the fibers, it was necessary to optimize the initial cell seeding number and the volume of 

Cell Passage 

Day 0: 

mESCs plated 
in suspension 

on 96-well 
plate  

 

Day 1: 
Aggregate 
formation 

Day 2: CHIRON 
pulse 

 

Day 3: 

First aggregate 
count and 

measurement 

Day 4: 
Elongation 

appears 

Day 5: Culture 
End; final 
aggregate 
count and 

measurement 

Figure 13: Summary of the protocol by Baillie-Johnson et al. [29] to generate gastruloids in vitro through the use of 3D 
aggregation, on which this work was based. 
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medium to be used in order to achieve aggregation together with the fibers, as it is discussed in detail 

in the next section. 

After these technical optimizations, the bulk of experiments was then performed. A 96-well plate was 

used for culturing mESCs in suspension together with PLGA fibers, while simultaneously culturing 

mESCs in another 96-well plate without fibers to provide a control group. In these experiments, to 

observe the impact caused by the PLGA fibers in the protocol and if it could be used as an 

optimization tool, the measured parameters were:  

-Number of aggregates formed;  

-The length of their elongation and  

-The expression patterns of target genes as Sox1, Sox2 and Bra. 

3.1. Technical optimizations 

Resulting from the merge of pre-existing protocols, the experimental procedure for this project required 

some technical optimizations in order to obtain the best possible and reproducible results regarding 

aggregate formation and gastruloid elongation. 

When the work started, 400 cells/well and 40 μL of medium/well were used to generate 3D 

aggregates, as mentioned in the literature [29], but together with the PLGA fibers that resulted in little 

to no aggregation (Figure 14 I) due to low cell-cell interaction and to high surface tension of the 

medium that inhibited cell dislocation outside of the superficial interface of the medium. 

It was considered as an alternative to use a centrifugation step in order to force the cells to gather at 

the bottom of the wells, but due to differences in density, mESCs would be positioned distantly from 

the fiber. That would not allow aggregation using PLGA for support as intended, so experiments were 

made in order to determine the optimal initial cell numbers and medium volume to be used with no 

need for a centrifugation step. 

Using an initial cell density gradient (600, 800, 1000, 2000, 4000 and 6000 cells/well), the best results 

were obtained with an initial seeding of 600 cells/well, resulting in one aggregate attached per fiber, 

which was the best possible outcome (Figure 14 A-F). Similar results were seen for 800 cells/well, but 

in this case the average aggregate size was close to 200 μm, which was a maximum mark in length 

suggested by the original protocol [29], although wide variability was observed. This possible variability 

together with the average length of 150 μm presented in 600 cells/well, even with variability 

associated, made 600 cells/well our choice from then on as the initial seeding parameter. It is also 
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notable that above a certain number of seeding cells (between 800 and 1000), the aggregates formed 

no longer increase in size and start to instead increase in number (Figure 15). 

Regarding the medium volume, 150 μL/well was used as a different suggestion from the literature [77], 

with aggregation being shown, so that volume was used from then on (Figure 14 G; H).  

 

 

Figure 14: (A-F) Culture of mESCs as 3D aggregates with different initial cell densities together with visible PLGA 
fibers (representative pictures): (A) 600 cells/well, (B) 800 cells/well, (C) 1000 cells/well, (D) 2000 cells/well, (E) 4000 
cells/well, (F) 6000 cells/well, (G, H) mESC culture with 1000 cells/well in 40 μL medium/well (G) or 150 μL/well (H) to 
determine optimal volume for aggregate formation. Control group provided with culture of 400 cells/well in 40 μL 
medium, as mentioned in the Literature [29] (I).  
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Figure 15: Number (A) and size (μm) (B) of the aggregates at day 2 with different initial cell densities. N=192 experiments. 

3.2. Aggregate behavior with PLGA fibers 

3.2.1. Aggregate formation 

At day 3 in culture, in standard conditions (without the use of PLGA fibers), it is already possible to see 

aggregate formation according to the original protocol by Baillie-Johnson et al [29]. Hence, the first 

step to evaluate the efficiency of the PLGA fibers would be to observe the wells at day 3. What was 

found is that not only aggregates are formed in those conditions, but some adhesion to the fibers 

(usually to the tip) is already displayed, before elongation of the gastruloids (Figure 16). 

