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Abstract 

In the past few years, there has been an increased consideration on the stem cell niche as 

a key factor to regulate stem cell maintenance and differentiation. Research on characterization 

of the stem cell microenvironment boosted after the determination of long-term three-

dimensional (3D) tissue cultures, or so-called organoids. Organoids are derived from stem cells 

which self-organize in 3D multicellular structures upon embedding in an extracellular matrix 

mimic, such as Matrigel®. Their main advantage is these structures resemble the architectural 

distribution of the tissue of origin in vivo. Likewise, the cellular components of organoids vary 

depending on multiple variables as the tissue of origin and the growth factors they have access 

to. As a result of advances in this technique, some stem cell niches have been well 

characterized, as in the case of intestinal stem cells (ISCs), while others remain elusive as in 

case of the human gastric stem cells (hGSCs).   

Along with the remarkable development of 3D cultures, the interest of ECM proteins in 

stem cell regulation increased. Matrigel® is a rich matrix composed of several adhesive 

proteins such as laminins and collagens. Aside from providing structural support, the 

extracellular matrix (ECM) proteins forming this matrix contribute to cell adhesion and 

signalling. However, Matrigel® composition cannot be modified or even well-characterized 

due to its origin from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. Additionally, it 

has been demonstrated that contains a high batch-to-batch variability. Other techniques to study 

the effects of individual ECM proteins have been used such as coating of tissue culture plates 

with ECM proteins. However, the biomechanical properties in this model are far from being 

physiological. Therefore, although preliminary results can be obtained using this technique, 

results extrapolation to an in vivo model can be questioned. To date, there is a lack of a 

reproducible, high-throughput and reliable technique to test the effect of ECM proteins on 

human gastric stem cells behavior. 

This Master’s thesis presents a novel transwell device containing a polyethylene glycol 

(PEG)-based hydrogel enriched with human ECM proteins to test their effect on human gastric 

stem cell regulation. Preliminary results showed that gastric organoid-derived epithelial cells 

(GODE) grown on hydrogels with ECM proteins that are localized at base of the gastric glands, 

such as Laminin-211, had a higher stem cell marker expression than the control grown on ECM 

proteins that are uniformly localized in vivo. Additionally, when GODE were grown on 

hydrogels containing ECM proteins that are localized at the surface of the native gastric 

epithelium, expression of surface gastric mucins markers was enhanced. These preliminary 

results highlight the utility of the optimized transwell device to further shed light on how the 

human gastric stem cells are regulated and what is the effect of the ECM proteins surrounding 

them. 

 

[Keywords: human, gastric stem cells, extracellular matrix, ECM, proteins, stemness, 

differentiation, bioengineering, hydrogel] 
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1. Introduction 

1.1. Human Stomach: Anatomy and Physiology 

The human gastrointestinal tract is a series of lined up hollow organs whose main function is 

to swallow, digest and absorb nutrients while expels the residues (Cheng et al., 2010). One of its main 

organs is the stomach, a J-shaped organ located on the left side of the upper abdomen (Soybel, 2005). 

Its main function is decomposing the food bolus by acid production to enable a further digestion and 

nutrient uptake by the small intestine. The stomach can be subdivided into four regions (Fig. 1A). 

The top of the stomach, connected to the oesophagus, is the cardia which function is regulating the 

food bolus entry to the organ. The medium and larger region of the stomach is divided in two regions: 

fundus and corpus which hold the stomach’s main function: acid and pepsinogen production. Lastly, 

the bottom region is the pylorus which has an antral region, specified in alkaline and endocrine 

secretions; and the pyloric sphincter that controls the bolus emptying towards the duodenum. 

The human gastric mucosa contains a simple columnar epithelium containing invaginations 

called gastric glands (Soybel, 2005). Every gastric gland can be depicted with a gland base, a neck, 

and isthmus and the pit (Fig. 1B). However, not all gastric glands have the same shape, size or even 

cell type composition. Generally, gastric glands can be divided into corpus or pyloric glands 

depending in the region of the stomach they reside. Corpus gastric glands are commonly defined as 

oxyntic glands since contain parietal cells which are the acid-releasing cells in the stomach due to 

the presence of a proton (H+)/potassium (K+) ATPase pump (Ramsay & Carr, 2011). In contrast, 

pyloric gastric glands or antral gastric glands are vastly composed of a mucous producing cells. 

This characterization is consistent in murine models (Lee et al., 1982), where the pyloric region of 

the stomach does not have parietal cell presence. However in the human stomach this separation is 

not that consistent as a study in 2014 showed the presence of parietal cells also in the antral part (Choi 

et al., 2014). 

Aside from parietal cells, there are other five major cell types spread throughout the gastric 

epithelium. The whole epithelium surface is composed by surface mucous cell, specialized in mucin 

MUC5AC synthesis and it’s secretion to the  stomach lumen (C A et al., 1997). Other mucous cells, 

called mucous neck cells replenish the gastric glands with another mucin, MUC6 (De Bolós et al., 

1995). Both mucins have antibacterial characteristics, as well as acting as protective agents of the 

gastric epithelium from high acid concentrations and pepsin autodigestion (Byrd & Bresalier, 2000; 

Kawakubo et al., 2004). Oxyntic glands have a high content of chief cells which are pepsinogen 

(PGC) producing cells (Raufman, 2004). Pepsinogen is released to the stomach lumen as a precursor 

which, in contact with the gastric acid, is cleaved into the digestive enzyme pepsin. As stated before, 

enteroendocrine cells represent a population of hormone producing cells and, even though they are 

majorly present in the pylorus, they are also spread throughout the corpus glands. Some of the 

enteroendocrine cells include gastrin (G) producing cells (Larsson, 2000), histamine producing cells 

or enterochromaffin-like (ECL) cells (Prinz et al., 2003), and somatostatin producing or delta (D) 

cells (Vuyyuru et al., 1995). All these cells are involved in gastric acid regulation. Production of 

gastrin by G cells has a positive effect on the release of histamine by ECL cells, which stimulate acid 

release by parietal cells. This loop is inhibited by the production of somatostatin by D cells (Schubert, 

2016). Lastly, gastric glands also contain Tuft cells which are part of the chemosensory gastric system 



Rosa María López Cabezas  MSc Thesis 

 2 

(Sbarbati et al., 2010). All the described cells, as well as their location in human gastric glands is 

depicted in Fig. 1B. 

The regular gastric acid, pepsin, and other exogenous contents present in the stomach contribute 

to the high turnover of the stomach epithelium. Studies in mice showed that mucous pit cells are shed 

out of the epithelium every three days (Karam & Leblond, 1993). Recently, a higher turnover rate in 

human glands has been suggested (Cui et al., 2021). This suggests the presence of stem cells residing 

in the gastric glands, gastric stem cells (GSCs) that assure the homeostasis of the epithelium. 

 

  

Figure 1. Human Gastric Epithelium: Anatomy and Physiology. (A) Schematic representation 

of the human stomach with its major parts depicted: cardia, fundus, corpus, antrum, and pyloric 

sphincter. (B) Schematic representation of the two major gastric glands present in the adult human 

stomach. Both types have the same regions: pit, isthmus, neck, and base. The major types present in every 

gland are depicted in different colors corresponding to the legend below. The legend also includes the 

gene marker used to identify those cells in this thesis. 
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1.1.1. Human Gastric Stem Cells (hGSCs) 

Human gastric stem cells (hGSCs) are thought to be tissue residing stem cells in charge of 

keeping the high gastric tissue turnover (T. H. Kim & Shivdasani, 2016; Xiao & Zhou, 2020). 

Although no specific marker has been described in human nor murine glands, several markers have 

been suggested, mostly characterized in murine models. Some of them represent GSCs population in 

pyloric glands, others in corpus glands, and others are shared between both locations.  

The leucine-rich repeated-containing G-protein coupled receptor, LGR5, is the ultimate stem 

cell marker of ISCs in both human and mice models (Barker et al., 2007). Additionally, LGR5 has 

also been established as a marker for human and murine GSC residing at the gastric gland base 

(Barker et al., 2010; Garcia et al., 2017). Lgr5+ cells were mostly constricted in adult antral glands in 

mice, with fewer presence in the corpus region (Barker et al., 2010). A more recent study, 

demonstrated that Lgr5+ cells in mice stomach behave similarly as in the intestine (Leushacke et al., 

2017). Stomach Lgr5+ cells were described as cycling stem cells which divide symmetrically at the 

gland base and had to compete to keep the niche and maintain stemness. Focusing on antral glands, 

Axin2, Villin promotor, Cholecystokinin type-B receptor (Cck2r) and Aquaporin 5 (AQP5) have 

been described as GSC markers. Sigal et al. showed that Axin2+ cells were a highly proliferative 

population next to the slow cycling Lgr5+ stem cells. Although, by adding the Wnt-antagonist R-

spondin they could become fast cycling and Lgr5 -positive(Sigal et al., 2017). Villin promotor was 

demonstrated to mark a specific quiescent progenitor stem cell population activated by inflammation 

and located in the antral gland isthmus (Qiao et al., 2007). On the other side, Cck2r+ cells were found 

to represent a cell population with no or low expression of Lgr5, but capable of becoming Lgr5+ cells 

after progastrin (gastrin precursor) treatment (Hayakawa, Jin, et al., 2015). Interestingly, a study done 

both with mice and human antrum cells showed that, along with LGR5+ cells, AQP5+ cells reside at 

the base of pyloric glands (Tan et al., 2020). AQP5+ isolation and further culture showed human 

gastric antral organoid formation and expansion. 