Also, analysis of aggregates at day 3 by immunofluorescence revealed co-expression of Sox2 and Bra 

dispersed through the whole region of the aggregate, as it was also pointed out in the Literature [67], 

since this is the timepoint serving as a hallmark for the onset of gastrulation-like in vitro. Therefore, the 

co-expression of these markers suggests the presence of NMP populations, which are active during 

gastrulation to promote axis elongation (Figure 17). Co-expression was confirmed both empirically, by 

watching yellow spots on confocal images (Figure 17 D) that resulted from green and red signals at 

the same location, thus revealing expression of both genes of interest. Besides this approach, the 

histogram marking signal intensity for regions of interest (Figure 17 F) also displayed similar shapes in 

both of the intensity profiles traced for each marker, which gives a quantitative representation of the 

co-expression of Sox2 and Bra, as predicted. 
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Figure 16: Aggregation of mESCs in culture together with PLGA fibers (A), showing aggregation next to the tip of the 
fiber or as a control group (B) at day 3 of culture. 

 

 

Figure 17: (A-E) Immunofluorescence of day 3 aggregates in PLGA plates for (A) Bra (red), (B) Sox2 (green), (C) DAPI 
(blue), (D,E) merged images; (F) histogram showing co-expression of Sox2 and Bra in day 3 aggregates (analyzed area 
in yellow box). 

DAPI 

Bra 

Sox2 
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3.2.2. Aggregate elongation  

At day 5 of the protocol, it is expected for the aggregates to show some elongation due to the CHIRON 

pulse in standard conditions, as it is reported by Baillie-Johnson et al [29]. In the presence of PLGA 

fibers, it was observed that aggregate elongation occurred along the fiber, from the tip where the 

aggregate started to attach at day 3, to more central regions of the fiber (Figure 18). The polymer 

seems to allow aggregates to obtain directional cues in the form of a mechanical backbone to guide 

elongation, leading to a patterned elongation, instead of the random elongation occurring in standard 

(control) conditions. 

 

Figure 18: Elongation of the aggregates is most noticeable at day 5 in culture, in the presence of PLGA fibers (A), 
elongation occurs along the microfiber’s axis. (B-D) in the absence of fibers (control group), random elongation is 
observed. 

3.3. Comparison between PLGA and control groups 

3.3.1. Morphologic evaluation 

Regarding the morphologic evaluation of the aggregates, the parameters considered were the number 

of aggregates formed per plate (counted at day 3 in culture, after CHIRON pulse, but before 

elongation) and the number of elongated aggregates (counted at day 5, before the end of culture). 

Aggregate size (in μm) was also measured at day 3 (while they are still in spherical shape and reach 

the bigger size before elongation) and at day 5 (by measuring the maximum possible length of the 

aggregate, regardless of specific orientation or direction).  

At day 3, the efficiency in aggregate formation was very high (Table 3), with an average of 99% 

aggregate formation for the PLGA aggregates and the control group reaching 88%. These 

measurements represent only aggregates in different wells (meaning, a maximum of one aggregate 

per well and, in the PLGA group, one aggregate per fiber per well, was counted). Furthermore, both 
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results presented a small variability of around ± 10% for the PLGA group and ± 9% for the control 

group (Figure 19). Thus, a statistically significant increase in the number of aggregates formed when 

PLGA is used (p<0.05) was observed, even when the efficiency for the control group was already 

high. Concerning the culture after 5 days, results from the experiments revealed a much higher 

efficiency when it comes to the elongation of the previously formed aggregates, with the PLGA group 

reaching an average of 78% elongated aggregates. Then, for the control group, the percentage was 

noticeably lower, corresponding to an average of 55% elongated aggregates. Thus, standard 

conditions represented by the control group still provide a robust protocol with more than half of the 

wells per experiment containing aggregates that show expected behavior. Nevertheless, aggregate 

elongation in presence of PLGA fibers seems to be more efficient, with a statistically significant 

increase in the number of elongated aggregates when in presence of PLGA fibers (p<0.001). 

Table 3: Average percentage of aggregates per experiment at Day 3 and Day 5 of culture for both PLGA and control 
groups. N=1152 experiments. 

Condition 
Average percentage of aggregates formed 

and elongated (%) 

PLGA plates 
Day 3 99 

Day 5 78 

Control plates 

Day 3 88 

Day 5 55 

 

Figure 19: Average percentage of aggregates formed at day 3 and elongated by day 5, with or without PLGA fibers 
(with standard deviation error bars). N=1152 experiments. *p<0.05; ***p<0.001. 

Concerning the average size of aggregates at day 3 for the PLGA group the average measurement 

was 207 μm, while for the control group it was 243 μm, therefore presenting a statistically significant 
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decrease in size when PLGA was used (p<0.05) (Figure 20). This may be due to the fact that cells 

initially bound to the fiber had more restricted interactions with neighboring cells, and therefore initial 

aggregates were composed of a lower number of cells than in control conditions, where cell movement 

is unrestricted. However, at day 5 in culture, the average length of the PLGA group was 498 μm, being 

statistically similar to the control group (p=0.55), which was 494 μm, suggesting that the use of PLGA 

microfibers did not affect negatively the elongation of the aggregates.  

However, it is important to note that the variability associated with these measurements was very high 

(Figure 20). If, for day 3 in culture, the associated standard deviation was ± 43 μm for the PLGA group 

and ± 55 μm for the control group, at day 5 these values rose to ± 82 μm for the PLGA group and ± 

134 μm for the control group (Table 4). This variability in aggregate length may be due to different 

sizes of the fibers or the variability associated with the initial cell number per well, both of which will 

lead to measured lengths ranging from 250 μm to almost 800 μm at day 5 of the protocol. 

Table 4:  Average length (μm) of aggregates at Day 3 and Day 5 of culture for both PLGA and control groups. N=1152 
experiments. 

Condition 
Average length (μm) of 

aggregates 
Standard Deviation (μm) 

PLGA 
plates 

Day 3 207.65 43.32 

Day 5 497.73 82.41 

Control 
plates 

Day 3 242.88 54.76 

Day 5 494.00 133.46 

 

 

Figure 20: Average length (μm) of aggregates along the longest axis on different culture conditions and days, with 
standard deviation error bars. N=1152 experiments.*p<0.05. 
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3.3.2. Sox1::GFP Fluorescence 

As it was already documented [67], the use of the CHIRON pulse in vitro between 48-72 h of the 

protocol results in the expression of Sox1 in the tip of the elongated region of the gastruloid. On the 

contrary, without Wnt activity, Sox-1
+ 

cells
 
occupy the entire aggregate.  

Through the use a reporter Sox1::GFP
+
 cell line, it was possible to determine the region of Sox1 

expression through fluorescence detection, allowing us to count the number of aggregates displaying 

Sox1::GFP-expressing cells at the tip of the aggregates, similarly to what was done in the morphologic 

evaluation. It is important to note that for this analysis only the elongated aggregates were considered.  

When averaging the total number of fluorescent aggregates, it was possible to realize that practically 

all elongated gastruloids exhibited detectable fluorescence related to Sox1 expression in some region 

(Table 3 and 5). However, not all of these aggregates showed the expected pattern of Sox1 

expression at the tip of the elongated region, characteristic of gastruloids after the chemical pulse. 

Furthermore, it was possible to notice that PLGA aggregates showed a significant increase (p<0.0001) 

of Sox1::GFP
+
 cells at the tip of the elongated region when compared with aggregates cultured without 

the fibers (Figure 21). 

Table 5: Average percentage of elongated fluorescent aggregates and of elongated aggregates with expected 
fluorescence at the tip of elongated region at Day 5 for both PLGA and control groups per experiment. N=789 
experiments. 

Condition 
Average percentage of 
elongated fluorescent 

aggregates (%) 

Average percentage of 
elongated aggregates with 
fluorescence at the tip (%) 

PLGA plates 
Day 5 

75 69 

Control plates 
Day 5 

54 33 
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Figure 21: Quantification of the percentage of elongated aggregates with scattered Sox1::GFP
+
 cells versus elongated 

aggregates with localized Sox1::GFP
+
 cells at the elongating tip. N=789 experiments. ***p<0.001; ****p<0.0001. 