Different markers have been postulated for GSC in the corpus glands, as trefoil factor family 2 

(Tff2), the tumour necrosis factor receptor superfamily (Troy), and Mist1. Tff2+ were located at the 

isthmus region and, by lineage tracing, were described as progenitor stem cells capable to produce 

mucous neck cells, chief cells and parietal cells (Quante et al., 2010). Another subpopulation of 

isthmus cells, Mist1+ were described as quiescent stem cells able to repopulate the whole gastric 

epithelium (Hayakawa, Ariyama, et al., 2015). Additionally, a study focused on differentiated chief 

cells expressing Troy showed that slow cycling cells able to generate all the gastric cell lineages both 

in vitro and in vivo (Stange et al., 2013). 

Other candidate stem cell markers that have been shown in both antral and corpus glands are 

Sox2 (sex-determining region Y box protein 2) (Arnold et al., 2011), eR1 (Runx1 enhancer element) 

(Matsuo et al., 2017), Lrig1 (Leucine-rich repeats and immunoglobulin-like domain 1) (Choi et al., 

2018), or Bmi1 (Yoshioka et al., 2019). All of them have been present in either the isthmus or the 

base region of gastric glands and are involved in the gastric tissue turnover. Less specific markers of 

GSCs, but still relevant for stem cell studies are olfactodemin-4 (OLFM4) and the transcription factor 

SOX-9 (SOX9). OLFM4 is a glycoprotein secreted to the gastrointestinal mucosa with antibacterial 

characteristics, in fact, overexpression of OLFM4 was found in gastric biopsies of patients infected 

with Helicobacter pylori  (Mannick et al., 2004). Additionally, OLFM4 overexpression throughout 
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the gastric epithelium is correlated to gastric cancer (Liu et al., 2007). However, OLFM4 has also 

been characterized as a marker for the immediate daughters of Lgr5+ in mice and OLFM4 gene was 

enriched in human intestinal and colon crypts (van der Flier et al., 2009). Furthermore, SOX9 is 

commonly used as a stem and progenitor cell marker since it is one of the Wnt target genes (Bastide 

et al., 2007). Related to the stomach epithelium, SOX9 is an important transcription factor involved 

in pyloric sphincter specification during development (Moniot et al., 2004). And, additionally, 

immunohistochemistry of human corpus and pyloric gland samples showed SOX9+ cells in the neck 

and isthmus regions in both gland types (Sashikawa Kimura et al., 2011). 

As previously mentioned, up to date, there is still not a specific GSC marker. However, a recent 

study demonstrated that gastric epithelium is mainly composed of two independent pools of stem 

cells (Han et al., 2019). As in the case of the intestine (Snippert et al., 2010), there is a slow cycling 

basal stem cells involved in tissue repair upon injury. Nonetheless, Han et al. (2019) characterized a 

second pool residing in the isthmus of the gastric gland, named after isthmus stem cells, which are 

fast cycling cells in charge of the rapid tissue turnover. By 3D reconstruction of the isthmus 

compartment they showed the presence of isthmus stem cells embedded between parietal cells in the 

oxyntic glands. This placement within the gland, allow a rapid vertical clonality producing pit and 

neck cells, while lateral clonality and isthmus cells was constricted to the loss of a parietal cell. 

Additionally, characterization at single cell RNA level of the isthmus stem cells was also performed, 

the results showed a higher expression of a broad spectrum of markers (some previously described) 

instead of a specific and unique one.  

Overall, all the information stated above shows the high complexity degree of this system. The 

numerous candidates of GSCs markers can be an explanation of the gland type diversity in the human 

stomach. Likewise, there is scientific data supporting that this model goes further beyond of 

symmetrically cycling stem cells, as dedifferentiation pathways are involved. The lack of specificity, 

and more importantly, the lack of specific GSCs markers, difficult the fully comprehension of this 

system. Deeper research in this organ must be performed to obtain a bigger picture of how this tissue 

turnover is modelled and regulated. 

1.2. 3D Tissue Cultures: Organoids as a Tissue Model 

Organoids, by definition, are a self-organized three-dimensional (3D) multicellular in vitro 

tissue culture that mimics its corresponding organ in vivo (De Souza, 2018). The first long-term 

organoid culture was established in 2009 from single Lgr5+ ISCs (T. Sato et al., 2009). Isolated single 

Lgr5+ cells from mice intestinal crypts were embedded in a rich basement membrane extract, 

Matrigel® (Orkin et al., 1977); and cultured with medium containing growth factors (GFs) to ensure 

cell survival and proliferation. Matrigel® was already established as a rich basement membrane 

extract produced by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. In this specific model, the 

GFs used had already been characterized to be implicated in intestinal crypt maintenance, 

proliferation and expansion: epidermal growth factor (EGF) (K. A. Kim et al., 2005), Wnt antagonist 

R-spondin 1 (Dignass & Sturm, 2001) and a bone morphogenic protein (BMP) antagonist, Noggin 

(Haramis et al., 2004). In these conditions mimicking the tissue microenvironment, Lgr5+ ISCs started 

to self-organize, forming initial organoid structures after two days of culture. After one week, 

organoids started forming budding structures and further characterization showed the presence of 

both crypt and villi intestinal domains in the organoids with the specific cell types. This protocol 
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represented an inflexion point in 3D cultures. To date, establishment of organoid culture has been 

achieved for nearly many murine and human tissues (Corrò et al., 2020). 

The main forming unit of organoids are stem cells, which can be either pluripotent stem cells 

(PSCs) or adult stem cells (ASCs) (Corrò et al., 2020; Hofer & Lutolf, 2021; Lancaster & Knoblich, 

2014). PSCs include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) 

(Biswas & Hutchins, 2007; Takahashi et al., 2007); and have the potency to differentiate into any cell 

residing in the organism. Hence, organoids derived from PSCs recapitulate the developmental 

pathway of the tissue of interest (Teo et al., 2012). Usually, the first step is embryonic cell layer 

specification. Activin A is commonly used for mesoderm specification, whereas minimal media usage 

promotes ectoderm specification (Eiraku et al., 2011). In the past few years, organoids from the three 

embryonic cell layers have already been described: retinal (Eiraku et al., 2011) and cerebral organoids 

(Lancaster et al., 2013) from ectoderm; small intestinal (Spence et al., 2010) and stomach (Broda et 

al., 2018; McCracken et al., 2014) from endoderm; and cardiac muscle (Stevens et al., 2009) from 

mesoderm. The usage of PSCs for organoid formation has several advantages. For instance, it has 

been essential for developmental biology studies (Corrò et al., 2020). Moreover, organoids derived 

from PSCs can contain both epithelial and mesenchymal cell types implying a better recapitulation 

of the tissue in vivo (Dye et al., 2015; McCracken et al., 2014; Spence et al., 2011). However, the 

establishment of organoids cultures derived from PSCs imply the usage of long protocols ranging 

from 30 to 60 days (Seidlitz et al., 2020). On the other hand, ASCs derived organoids can be 

established in 7 to 9 days, depending on the tissue of origin. ASCs are tissue-specific multipotent 

stem cells in charge of the tissue turnover they are embedded in. Organoid formation is done by 

embedding tissue units containing ASCs or even a single cell suspension composed of ASCs in 

Matrigel® drops, along with a rich medium containing GFs (Corrò et al., 2020; T. Sato et al., 2009).  