At a morphological level, it was also possible to observe differences between both groups, since PLGA 

aggregates tended to display a recognizable pattern, with Sox1
+
 cells present in the tip (Figure 22 A-

D). Although some aggregates formed in the absence of fibers presented Sox1
+
 cells at the tip, these 

were less frequent than in the presence of fibers (Figure 22 E-F). Nevertheless, some aggregates also 

exhibited extensions of the fluorescent region to the inner side of the gastruloid (Figure 22 G-H), or at 

a small region of the tip (Figure 22 I-J). 

 

Figure 22: Aggregates at day 5 displaying Sox1::GFP fluorescence in (A-D) PLGA and (E-J) Control groups. 
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3.3.3. NMP presence and location 

To ask if the Sox1::GFP neural progenitors present at the aggregate tip were NMPs, the expression of 

two NMP markers, Sox2 and Bra, was assessed in fixed gastruloids at day 5 of culture, by whole-

mount immunofluorescence with adequate antibodies. The results showed that NMPs were indeed 

found in gastruloids obtained with or without PLGA fibers (Figure 23). By day 5, the in vitro protocol 

should have been mimicking the late stages of gastrulation in vivo, which accounts for not only the 

elongation of the gastruloids but also the presence of NMP populations at the tip of the extended 

aggregates (Figure 23 A; C). Both PLGA aggregates and aggregates cultures in the absence of fibers 

presented NMP populations at their tip, as expected, as it can be confirmed empirically (Figure 23), 

which further suggests that use of PLGA fibers does not affect negatively generation of NMPs in the 

expected pattern at the tip of aggregates. 

Empirically, it was possible to identify NMPs by the overlap between the green (Sox2) and red (Bra) 

markers, characteristic of NMPs. To further confirm the presence of NMPs in the aforementioned 

aggregate tips, histograms were drawn in the regions of interest to measure the overlap of pixel 

intensity for both fluorescence signals at each pixel coordinate. There were cases in which the pixel 

intensity is different due to differences in the original strength of the signal and to microscope 

parameters for each antibody. In those cases, the NMP presence was confirmed due to the similar 

shape of the histogram profiles for each marker, even if there were differences in the intensity. In 

addition, it is important to note that the intensity profiles were mainly situated in the interval of 20-80% 

of pixel intensity, which means that the likelihood of it being true signal is much greater than 

background noise (which would lead to uniform low intensities) or saturated pixels (which would lead 

to brighter spots of nearly 100% intensity). 

In our analysis, an overlap of the intensity profile shape occurred both for the PLGA aggregates and 

for aggregates without fibers (Figure 23 I-J), with divergence in pixel intensity between Sox2 and Bra 

signals being linked to antibody properties. Furthermore, the signal intensity lied in its majority in the 

interval of 20-80%, which characterized them as real signal and not noise. Therefore, it was possible 

to further confirm the existence of NMP populations by co-expression of NMP markers through 

histogram analysis. However, it is important to note that in the aggregate without the polymer, there 

was a significant portion close to the 20% limit, while in the PLGA aggregate most coordinates were in 

intermediate values of the interval. This could suggest that PLGA aggregates have a higher number of 

NMPs than the control groups. 
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Figure 23: (Up) Immunofluorescence of day 5 aggregates with Sox2 (Green), Bra (Red) and counterstained with DAPI 
(blue) for control group (A-B; E-F) and PLGA group (C-D; G-H). (Bottom) Histograms for pixel intensity in control (I) and 
PLGA (J) groups (analyzed areas marked in yellow boxes). PLGA fiber contoured in white line. 

3.3.4. Development of neural tube-like structures 

Analysis of Sox2 expression in extended aggregates revealed the presence of a tubular Sox2
+
 

structure with little or no Bra
+
 cells, emerging from aggregates cultured with PLGA fibers. These 

tubular structures were not found in aggregates cultured without the polymer. Furthermore, this 

structure appeared alongside the polymer (Figure 24 A-B) and occupied only part of the aggregate‘s 

volume, close to the fiber‘s position in the gastruloid (Figure 24 C-D). This hints at the importance of 

the PLGA fiber as a mechanical scaffold to stimulate tissue organization in extending gastruloids. 

Besides that, NMP populations were also found in the PLGA aggregates (Figure 23 D), which 

suggests that development of organized neural tissue due to PLGA presence did not compromise 

NMP generation.  