Due to their architectural similarity with the tissue of origin and their expansion capacity, 

organoids have numerous applications ranging from developmental and stem cell biology studies to 

disease modelling and regenerative medicine (Corrò et al., 2020). Well-characterized organoids 

systems, as in the case for the human intestine, have been extremely useful to uncover stem cell niche 

properties and understand stem cell regulation (Santos et al., 2018). Nowadays, the obtained 

information along with the technology developed are being used to study other physiological 

conditions, such as ageing (Pentinmikko et al., 2019), to uncover how the niche is affected. Moreover, 

patient-derived organoids are a powerful tool for disease modeling as in the case of genetic diseases 

or cancer (Baskar et al., 2022; Xu et al., 2022). These developed systems are means to perform drug 

screening or obtain personalized therapies. Nonetheless, not everything that looks precious turns out 

to be so. Organoids are enclosed 3D structures, hindering cell accessibility and compromising cell 

viability for long-term studies (Hofer & Lutolf, 2021). Transplantation of Lgr5+ derived colon 

organoids in a damaged colonic mice epithelium showed integration and re-population of the 

engrafted cells in the damaged area (Yui et al., 2012). Even though these results remarked the 

potential of this model, both the origin of Matrigel® and the high GFs presence during organoid 

culture are the main limitation for their usage in regenerative medicine. Overall, organoids have 

become a mainstream technique for biomedical studies since they can recapitulate human tissue 

architecture in vitro to some extent. Notwithstanding, there is prevailing research focused on 2.5D 
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tissue cultures development or, so-called, organs-on-a-chip that increase tissue reconstruction, cell 

accessibility and long-term studies (New Advances on 2.5D Cultures: Organ-on-a-Chip). 

1.2.1. Human Gastric Organoids 

Stomach pathologies are a dominant public health affair. Gastric cancer was determined to be 

the third-leading cause of cancer-related deaths worldwide in 2018 (Rawla & Barsouk, 2019). Other 

gastric pathologies still represent a high degree of concern, as gastric ulcers which have an 

approximate incidence of 1 case per 1000 person-years (Lin et al., 2011), or H. pylori infection 

affecting 4.4 billion individuals worldwide in 2015 (Hooi et al., 2017). All stomach pathologies share 

a common burden: the lack of a robust experimental model that would clarify their pathological 

process, establish an early diagnosis, or obtain personalized treatment. After the establishment of 

long-term cultured intestinal organoids (T. Sato et al., 2009), Barker et al. demonstrated that Lgr5+ 

cells present within the murine antrum could form gastric antrum organoids after addition of FGF10 

along with Gastrin (Barker et al., 2010). From that point on, other protocols involving pluripotent 

stem cells differentiation and patient-derived gastric organoids started to emerge. To date, several 

models have been described and they have contributed to biomedical research on both stomach 

physiology and pathology. 

Gastric organoids are mainly divided into gastric antral organoids (GAOs) or gastric corpus 

organoids (GCOs). This category is based on the predominant gland type in the organoid, either 

oxyntic or corpus glands; or common antral glands (Fig. 1B). Obtainment of GAOs or GCOs by 

ASCs will depend on the region of the biopsy taken, whereas their obtainment from PSCs depends 

on the differentiation workflow. As previously stated, the first characterization of gastric organoids 

was from antral Lgr5+ cells (Barker et al., 2010). In this model, GAOs showed presence of both chief 

and mucous neck cells. Additionally, with WNT reduction in the medium there was an enhancement 

in differentiation towards mucous pit cells and enteroendocrine cells. Later on, GAOs derived from 

human biopsies were obtained extrapolating the same protocol as in the murine model (Schlaermann 

et al., 2016). Establishment of GCOs was also achieved in the past years being the protocol similar 

as in GAOs with some modification in the medium used (Bartfeld et al., 2015). For instance, 

inhibition of the transforming growth factor β (TGFβ) by blocking the activin receptor-like kinase 5 

(ALK5) with A83-01 was needed to ensure long-term survival. However, the model lacked the 

presence of parietal cell and enterochromaffin-like (ECL) cells markers. The same year, Schumacher 

et al. developed a protocol consisting of a co-culture of immortalized mesenchymal cells with murine 

GCOs that showed presence of functional parietal cells, although with a limited lifespan (Schumacher 

et al., 2015a). Thus far, even though parietal cells are present in fresh biopsies (Rubio, 2010), there 

has not been description of a protocol that would maintain the ability of human GCOs to differentiate 

parietal cells (Pang et al., 2022). 

Even though production of parietal cells in GCOs derived from ASCs is unsolved, it has been 

achieved in GCOs derived from PSCs (McCracken et al., 2017). Already in 2014, the same group 

obtained derivation of gastric organoids from PSCs (McCracken et al., 2014). PSCs were first 

differentiated to endoderm by Activin A followed by stimulation of WNT pathway and inhibition of 

BMP signalling to promote foregut differentiation. At this point, foregut differentiated cells were 

embedded in Matrigel® and differentiated towards antrum or corpus organoids. For antrum 

organoids, they supplemented foregut cells with retinoic acid and EGF. On the other hand, to achieve 
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corpus differentiation they inhibited the glycogen synthase kinase 3 (GSK3)/β with CHIR99021 to 

stimulate WNT pathway, as well as supplemented the media with EGF and FGF10. The gastric 

organoids obtained were characterized by the presence of mesenchymal cells surrounding the 

epithelial organoids. However, this treatment alone was not enough to obtain functional parietal cells 

in corpus organoids (McCracken et al., 2014). Further research with this model, demonstrated that 

supplementation with BMP4 and inhibition of the serine/tyrosine/threonine kinase (MEK) from the 

microtubule associated protein kinases (MAPK) pathway led to parietal cell differentiation (Broda et 

al., 2018; McCracken et al., 2017). Of note, it is important to notice that the full protocol took from 

30 to 60 days, in contrast with the ASCs derived gastric organoids obtained in 7 to 9 days. 

Gastric organoids are widely used for studying H. pylori infection (Idowu et al., 2022) as well 

as gastric cancer (Wuputra et al., 2021). However, there are some limitations that may be advised. 

The models obtained of gastric organoids are a simplification of the reality considering the high 

complexity of the gastric epithelium (Human Stomach: Anatomy and Physiology). The 

unavailability to obtain one the basic functional units of the stomach, parietal cells, from adult stem 

cells is a burden, considering that gastric organoids obtainment from PSCs can take up to 60 days. 

Even though, the usage of immortalized mesenchymal cells promoted functional parietal cells 

differentiation in murine models, their lifespan was limited and co-cultures with immortalized cells 

promote an uncontrolled microenvironment. Moreover, the enclosed organoid structures, as 

previously mentioned, difficult the studies with H. pylori since the apical side of the epithelial cells 

is inaccessible. Although microinjection mechanisms are used in this research, it is not possible to 

follow long-term studies (Bartfeld & Clevers, 2015). Overall, advances in this field have been 

extremely relevant, but the obtainment of a most robust model in terms of microenvironmentally 

controlled and accessible is a must for future applications. 

1.3. Non-Cellular Stem Cell Niche: Extracellular Matrix (ECM) Proteins 

The stem cell niche refers to the physical area of tissue enclosing the stem cells. However, this 

niche goes far beyond being only a structural support. It must provide a specific microenvironment 

which contributes to stemness maintenance and self-renewal capacities (Schofield, 1978). Therefore, 

the niche is a combination of the stem cells, their surrounding cell types and all the non-cellular 

components such as the extracellular matrix (ECM). The ECM does not only provide structural 

support, but it has been determined that acts as a GF reservoir and presenter (Bonnans et al., 2014; 

Martino et al., 2015) The ECM is mainly composed of water, fibrous proteins, such as collagens, 

proteoglycans and glycoproteins and polysaccharides (Bonnans et al., 2014; Frantz et al., 2010); 

however the exact composition depends on the ECM location and the tissue type. Likewise, the ECM 

is differentiated between the basement membrane, which is directly in contact with epithelial cells, 

and the interstitial matrix, which is connective tissue giving support to the whole organ (Bonnans 

et al., 2014). 

The ECM has both biomechanical and biochemical properties regulating cell adhesion, 

migration, proliferation, differentiation and survival (Frantz et al., 2010). The importance of the ECM 

role on stem cell regulation has exponentially increased in the past years (Pardo-Saganta et al., 2019; 

Rezakhani et al., 2021). Anchorage of stem cells to the basement membrane is essential to ensure 

their survival and keep their stemness (Moore & Lemischka, 2006). Although not only anchorage is 

an essential property, but changes in the biomechanics of ECM, as stiffness and elasticity, has been 
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shown to drive stem cell differentiation (Engler et al., 2006). The biochemical composition of the 

ECM promotes a bidirectional interaction between this surface and the epithelial cells attached to it. 