To confirm the presence of exclusively neural markers, we drew histogram profiles for the region of 

interest alongside the fiber. Differences were visible when compared to the histogram profiles drawn 

from NMP populations (Figure 23 I-J), where co-expression of Sox2 and Bra occurred. At the location 

of the tubular structure, Sox2 was detected with signal mostly between 20-40% of pixel intensity. 

However, Bra was almost absent from the same region, in low levels that may be attributed to 

background noise, since they were below 20% of intensity at each coordinate (Figure 24 E). 

Therefore, that region alongside the fiber was considered to be mostly Sox2
+
 and suggested the 

development of neural tissue alongside the polymer.  
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To observe the region of interest dynamically, we used 3D reconstruction software to obtain a 

volumetric reconstruction from multiple two-dimensional slices. These slices were gathered to 

represent the whole gastruloid. Magnifying the volume allowed us to assess the distribution of the 

stained cells in the volume (Figure 24 C-D). It was seen that Sox2
+
 cells were only found at the 

surface of the structure, close to the fiber. On the other hand, the NMP population was only detected 

at the tip of the structure but throughout the entire volume, not only on the surface. This pattern further 

suggests that PLGA plays a role in neural tissue differentiation in the extending aggregate and that it 

stimulates its spatial organization. 

Nevertheless, in the control groups a Sox2
+
-only population was also present, preceding the NMP 

region at the tip. Yet, it was expressed in an uncoordinated distribution that did not follow a specific 

shape nor did it present any recognizable organization in the aggregate‘s 3D reconstruction (Figure 25 

D-E). This was described previously [67], with Sox2
+
 cells following a more disperse distribution 

outside of the NMP region, where most Bra expression is contained, although there is no report of a 

specific shape or differentiation pattern like the one found in the PLGA group.  
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Figure 24: Higher magnification of figure 22 day 5 aggregates (A-B) with PLGA fibers (white line representation) stained 
with DAPI (blue), Sox2 (green) and Bra (Red) with a 3D representation of aggregates in a magnified region showing 
both Sox2

+
 elongation and NMP populations (C-D). Histograms for pixel intensity ( E ) reveal only Sox2 true signal with 

Bra representing only background noise. 
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Figure 25: Day 5 aggregates cultured together with fiber (A-C) or without (D-E), stained with DAPI (blue), Sox2 (green) 
and Bra (red), revealing a Sox2 only expression next to the fiber and a disorganized Sox2 expression outside the NMP 
region in the control group. 

3.4. Apical polarization assessment 

After observing the tubular structure close to the PLGA fibers in gastruloids, it was important to assess 

if there was indeed a pattern to mark spatial organization of the tissue. For that, immuno-detection of 

the Zonula occludens-1 (ZO-1) protein was used, which is normally present in adherens junctions 

located at the apical domain of neuroepithelial cells forming the neural tube [82, 83]. 

In the 3D reconstruction of PLGA aggregates, it was possible to see the presence of regions with high-

density expression of ZO-1, but also some occasional ZO-1 red spots throughout the aggregate‘s body 

(Figure 26 A; D). The latter presented a random distribution throughout the aggregate and had bright 

intensity. This was mostly due to background noise or saturated pixels associated with ‗bright spots‘ 

accumulated in stacked slices than true signal. 

When zooming in regions of interest at selected slices (Figure 26 B-C; E-F), it was possible to note the 

Sox2
+
 population next to the fiber‘s body, but also ZO-1

+
 membranes enveloping most of the Sox2

+
 

cells. Furthermore, ZO-1 expression was presented in a ‗honeycomb‘ pattern (Figure 26 C; F) typically 

detected in neural tissue when observed from the top, in a plan that reveals the whole apical surface 

of neuroepithelial cells. This pattern suggests that Sox2
+
 cells in the regions next to the PLGA fiber 

DAPI 

Bra 

Sox2 

DAPI 

Bra 

Sox2 
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present proper apicobasal polarization and are organized in a tissue resembling a neural tube. These 

observations indicate that PLGA plays a part in tissue organization and patterning as a mechanical 

backbone for the aggregates‘ extension and formation of a neural tube-like structure. 