This interaction is done directly by cell receptors such as integrins (Hynes, 2002), or indirectly by 

GFs presentation (Bonnans et al., 2014; Martino et al., 2015). Integrins represent a large family of 

heterodimeric transmembrane receptors able to bind several components of the ECM as fibronectin, 

collagens, or laminins. Likewise, their intracellular domain is able to propagate signalling cues 

through other intracellular proteins like focal adhesions kinases (FAK) or phosphoinositide 3-kinase 

(PI3K) (Barczyk et al., 2010; Hynes, 2002; Sun et al., 2016). Interestingly, a study in mice intestinal 

epithelium showed that deletion of β1 integrin resulted in an increase epithelial proliferation due to a 

downregulation on Hedgehog signalling (Jones et al., 2006). GFs are signalling molecules with a low 

protein stability and short half-life (Mitchell et al., 2016), to decrease a fast clearance of GFs in vivo, 

one of the functions of the ECM is GFs sequestration and presentation through several ECM proteins 

(Hynes, 2009). In addition, both the protein composition of the ECM and its mechanical properties 

are thought to play a role in GF gradient formation (Hynes, 2009; Pardo-Saganta et al., 2019).  

As repeatedly stated previously, natural ECM matrices as Matrigel® provide structural support 

and play a role in GF presentation in organoid cultures. However, this natural matrix is characterized 

by an undefined composition of animal ECM proteins (Orkin et al., 1977). Hence that studies of the 

ECM effect in this model are not controllable. Another mechanism to study ECM interaction involves 

tissue culture plates coating with ECM proteins (Kuschel et al., 2006). Although they show significant 

results on cell adhesion and proliferation (Iwamuro et al., 2021; Zhu et al., 2021), results are far from 

being extrapolated to an in vivo organism considering the already mentioned effect of the 

biomechanical properties of the ECM. Overall, the study of the ECM interaction with the attached 

epithelial cells, including stem cells, is not genuine. 

1.3.1. Differential ECM Protein Distribution Along Human Gastric Corpus Glands 

The ECM is characterized by holding a spatiotemporal specificity depending on the resident 

tissue and the developmental stage of the organism (Hussey et al., 2017). The stomach is an organ 

characterized by undergoing constant mechanical and chemical stress. Aside of containing a high 

tissue turnover (Human Stomach: Anatomy and Physiology), the whole epithelium must be 

supported by a stress-resistant ECM. Throughout the gastric epithelium there are a vast number of 

ECM proteins expressed either from the epithelial lining cells, or the mesenchymal cells residing at 

the interstitial tissue. Some of the main ECM proteins are collagens, heparan sulfate proteoglycans, 

agrin, nidogen-1, fibronectin, laminins or tenascins (Hussey et al., 2017; Moreira et al., 2020). 

Interestingly, differential ECM protein expression has been demonstrated to occur in different gastric 

developmental stages as well as within the distinct gland regions of the adult gastric epithelium (Fig. 

2). Already in the 20th century, there was one study performed in rabbit gastric epithelial cells 

demonstrating the importance of the ECM in wound repair (Mikami et al., 1994). The study suggested 

that the gastric basement membrane influenced the mucosal repair capacity. Inspired by these results, 

Tremblay & Ménard established the expression of different ECM protein both in human gastric 

developmental stages and adult tissue by immunohistochemistry (E. Tremblay & D. Ménard, 1996). 

Results showed a time specific differential expression, as well as a different ECM protein distribution 

along the gastric gland axis (Table 1). Until date, these results are still considered and have been the 
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base of further research in this topic. For the aim of this thesis, the focus of the next paragraph is 

based on human gastric corpus epithelium since it is the used model for this study. 

Type IV collagen (C-IV) is a heterotrimer 

fibrillar protein composed by three different α-chains. 

There are six distinct α-chains composing C-IV, ranged 

from α1 to α6, which assemble in three different 

heterotrimers: α1 α1 α2, α3 α4 α5 and α5 α5 α6 

(Khoshnoodi et al., 2008). During development, human 

gastric sections showed an uniform distribution of C-IV 

along the basement membrane, and the same general 

distribution is kept in the adult gastric epithelium (E. 

Tremblay & D. Ménard, 1996). A study in 2007 using 

specific α-chains antibody corroborated the uniform 

presence of C-IV along the surface-pit-gland base of the 

stomach, although α3 and α4 chains were specifically 

present under the luminal surface of the gastric 

epithelium (H. Sato et al., 2007). The study suggested 

that this combination was specifically important to 

provide both mechanical and physical support to the 

surface epithelium, considering that it was previously 

described the covalent bonding between α3 and α4 by 

disulfide bonds (Leinonen et al., 1994). Studies on the 

distinct laminins expression were performed by 

immunostaining the different laminin chains (E. Tremblay & D. Ménard, 1996; Virtanen et al., 1995). 

Fibronectin (FN) also showed a uniform distribution along the gastric epithelium (E. Tremblay & 

D. Ménard, 1996), although it shown an increased signal in the basement membrane of healing gastric 

ulcers, suggesting a role on epithelium repair (A. Gillessen et al., 1995; Mikami et al., 1994; 

Tominaga et al., 2001). 

Laminins (LN) are heterotrimeric molecules consisting of three different chains: α, β and ɣ. In 

mammals, there are five α chains (α1 – α5), three β chains (β1 – β3) and three ɣ chains (ɣ1 - ɣ3). The 

combination of the chains produces at least 16 different laminin isoforms differentially expressed in 

different tissues, or even within the same tissue (Aumailley et al., 2005; Hohenester, 2019; Yamada 

& Sekiguchi, 2015). Of note, laminin nomenclature is always represented by three different numbers, 

each of them corresponding to one specific chain. Immunohistochemistry of the different chains 

composing LN-111 (α-1, β-1, ɣ-1) showed no specific distribution along the surface – pit – base gland 

axis in human sections (E. Tremblay & D. Ménard, 1996; Virtanen et al., 1995). Interestingly, other 

isoforms showed a complete exclusion pattern between each other. Specifically, LN-211, LN-121, 

LN-221 and LN-332 were also studied, showing interesting results in terms of their specific location 

expression. The surface and pit glands regions were characterized by a strong expression of α3 and 

β3 chains, corresponding to LN-121 and LN-332 isoforms. This expression was not presence in the 

base glands. In contrast, α2 and β2 were predominantly present in the base of the gastric gland (E. 

Tremblay & D. Ménard, 1996; Virtanen et al., 1995). In the same study by Virtanen et al., they also 

Figure 2. Schematic representation of the human 

gastric corpus gland with its main cell types of 

distribution (left side of the gland) and the differential 

location of several ECM proteins (right side of the gland). 



Rosa María López Cabezas  MSc Thesis 

 10 

demonstrate a specific localization of integrins, the major laminin receptor. Integrins α6β4 and α3β1 

were present in surface gland areas containing LN-332 and LN-121, whereas α6β1 integrin was 

spread all along the epithelium. Considering that α6β4 integrin was suggested to be bound to LN-

332, they hypothesized that cells expressing α6β4 integrin may be directed towards surface gastric 

epithelial cells (Virtanen et al., 1995). Even though the study was performed in 1995, recent studies 

have demonstrated that laminins are present in stem cell niches benefitting the stem cell pool by 

stemness maintenance or driving stem cell differentiation (Yap et al., 2019).  

Lastly, the expression of tenascin showed a preferred localization in the surface and pit region 

glands in adult basement membrane (E. Tremblay & D. Ménard, 1996). However, during 

developmental stages prior to epithelium formation, tenascin was co-expressed with FN implying that 

the combination of both proteins played an important role on cell differentiation and gastric 

epithelium formation (E. Tremblay & D. Ménard, 1996; Ménard & Arsenault, 1990). Recently, the 

isoform tenascin X (TNX) was seen to be expressed in gastric neural structures and knockout mice 

show an impair gastric emptying in vivo, suggesting a novel role of TNX in gastric neural function 

(Aktar et al., 2019) 

Taking all together, the differential localization of ECM protein in human gastric corpus glands 

is just an added grain of complexity of the whole model. The mutual exclusivity of LN-211 and LN-

121 along the gastric gland (E. Tremblay & D. Ménard, 1996; Virtanen et al., 1995) is completely 

intriguing and may be another factor contributing to tissue homeostasis by stem cell regulation. 

Besides, the fact that there are two pools of stem cell reservoirs in the human gastric epithelium 

(Human Gastric Stem Cells (hGSCs)) could indicate that not only basal localized ECM proteins 

contribute to the stem cell niche. Further research is needed to obtain a bigger picture of the regulation 

of this peculiar system. Therefore, this thesis aims to contribute in this by analyzing the individual 

effect of the aforementioned ECM proteins on hGSCs regulation. 

 
Table 1. List of the proteins of interest for this report. The list includes its location within the human gastric corpus gland, the 

abbreviations used and possible suggestion(s) on their role in human gastric epithelium physiology. | Abv. Abbreviations; Ref. 

References. 

ECM Protein: Abv. 
Location in  

the gland: 

Suggested to be 

 involved in: 
Ref. 

Laminin-1 LN-111 Uniform - 
(E. Tremblay & D. Ménard, 

1996; Virtanen et al., 1995) 

Fibronectin FN Uniform Ulcer healing 

(A. Gillessen et al., 1995; E. 

Tremblay & D. Ménard, 

1996; Mikami et al., 1994; 

Tominaga et al., 2001) 

Collagen IV C-IV Uniform 

α3 and α4 fibers sustain 

both chemical and 

mechanical stress 

(Hussey et al., 2017; H. 

Sato et al., 2007) 

Laminin-2 LN-211 Base  Stem cell niche 
(E. Tremblay & D. Ménard, 

1996; Virtanen et al., 1995) 

Laminin-3 LN-121 Surface / pit  
Surface epithelial cell 

differentiation 

(E. Tremblay & D. Ménard, 

1996; Virtanen et al., 1995) 

Laminin-4 LN-221 Base  Stem cell niche 
(E. Tremblay & D. Ménard, 

1996; Virtanen et al., 1995) 
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Laminin-5 LN-332 Surface / pit  
Surface epithelial cell 

differentiation 

(E. Tremblay & D. Ménard, 

1996; Virtanen et al., 1995) 

Tenascin XB2 TNX Surface / pit  

Surface epithelial cell 

differentiation 

Gastric neural function 

(Aktar et al., 2019; E. 

Tremblay & D. Ménard, 

1996) 

 

1.4. Synthetic Hydrogels: A Novel Technique for Studying ECM – Cellular Interactions 

Natural ECM matrices as Matrigel® fail to recapitulate a controlled microenvironment in 

organoid culture, hampering studies of ECM and cellular interactions. Notwithstanding, recent 

cutting edged research is focused on the formation of ECM hydrogels whose composition and 

biomechanical properties could be modelled (Frantz et al., 2010; Madduma-Bandarage & Madihally, 

2021). To date, there are several options that claim to be suitable Matrigel® alternatives, being 

synthetic hydrogels one of the most promising techniques. 

Synthetic hydrogels are constituted by cross-linked monomers forming a polymeric 3D 

network structure (Madduma-Bandarage & Madihally, 2021). Both the biochemical and the 

biomechanical properties of these hydrogels can be tailored depending on the precursor monomers 

and the followed synthesis method. A frequent used and biologically compatible hydrogels are 

polyethylene glycol (PEG)-based hydrogels (Lutolf & Hubbell, 2003). PEG-based hydrogels 

consist of two functionalized multiarmed PEG macromers whose molecular weight and number of 

functionalized arms can be adjusted to model biomechanical properties of the final hydrogel. The 

usage of a PEG monomer functionalized with vinyl sulfone radicals (PEG-VS) and another PEG 

monomer with thiol containing groups allows to generate PEG-based hydrogels by Michael-type 

addition reaction (Lutolf et al., 2001). The advantage is the possibility to perform the reaction at 

physiological temperature, near physiological pH and without toxic final products. Additionally, 

changing the number of functionalized multiarms of the PEG precursors, as well as the final PEG 

concentration in the reaction, models the final hydrogel biomechanical properties as the mesh 

dimension and stiffness respectively. Hence, the development of this PEG-based hydrogels 

represented a promising technique as a Matrigel® alternative for biomedical purposes. 

PEG-Based Hydrogels are a powerful tool for studying the interaction of ECM proteins and 

cells. Within the PEG-based hydrogel formulation, is possible to consider both the protein 

solubilization in the free fraction of water, as well as the covalent cross-linking of the protein of 

interest with the functionalized PEG multiarms. Protein solubilization in the free water fraction 

implies mesh size modulation considering the molecular weight of the protein of interest to avoid 

diffusion (Tong et al., 2015). Although protein cross-linking requires peptide functionalization or 

include all the amine-reactive radicals of the protein in the chemical reaction (Sargeant et al., 2012). 

Lately, several studies have designed several PEG-based hydrogels enriched with ECM-proteins and 

have tested their application in several models. For instance, a PEG-based hydrogel containing a 

cross-linked N-terminal agrin domain showed binding affinity to mouse LN-111 promoting neural 

stem cell proliferation, neural differentiation and neurite extension in vitro (Barros et al., 2019). On 

the other side, PEG hydrogels cross-linked with a full fibronectin showed GFs presentation capacities 

promoting angiogenesis both in vitro and in vivo (Trujillo et al., 2020). Nonetheless, the covalent 

bonding between the PEG precursors limit 3D organoid culture due to their lack of degradation and 
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remodeling once gelated. Hence, recent studies have developed dynamic synthetic PEG-based 

hydrogels able to support 3D organoid budding mediated by reversible hydrogen bonding 

(Chrisnandy et al., 2021). 

In summary, synthetic hydrogels usage is spreading like wildfire due to its large number of 

applications. The ability of modelling these hydrogels, as well as its non-toxic synthesis, make them 

a powerful tool for tissue engineering, regenerative medicine and other biomedical applications 

(Madduma-Bandarage & Madihally, 2021). This thesis presents a PEG-based hydrogel enriched with 

several ECM proteins that supports gastric epithelium formation and allows the testing of several 

ECM proteins thought to be involved in GSCs regulation. 
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2. Aims of the Project 

This Master’s thesis contains three main aims: 

 

1. Optimization of a PEG-based hydrogel enriched with different ECM-proteins to test their 

effect on hGSCs regulation. 

2. Characterization of a baseline control that allows cell attachment and survival in the PEG-

based hydrogel. 

3. Determination of the effect of differential localized ECM proteins on hGSC regulation. 
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3. Materials and Methods 

3.1. Human Gastric Corpus Organoids (hGCOs) Culture 

All media used for this thesis are listed in Table 2. 

Human gastric corpus cells were previously isolated by Moritz Hofer from biopsies from 

patients undergoing routine gastroendoscopy for surveillance in accordance to Swiss law (Study 

2019-01144 approved by the Commission Cantonale d'Éthique de la Recherche sur l'Être Humain 

(CER-VD)). Human gastric corpus organoids (hGCOs) were cultured in 25 L Matrigel (Matrigel® 

Basement Membrane Matrix, LDEV-free, Corning®, U.S.) drops in 24-well plates (Falcon ® 24-well 

Clear Flat Bottom TC-treated Multiwell Cell Culture Plate with Lid, sterile, Corning, U.S.) in a 

humified incubator ( + 37 ºC with 5 % CO2) 

Thawing of hGCOs was done as following. The cryovial was slowly stirred in the + 37 ºC water 

bath until the freezing media became liquid. Quickly, the organoid suspension was diluted it in 10 

mL of pre-cold base media (BM) and centrifuged at 700 g for 4 min at + 4 ºC. Organoids were then 

resuspended in Matrigel and plated in a 24-well plate. The plate was placed upside down at + 37 ºC 

and incubated for 15 min. After incubation, 500 µL of expansion media (supplemented with 10 mM 

Nicotinamide and 10 µM Y-27632) were added. Media was exchanged every two days with fresh 

expansion media. 

hGCOs were split when the culture was confluent as following. A new 24 well plate was placed 

at + 37 ºC, the centrifuge was placed at + 4ºC and a new vial of fresh Matrigel was thawed. All 

centrifugations were done at 1200 rpm for 3 min at + 4 ºC. The media was aspirated from the wells 

and 500 µL of pre-cold BM were added to disrupt the Matrigel by pipetting. This step was repeated 

to take the Matrigel remainings. Notice, it was important to keep organoids always on ice to avoid 

Matrigel re-polymerization. Organoids were centrifuged and resuspended in 2 mL of fresh pre-cold 

BM with a glass pipette and triturated vigorously. 10 mL of pre-cold BM were added to the suspension 

before centrifugation. hGCOs were resuspended in the fresh thawed Matrigel and plated. The plate 

was placed upside down in the incubator for 15 min and after, 500 µL of expansion media 

(supplemented with 10 mM Nicotinamide and 10 µM Y-27632 for the first two days) were added. 

Media was exchanged every two days with fresh expansion media. 

 
Table 2. List of media used for hGCOs culture. *Both Rock inhibitor and Nicotinamide were supplemented only when specified 

in the text. 

 Stock Concentration: Final Concentration: 

Base Media (BM)   

Advanced DMEM:F12 

(Adv.DMEM/F12, GibcoTM ThermoFisher Scientific, U.S.) 

- - 

GlutaMax 

(DMEM GlutaMax, GibcoTM ThermoFisher Scientific, U.S.) 

100 x 1 x 

HEPES 

(HEPES, GibcoTM ThermoFisher Scientific, U.S.) 