 

3.5. Comparison between PLGA and PGA co-culture 

The apparent success in optimizing NMP generation protocol with PLGA fibers led to the question of 

possible efficiency using other polymers with different physical properties, to study how this would 

affect cell adhesion and aggregate generation and elongation. To do so, the same protocol was used, 

but cells were cultured in the presence of PGA fibers. The control group consisted of cells cultured in 

the presence of PLGA, and the measurements performed were the same as before: morphological by 

counting aggregates and measuring their size, and by fluorescence detection of Sox1::GFP.  

PGA is one of PLGA‘s subgroups and was chosen because it has similar physical properties to PLGA, 

with the exception of hydrophobicity. PLGA is slightly hydrophobic, while PGA is clearly hydrophilic, 

which is a property that usually relates to better cell seeding and adhesion [84, 85]. Our hypothesis 

was therefore that the use of PGA would show improvements in gastruloid elongation due to better cell 

adhesion and aggregation on the fiber. 

DAPI 

ZO-1 

Sox2 

DAPI 

ZO-1 

Sox2 

Figure 26: Day 5 aggregates cultured together with PLGA fibers stained for DAPI (blue), Sox2 (Green) and ZO-1 (red), 
showing both Sox2 expression and apical membrane staining associated with neural epithelium characterized by ZO-1 
expression. Fibers represented by green (up) and blue (down) lines going through the aggregates. 
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However, when counting the number of aggregates per plate (figure 27 A), no significant difference 

was found on average aggregate numbers (p=0.89) between PLGA and PGA fibers, neither on the 

number of elongated aggregates after 5 days in culture (p=0.83). The small difference in results 

between groups may be due to high variability associated with the protocol itself, such as different 

initial cell number per well, or fiber number and length per well.  

Furthermore, when measuring the length of the aggregates at day 5, PLGA gastruloids showed a 

slightly higher average elongation (Figure 27 B) than the ones cultured with PGA, even if the 

difference is not statistically significant (p=0.72). These differences may be due to inherent variables of 

the protocol, leading to a similar maximum length in both cases, instead of a remarkable advantage 

when using PGA as it was expected. 

 

Figure 27: Average number (A) and length (μm) (B) of aggregates per plate on different culture conditions and days, 
with standard deviation error bars, comparing the use of PLGA fibers vs PGA fibers. N=384 experiments. 

Morphologically, it was also possible to observe a similar development on the pictures taken on both 

day 3 and day 5 (Figure 28 A-D). Both materials showed the same pattern for cell adhesion at the 

border of the fiber and then elongation throughout the polymer that was reported earlier, thus leading 

to similarly shaped and sized gastruloids. 

Finally, Sox1::GFP fluorescence patterns were analyzed for both groups and also no significant 

difference was reported. Either when cultured together with PGA or PLGA (Figure 28 E-F), cells 

showed the typical Sox1 expression pattern near the tip that is related to NMP generation and Wnt 

signaling activity. Therefore, all reported data led to the conclusion that, unlike what was expected, no 

advantage is suggested by the use of PGA fibers instead of PLGA, even if hydrophobic properties 

differed between the two polymers. 

A B 
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Figure 28: Comparison between PGA (left) and PLGA (right) on aggregate formation at day 3 (A-B), elongation at day 5 
(C-D) and Sox1::GFP fluorescence detection (E-F), exhibiting similar results in both cases for all observed stages. 

3.6. Culture beyond day 5 of protocol 

Baillie-Johnson‘s protocol [29] determined that day 5 after cell seeding in the 96-well plates was the 

last day of culture. However, using our protocol, we tried to prolong experiments after this deadline to 

see if elongation would continue after 5 days in culture, if the cells in the aggregates would survive 

and, in that case, in what state of viability. 

After day 5, due to their size, gastruloids depleted the nutrients in the medium at a rate that justified 

daily changes of medium.  However, only fresh medium was added each day, with no further 

administration of CHIRON pulses to the aggregates. 

From days 5 to 6 the main observation (Figure 29 B; E) was that aggregates began to lose cells from 

regions closer to the outer surface and showed some adhesion to the bottom of the plate. 
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Furthermore, even while continuing growing, they did so in a disorganized fashion (especially when 

growing without the fibers) and started to regain a spherical shape instead of prolonging their 

elongation. 