1 M 10 mM 

Complete Media Growth Factor (CMGF) Stomach   

WRN-Conditioned Medium - - 

B27 

(B27, GibcoTM/ThermoFisher Scientific, U.S.) 

50 x 1 x 

N-Acetylcysteine 0,5 mM 1 µM 
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(N-Acetylcysteine Amide, Merck/Sigma-Aldrich, U.S.) 

Expansion Media   

CMGF Stomach - - 

FGF-10  

(Human Protein FGF-10, GenScript Biotech, U.S.) 

100 µg/mL 0,2 µg/mL 

EGF 

(Recombinant Human EGF Protein, CF, R&D SystemsTM / Bio-

Techne, U.S.) 

50 µg/mL 50 ng/mL 

Gastrin  

([Leu15]-Gastrin I Human, Sigma-AldrichTM/Merck, U.S.) 

10 µM 10 nM 

Alk inhibitor (A83-01) 

(StemoleculeTM A83-01, Stemgen/ReproCELL, Italy) 

5 mM 2 µM 

Nicotinamide 

(Nicotinamide, StemCellTM Technologies, U.S.) 

2 M 10 mM 

Rock inhibitor (Y-27632) * 

(Y-27638 2HCl, Selleckchem, Germany) 

10 mM 10 µM 

 

3.1.1. hGCOs Dissociation and Single Cell Counting 

Notice, 24 h before hGCOs dissociation for cell seeding on PEG hydrogels, the expansion 

media was exchange to a fresh one without A83-01. 

hGCOs collection and centrifugation was done as previously stated (Human Gastric Corpus 

Organoids (hGCOs) Culture). Supernatant was removed and organoids were resuspended in 1 mL 

of TrypLETM (TrypLETM Express Enzyme (1x) with Phenol Red, GibcoTM ThermoFisher Scientific, 

12605010) supplemented with 1 µM of N-Acetylcysteine and 10 µM of Y-27632. The suspension 

was placed at + 37 ºC in the water bath and incubated for 12 min. Every 3 min, the suspension was 

pipetted up and down to disrupt the organoids. 10 mL of pre-cold BM were used to dilute the single 

cell suspension and it was centrifuged at 1300 g for 3 min at + 4ºC. Supernatant was removed and 

single cells were resuspended in expansion media (supplemented with 10 mM of Nicotinamide and 

10µM of Y-27632). Single cells were counted with the counting chamber Neubauer (Counting 

chamber Neubauer improved Dark lines 0,1 mm, Carl Roth, T729.1). The same cell number was 

seeded in every condition tested. Note, cell seeding was different throughout this thesis due to the 

optimization process, and it is specified in every case. 

3.2. Extracellular Matrix (ECM) Proteins Reconcentration 

All the ECM proteins or peptides used in this thesis are listed in Table 3 including their stock 

concentration, possible reconcentration, the obtained new stock concentration, and the manufacturer. 

Protein reconcentration was done by two methodologies. 

3.2.1. Reconcentration by Membrane Spin Columns 

A protein concentrators kit consisting of membrane spin columns (PierceTM Protein 

Concentrators PES; 3K MWCO, 0.5mL; ThermoFisher Scientific, U.S., 88512) was used to 

reconcentrate some of the purchase proteins. 500 L of protein solution to be reconcentrated was 

placed in the membrane spin column with a pre-coated tip to avoid protein attachment. Pre-coating 

was done with the protein solution buffer (10 % glycerol (Glycerol, Merck/Sigma-Aldrich, U.S.) in 

PBS (PBS pH7.4, GibcoTM/Thermo Fisher Scientific, U.S.). Several serial centrifugations at 3000 g 

for 30 sec were done until the desired final volume was reached (100 L). Between every 

centrifugation, the solution was pipetted up and down to avoid protein attachment to the membrane. 
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3.2.2. Reconcentration by Low pressure evaporation 

Low pressure evaporation was done by placing the protein solution at + 37 ºC in the water bath 

until the solution was at + 37 ºC. The solution was placed in vacuum for 30 sec - 1 min. After the 

vacuum, the solution was kept again at + 37 ºC. Several rounds were performed until the desired 

volume was reached. 

 

Table 3. List f the ECM proteins used in this thesis.  

 
Stock 

Concentration 
Reconstituted? 

New Stock 

Concentration: 
Manufacturer 

RGD-SH 10 mM No - 
RGD-SH 

Biomatik, Canada 

Laminin-111 6 mg /mL No - 
Cultrex 3D Culture Matrix Laminin 1 

R&D SystemsTM/Bio-Techne, U.S. 

Fibronectin 1.81 mg/mL No - 
Human Fibronectin Protein Carrier Free 

R&D SystemsTM / Bio-Techne, U.S. 

Collagen IV 1 mg/mL No - 
Native Human Collagen IV Protein 

Abcam, U.K. 

Laminin-211 100 g/mL 
Yes.  

Membrane Spin Columns 
500 g/mL 

Human Recombinant Laminin 211 

BioLamina, Sweden 

Laminin-121 100 g/mL 
Yes.  

Low Pressure Evaporation. 
500 g/mL 

Human Recombinant Laminin 121 

BioLamina, Sweden 

Laminin-221 100 g/mL 
Yes.  

Low Pressure Evaporation. 
500 g/mL 

Human Recombinant Laminin 221 

BioLamina, Sweden 

Laminin-332 100 g/mL 
Yes.  

Low Pressure Evaporation. 
500 g/mL 

Human Recombinant Laminin 332 

BioLamina, Sweden 

Tenascin XB2 250 g/mL 
Yes.  

Low Pressure Evaporation. 
1.25 mg/mL 

Tenascin xB2 Protein 

R&D SystemsTM / Bio-Techne, U.S. 

 

3.3. Matrigel® and Native Collagen Gel Formation 

Native collagen (Native Collagen Acidic Solution, AteloCell®, ReproCell, U.K.) was pH 

neutralised by adding 20 % v/v neutralizing solution (5 X DMEM 50 mM Na(CO3)2) at a ratio of 80 

% - 20 % respectively. Then, this mixture was added to a Matrigel® aliquot at a ratio of 80 % - 20 % 

respectively. Gelation started after 2 min of mixing. The mixture was placed in the well plate and 

flatten it by stamping (ECM-Enriched PEG-based Hydrogel Gelation and Stamping in 8-well 

IBIDI Chamber) or centrifugation (ECM-Enriched PEG-Based Hydrogel Gelation in 96-well 

plate and Flattening by Centrifugation). 

3.4. PEG-based Hydrogel Gelation 

All the PEG hydrogels content was expressed in percent weight per volume (% w/v) with a 

PEG density of 1.2 g/mL. For this thesis, all PEG-based hydrogel were casted by Michael’s type 

addition which is based on covalently crosslinking two different multi-arm polyethylene glycol (PEG) 

macromers. The 8-arm PEG containing a vinyl sulfone radical (8-PEG-VS, NOF EUROPE GmbH, 

Germany) with a molecular weight of 10 kDa was prepared at 12 % w/v in 0.3 M sodium bicarbonate 

(NaHCO3) buffer at pH 8.3 otherwise stated. The 4-arm thiol-containing PEG with a molecular 

weight of 10 kDa (4-PEG-TH, NOF EUROPE GmbH, Germany) was prepared either at 12 % w/v in 

distilled water (ddH2O) otherwise stated. To form the hydrogels, PEG precursors solutions (8-PEG-

VS and 4-PEG-TH) were mixed stoichiometrically either to an equimolar ratio [VS:TH] or with a 10 
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% surplus of VS [1.1 VS : 1 TH]. The final PEG concentration was either 3, 4 or 5 % depending on 

the experiment. After mixing, gelation was done by incubating the hydrogel for 20 to 30 min at RT. 

In ECM-enriched PEG-based hydrogels, all the ECM proteins were solubilized in the free water 

fraction except for the case of the RGD motif. The RGD motif used for cell attachment and survival 

contained a thiol radical that allowed its covalent union to the 8-PEG-VS. In this case, the RGD-SH 

peptide was included in the stoichiometry of the reaction. 

Notice, all this process was done on ice to avoid hydrogel gelation and keep ECM protein 

conformation. 

3.5. Characterization of Solubilized Protein Diffusion from the PEG-Based Hydrogel 

towards the Liquid Interphase 

Three types of 5 % PEG-based hydrogel were formed for this experiment with two technical 

replicates per condition. For this experiment, the 8-PEG-VS used was previously prepared in 0.3 M 

triethanolamine (TEOA) buffer at pH 8. An empty PEG-based hydrogel containing an equimolar ratio 

of 8-PEG-VS and 4-PEG-TH with any supplementation. A PEG-based hydrogel containing 10 g/mL 

of bovine serum albumin conjugated with fluorescein isothiocyanate (BSA-FITC, Albumin from 

Bovine Serum FITC conjugate, InvitrogenTM / ThermoFisher Scientific, U.S.), with an equimolar 

ratio of 8-PEG-VS and 4-PEG-TH. A PEG-based hydrogel containing 10 µg/mL of BSA-FITC and 

with a surplus of 8-PEG-VS of the 10 % [1.1 VS : 1 TH]. The used concentrations and the final mix 

can be found in Table 4. 

All the precursors and supplementations were mixed in a total volume of 100 L and 45 L 

was place in the middle of the well of an 8-well IBIDI chamber (-Slide 8-Well high Glass Bottom, 

IBIDI®, Germany). Before gelation, hydrogels were stamped with a flat PDMS stamp pre-coated 

with an anti-adherence solution (Anti-Adherence Rinsing Solution, StemCellTM Technologies, U.S.) 

to avoid damaging the hydrogel. Hydrogels were incubated for 30 min at RT. After removing the 

stamp, one wash with PBS was done for 10 min at + 37 ºC. After the wash, 450 µL of PBS was added 

and incubated for 2 h at + 37 ºC. The second wash was collected after the incubation and another 450 

µL of PBS was added and incubated for 24 h at + 37 ºC. The third wash was collected. All the washes 

were placed in a 96-well plate (Greiner 96-well plates, polystyrene, Sigma-AldrichTM/Merck, U.S.) 

in 200 µL fractions and stored at + 4 ºC wrapped with aluminium foil to preserve the fluorescence. 

 

Table 4. Table with the list of the PEG-based hydrogels formed for this experiment containing the stock concentration and the 

final mixture. 

 Stock concentration: Final mixture (total volume 100 L): 

5 % Empty PEG [1 VS : 1 TH]   

8-PEG-VS 12 % w/v 14.5 µL in 20.3 µL of TEOA buffer 

4-PEG-TH 12 % w/v 27.2 µL in 38 µL of ddH2O 

5 % PEG [1 VS : 1 TH] with BSA-FITC   

8-PEG-VS 12 % w/v 14.5 µL in 20.3 µL of TEOA buffer 

4-PEG-TH 12 % w/v 27.2 µL in 32 µL of ddH2O 

BSA-FITC 165,0 g /mL 6 L (10 g/mL) 

5 % PEG [1.1 VS : 1 TH] with BSA-FITC   

8-PEG-VS 12 % w/v 15.5 µL in 21.7 µL of TEOA buffer 

4-PEG-TH 12 % w/v 26.2 µL in 30.6 µL of ddH2O 
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BSA-FITC 165,0 g /mL 6 L (10 g/mL) 

3.5.1. Measuring Fluorescent Protein Diffusion with Fluorescence Plate Reader 

A standard curve was calculated to correlate FITC fluorescence intensity with the BSA-FITC 

concentration. A serial dilution ranging from 2 µg/mL to 0.0001 µg/mL of BSA-FITC was performed 

on PBS.. Fluorescence intensity was determined with the microplate reader Infinite® 200 Pro (Tecan 

Trading AG, Switzerland) at an excitation/emission 488/530 nm. Results were analysed with 

Microsoft® Excel (Version 16.60, 2022). 

3.6. ECM-Enriched PEG-based Hydrogel Gelation and Stamping in 8-well IBIDI 

Chamber 

All the PEG-based hydrogels of this experiment contained a final concentration of 4 % PEG 

with a surplus of 10 % of 8-PEG-VS [1.1 VS : 1 TH]. The volume of the precursors, as well as the 

ECM proteins specifications and concentrations can be found in Table 5. Hydrogel gelation and 

stamping was done as previously stated (Characterization of Solubilized Protein Diffusion from 

the PEG-Based Hydrogel towards the Liquid Interphase) with the only difference that 0.3 M 

TEOA buffer at pH 8 was exchanged by 0.3 M NaHCO3 buffer at pH 8.3. A scheme of the process is 

related in Fig. 3A. 

 

Table 5. Table with the list of PEG-based hydrogels formed in this experiment: 

 Stock concentration: Final mixture (total volume 100 L): 

Master Mix of 8-PEG-VS   

1x reaction 8-PEG-VS 12 % w/v 6.1 µL in 12.3 µL of NaHCO3 buffer 

6.5x reaction 8-PEG-VS (18.4 L/reaction) 12 % w/v 39.9 L in 79.8 L of NaHCO3 buffer 

1. Empty PEG   

4-PEG-TH 12 % w/v 10.5 µL in 21.1 µL of ddH2O 

2. PEG with 100 g/mL LN-111   

4-PEG-TH 12 % w/v 10.5 µL in 21.1 µL of ddH2O 

LN-111 0.6 mg/mL 8.34 L (100 g/mL) 

3. PEG with 0.5 mM RGD-SH   

4-PEG-TH 12 % w/v 10.4 µL in 18.7 µL of ddH2O 

RGD-SH 10 mM 2.5 L (0.5 mM) 

4. PEG with RGD-SH and LN-111   

4-PEG-TH 12 % w/v 10.4 µL in 10.36 µL of ddH2O 

RGD-SH 10 mM 2.5 L (0.5 mM) 

LN-111 0.6 mg/mL 8.34 L (100 g/mL) 

5. PEG with 500 g/mL LN-111   

4-PEG-TH 12 % w/v 10.5 µL in 16.93 µL of ddH2O 

LN-111 6 mg/mL 4.17 L (500 g/mL) 

6. PEG with 100 g/mL FN   

4-PEG-TH 12 % w/v 10.5 µL in 16.1 µL of ddH2O 

FN 1 mg/mL 5 L (100 g/mL) 

7. PEG with 100 g/mL C-IV   

4-PEG-TH 12 % w/v 10.5 µL in 16.1 µL of ddH2O 

C-IV 1 mg/mL 5 L (100 g/mL) 
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3.6.1. Human Gastric Corpus Single Cell Seeding using a PDMS spacer & Culture 

Already casted PDMS was obtained from the laboratory, and it was cut into a square containing 

a 3 mm diameter hole in the middle to create a spacer that would allow cell seeding. After hydrogel 

gelation, the spacer was placed on top of the hydrogel and pressed kindly for its attachment. 12 L 

of the single cell suspension (hGCOs Dissociation and Single Cell Counting) were added inside of 

the spacer (Fig. 3A). The culture was incubated for 30 min at + 37 ºC to allow cellular deposition on 

the bottom of the hydrogel. After the incubation, 500 L of expansion media (supplemented with 10 

mM Nicotinamide, 10 M Y-27632 and 1x Primocin® (InvivoGen, U.S.)) were added. 

3.7. ECM-Enriched PEG-Based Hydrogel Gelation in 96-well plate and Flattening by 

Centrifugation 

Notice, all the materials were pre-cold on ice before PEG-based hydrogel casting. Additionally, 

a 96-well plate (96-well plate Clear Flat Bottom Polystyrene TC-treated plates, sterile; Corning®, 

3598) was coated with cold 1 % BSA for 30 min at + 4 ºC. All the PEG-based hydrogels of this 

experiment contained a final concentration of 3 % PEG with a surplus of 10 % of 8-PEG-VS [1.1 VS 

: 1 TH]. The volume of the precursors, as well as the ECM proteins specifications and concentrations 

can be found in Table 6. Hydrogel gelation was done by placing 3.5 L of the precursor mix in every 

well to ensure a PEG hydrogel of 100 m thickness. Quickly, the plate was centrifuge at 2000 rpm 

for 5 min. 300 L of expansion media (supplemented with 10 mM Nicotinamide, 10 M Y-27632 

and 1x Primocin® (InvivoGen, ant-pm-2)) was added on top of the hydrogel and the 96-well plate 

was placed at + 37 ºC. 