This behavior was more exacerbated throughout days 7 and 8 (Figure 29 C-D; G-H). There was an 

increased growth in the size of aggregates and changes into a spherical shape, exhibiting a ‗swelling‘ 

pattern instead of continued elongation. Also, cell adhesion to the bottom of the plates became even 

more noticeable. This led to the appearance of dark patches that were more prominent the more they 

grew, due to necrosis of their inner regions. This was probably caused by an increase in the size of 

aggregates that led to unreachable regions towards their center for nutrients and oxygen, which 

resulted in cell death. 

Due to this outcome, cell culture was stopped at day 8 and not resumed afterwards, since no 

elongation was seen and the aggregates became bloated and necrotic. 

 

 

 

 

 

Figure 29: Culture of aggregates after day 5 of protocol (A; E), gastruloids start to adhere to plate at day 6 (B; E), and 
continue to expand, but without elongating at day 7 (C; G), returning to a more spherical shape by the end of day 8 
(D;H) with much adhesion to the bottom of the plate. The images are representations of cell culture with (up) and 

without (bottom) PLGA fibers. 
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4. Discussion and Future Perspectives 

The use of PLGA fibers was meant to optimize the already existing protocol for NMP generation in 

which this work was based [29] to allow a more reproducible way to generate NMPs and achieve 3D 

gastruloids in vitro that would mimic embryonic development. 

From the morphologic analysis, it is possible to see that when cultured in the presence of PLGA fibers, 

a higher percentage of aggregates were formed and, more importantly, a higher percentage of 

elongated aggregates were obtained by the end of the protocol. This suggests that the polymer plays 

a role as a mechanical scaffold to support cell adhesion and aggregate elongation, improving the 

protocol when opposed to cell culture in the absence of the fibers.   

However, the elongation length suffered no significant differences with or without PLGA fibers. This 

means that, although the polymer may not stimulate longer elongation patterns than the control group, 

they also do not affect negatively the final length of the gastruloids. These similarities in gastruloid 

length may be related to chemical cues that prevent over-elongation after a certain point, such as it 

happens in the mouse embryo in vivo, when RA activation ceases body elongation after gastrulation is 

complete. 

When analyzing Sox1::GFP fluorescence detection, the use of PLGA fibers was reported to present a 

more reproducible fluorescence pattern. It showed an expression pattern at the tip of the aggregates 

described in the Literature as the expected pattern when Wnt agonists are activated in gastruloids [29, 

67]. Moreover, aggregates with no fiber showed either the expected pattern at the tip or disorganized 

fluorescent regions throughout the whole volume, with either over-expression of Sox1 in unexpected 

regions or lack of signal at the tip of the aggregates. This data correlated well with the morphological 

results, which associate the use of PLGA to a more robust protocol, in which the aggregates behave in 

a similar way for each experiment. Furthermore, when using immunofluorescence to detect NMP 

populations that co-express Sox and Bra on the tip of the aggregates, the same expression pattern 

can be found in both PLGA and control groups. This suggests that, besides improving morphological 

aspects of the protocol, the use of the polymer does not compromise generation of NMPs. 

Besides optimizing the protocol, as it was the main goal of this project, the use of PLGA fibers to grow 

gastruloids also led to the development of a neural-tube like structure that showed both primordial 

neural differentiation (as attested by Sox2 expression) and neural epithelial-like characteristics. The 

latter was verified by the expression of ZO-1, a membrane marker associated with apicobasal 

epithelial polarization typical of tight junctions and neural tube development. 

This hints at the importance of the fiber as a provider of structural support and mechanical stimuli that 

promote some neural differentiation along with gastruloid elongation, mimicking the mechanical role 

played by the notochord during embryonic development in vivo. Hence, gastruloid formation in the 
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presence of PLGA fibers seems to facilitate neural tube development, leading to the establishment of 

Sox2
+
 tubular structures in the regions close to the PLGA fiber, reminiscent of a partially open neural 

tube with marked polarization. 

To confirm this hypothesis, it would be interesting to combine both mechanical and chemical stimuli in 

the form of a polymer. As a possibility, PLGA‘s surface could be functionalized to disperse chemical 

stimuli in a time-dependent fashion. Another hypothesis would be to use an embryonic notochord 

instead of the fiber in order to obtain both the structural support and also the essential SHH signaling 

center that is characteristic of the notochord. It would be interesting to see the development of the 

tubular structure, since while Wnt is important for neural development and generation of NMPs, SHH 

plays a determinant role in neural tube closure and development. Its absence justifies the only partial 

formation and lack of closure of the observed tubular structure in the present work, since only 

mechanical stimuli may not be enough. 

If this is performed in the future and concluded as viable, a reproducible way to achieve 3D neural 

tubes in vitro in a controlled fashion and eventually even spinal cords may be undergoing. Such 

discoveries would prove as a hallmark in tissue engineering and would open the door for translation 

approaches that could revolutionize spinal cord injury treatments based on cell therapies. 

There is still, however, the inherent variability issue to address, and for that to be reduced to the 

minimum level as possible, these results should be compared to other biomaterials with different 

properties. Even if the use of PGA resulted in a similar outcome, that is a material with very similar 

properties to PLGA, except for hydrophobicity (since PGA is even a subgroup of PLGA). 

The use of biomaterials with properties like stiffness, size (both in fiber length and diameter), 

patterning (the use of techniques such as electrospinning could prove itself valuable when trying to 

achieve differently sized and shaped fibers at small scales, for example) and even less conventional 

properties like electrical conductivity (since we are dealing with neural tissue) different from PLGA 

could result in valuable data to further optimize the protocol. These experiments could improve the 

reproducibility of the protocol with less variability, while also providing valuable insight into the most 

important physical parameters affecting the development of gastruloids in vitro. However, the 

importance of chemical stimuli should not be underestimated, and the easy functionalization of most 

biomaterial surfaces nowadays allows the combination of both optimal mechanical and chemical 

properties in a time-depending fashion that could improve even further this protocol and mimic in vivo 

development in a more realistic way. This could also be used to further unravel the role of some 

signaling pathways besides the well-studied Wnt that was presented here in the developmental 

process, like the aforementioned SHH or RA. This could be achieved through the use of a chemical 

gradient associated with biomaterial matrices that would activate or inhibit the desired pathways in a 

time-dependent fashion to learn more about its importance in gastrulation processes. 
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Finally, for mimicking in vivo neurulation processes and proper differentiation into a spinal cord 

structure, it is essential that this protocol may be followed beyond day 5 in culture. Even if this did not 

seem possible in this project from our observations, there are some measures that surely could allow 

this to be achieved in the future. First of all, the entire culture for the tested 8 days was done in the 

same wells, and possibly the change of the aggregates to bigger wells (from 96-well plates to 24-well 

plates and then to 12-well plates and so on) accompanying the growth of the aggregates would 

prevent the lack of elongation and ‗bloating‘ that could be due to lack of space at the bottom of the 

well. Furthermore, the use of agitation during 3D culture must be essential after day 5, since up to this 

point elongation and viability of gastruloids are still achievable without it, but past this point they seem 

impossible in static conditions. Agitation would not only prevent attachment to the bottom of the wells, 

it would also allow better diffusion of nutrients and oxygen to the entire volume of the aggregate, thus 

preventing necrosis and cell death, hence proving itself a determining step if the aforementioned level 

of tissue engineering is to be achieved in the future. 

Overall, the project was well succeeded, resulting in an optimized version of an existing protocol, 

combining cell culture with biomaterial science in order to obtain a reproducible procedure with less 

variability associated with the generation of NMPs and the 3D culture of gastruloids in vitro. 

Furthermore, the development of a neural-tube like structure related to the use of said biomaterials 

hinted at the importance of mechanical forces in embryonic development and suggested a new way to 

mimic neurulation in vitro, paving the way for possible novelties in posterior CNS development and 

spinal cord engineering in vitro. 
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6. Attachments A 

6.1. Media composition 
 

Table A.1.: Details of proliferative medium, used to maintain mESCs in culture 

Composition Volumes 

Glasgow Modified Eagle‘s medium (GIBCO) 200 mL 

200 mM glutamine (GIBCO) 2 mL 

100 mM Na pyruvate (1:100, Gibco) 2 mL 

100x non-essential amino acids (Gibco) 2 mL 

0.1 M 2-mercaptoethanol (Sigma) 200 μL 

100x penicillin-streptomycin solution (GIBCO) 2 mL 

Fetal bovine serum (heat inactivated FBS, 

GIBCO) 

20 mL 

 

 