 

Table 6. Table with the list of PEG-based hydrogels used for this experiment: 

 Stock concentration: Final mixture (total volume 100 L): 

Master Mix of 8-PEG-VS   

1x reaction 8-PEG-VS 12 % w/v 1.38 µL in 4.1 µL of NaHCO3 buffer 

8x reaction 8-PEG-VS (5.5 L/reaction) 12 % w/v 11.04 L in 32.8 L of NaHCO3 buffer 

1. Empty PEG   

4-PEG-TH 12 % w/v 2.37 µL in 9.5 µL of ddH2O 

2. PEG with 500 g/mL LN-111   

4-PEG-TH 12 % w/v 2.37 µL in 5.88 µL of ddH2O 

LN-111 6 mg/mL 1.25 L (500 g/mL) 

3. PEG with 800 g/mL LN-111   

4-PEG-TH 12 % w/v 2.37 µL in 5.11 µL of ddH2O 

LN-111 6 mg/mL 2 L (800 g/mL) 

4. PEG with 1 mM RGD-SH   

4-PEG-TH 12 % w/v 2.30 µL in 5.68 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

5. PEG with RGD-SH and 500 g/mL LN-111   

4-PEG-TH 12 % w/v 2.30 µL in 4.43 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 1.25 L (500 g/mL) 

6. PEG with RGD-SH and 800 g/mL LN-111   

4-PEG-TH 12 % w/v 2.30 µL in 3.68 µL of ddH2O 
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RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2 L (800 g/mL) 

7. PEG with 250 g/mL C-IV   

4-PEG-TH 12 % w/v 2.37 µL in 3.35 µL of ddH2O 

C-IV 1 mg/mL 3.75 L (250 g/mL) 

 

3.7.1. Human Gastric Corpus Single Cell Seeding & Culture 

The expansion media with supplementation was removed from the gels and 100 L of cell 

suspension at a concentration of 0.5 million cells/mL was added to every condition. Cells were 

suspended in expansion media supplemented with 10 mM Nicotinamide, 10 M Y-27632 and 1x 

Primocin®. After 48 h and 72 h of seeding, media was exchange to fresh expansion media. After 96 

h of seeding, cells were used for immunohistochemistry (Immunohistochemistry). 

3.8. PDMS Casting 

Polydimethylsiloxane (PDMS) was formed by mixing a curing elastomer agent with a base 

silicone elastomer (Sylgard 184 Silicone Elastomer, Suter-Kunststoffe ag, Switzerland, 184.001) at a 

ratio 1:10 respectively. The mixture was degassed for 30 min to eliminate the bubble formation after 

mixing. The PDMS polymerization was carried out at + 80 ºC O/N.  

3.8.1. PDMS Seeding Grid Bioengineering 

Microfabricated (SU-8 Photolithography on silicon wafers) structures consisting of an array of 

circular pillars (50 µm height, 350 µm width) were obtained from the laboratory. Their back surface 

was activated for 5 min with an oxygen (O2) plasma treatment along with a glass microscope slide. 

After the treatment, both surfaces were attached by incubating O/N at + 80 ºC. After binding, the 

pillar surface of the wafer was activated for 5 min with O2 plasma treatment along with another glass 

microscope slide. After activation, both surfaces were coated with Trichloro(1H,1H,2H,2H-

perfluorooctyl) silane (Sigma-Aldrich/Merck, U.S., 448931) by low pressure vapor deposition for 1 

h. 

1 mL of the PDMS mixture was added to the top of the coated pillar surface of the wafer and 

pressed with a coated microscope slide. The structure was immobilized with pincers to maintain the 

pressure while PDMS polymerization. The pincers, the microscope slide and the wafer were removed 

from the structure to obtain the thin PDMS seeding grid. It was cut in 6 mm diameter round pieces 

(Fig. 6A). 

3.8.2. 24-Well Plate with a PDMS bottom 

1 mL of the PDMS mixture was added in every well of a 24-well plate. The plate was placed at 

+ 80 ºC O/N for PDMS polymerization. After polymerization, the place was ready to be used 

(Supplementary Fig. 5). 

3.8.3. PDMS Transwell Device Bioengineering 

The PDMS Transwell Device consisted of three PDMS structures (Fig. 6A-1): a base consisting 

of a PDMS well spacer, the bottom of the transwell was a PDMS grid (PDMS Seeding Grid 

Bioengineering) and the transwell top was a PDMS ring. 

The PDMS well spacer was formed by casting a 0.5 cm thick PDMS as previously stated. The 

structure was cut into a 3x3 cm square containing a 5 mm diameter hole in the middle. An aperture 

was cut to allow the liquid entrance. One side of the well spacer was activated with O2 plasma 
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treatment for 5 min as well as the bottom of the wells of a 24-well plate. After O2 plasma activation, 

one well spacer was placed in each well and their attachment was done by incubating the structure at 

+ 80 ºC O/N (Fig. 6A-2). 

The PDMS transwell top ring was formed by casting a 500 m thick PDMS as previously stated. 

The structure was cut into an outer ring of 6 mm diameter and an inner ring of 3 mm diameter. The 

PDMS transwell was attached by treated one surface of the both the PDMS ring and grid with O2 

plasma for 5 min. After the treatment, both surfaces were placed together and incubated O/N at + 80 

ºC (Fig. 6A-2). 

3.9. Glass Coverslip Coating 

9 mm diameter glass coverslips (VWR, U.S.) were coated with the siliconizing reagent 

Sigmacote® (Sigma-Aldrich/Merck, U.S., SL2) by adding 3 mL of the product and shaking for 5 min 

at RT. After removal of the product, three washes with ddH2O were performed. The coated glass 

coverslips were air-dried. 

3.10. ECM-Enriched PEG-Based Hydrogel Gelation and Flattening by Coverslip Glass 

Stamping 

All the PEG-based hydrogels of this experiment contained a final concentration of 5 % PEG 

with a surplus of 10 % of 8-PEG-VS [1.1 VS : 1 TH] only in hydrogels containing solubilized ECM 

proteins. The volume of the precursors, as well as the ECM proteins specifications and concentrations 

can be found in Table 7. The volume of the hydrogel was calculated to ensure a thickness of 100 m. 

Hydrogel gelation was done by placing 6.4 L of the precursor mix on top of a non-coated 9 mm 

diameter glass coverslip (Supplementary Fig. 5A). Quickly, a coated 9 mm diameter glass coverslip 

(Glass Coverslip Coating) was placed on top. Gelation was done at RT for 30 min, after the top glass 

coverslip was removed. Both the bottom coverslip and the PEG-based hydrogel were placed in a 

PDMS-bottom well. 

Table 7. Table with the list of PEG-based hydrogels used for this experiment: 

 Stock concentration: Final mixture (total volume 30 L): 

Master Mix of 8-PEG-VS   

1x reaction 8-PEG-VS [1VS:1TH] 12 % w/v 4.30 µL in 6.0 µL of NaHCO3 buffer 

3x reaction 8-PEG-VS [1.1VS:1TH] 

(10.3 L/reaction) 
12 % w/v 

12.91 L in 18.10 L of NaHCO3 

buffer 

1x reaction 8-PEG-VS [1.1VS:1TH] 12 % w/v 4.61 µL in 6.4 µL of NaHCO3 buffer 

5x reaction 8-PEG-VS [1.1VS:1TH] 

(11.1 L/reaction) 
12 % w/v 

23.02 µL in 32.24 µL of NaHCO3 

buffer 

1. Empty PEG [1VS:1TH]   

4-PEG-TH 12 % w/v 8.20 µL in 11.5 µL of ddH2O 

2. PEG with 1 mM RGD-SH [1VS:1TH]   

4-PEG-TH 12 % w/v 8.04 µL in 8.63 µL of ddH2O 

RGD-SH 10 mM 3 L (1 mM) 

3. PEG with 800 g/mL LN-111 [1.1VS:1TH]   

4-PEG-TH 12 % w/v 7.90 µL in 7.1 µL of ddH2O 

LN-111 6 mg/mL 4 L (800 g/mL) 

4. PEG with RGD-SH and 800 g/mL LN-111 

[1.1VS:1TH] 
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4-PEG-TH 12 % w/v 7.74 µL in 4.2 µL of ddH2O 

RGD-SH 10 mM 3 L (1 mM) 

LN-111 6 mg/mL 4 L (800 g/mL) 

5. PEG with 670 g/mL FN [1.1VS:1TH]   

4-PEG-TH 12 % w/v 7.90 µL in 0 µL of ddH2O 

FN 1.81 mg/mL 11.10 L (670 g/mL) 

7. PEG with 370 g/mL C-IV [1.1VS:1TH]   

4-PEG-TH 12 % w/v 7.90 µL in 0 µL of ddH2O 

C-IV 1 mg/mL 11.10 L (370 g/mL) 

 

3.10.1. Human Gastric Corpus Single Cell Seeding using a PDMS Seeding Grid 

Before single cell seeding, the PDMS seeding grid (PDMS Seeding Grid Bioengineering) was 

pre-coated with 2 % BSA at + 37 ºC for 45 min to equilibrize the silicone structure. After the coating, 

one wash with PBS was made and one side of the PDMS seeding grid was activated with O2 plasma 

treatment for 5 min to increase hydrophilicity. The PDMS seeding grid was placed on top of the 

freshly casted PEG-based hydrogel with the activated surface facing upwards. 100 L of expansion 

media (supplemented with 10 mM Nicotinamide, 10 M Y-27632 and 1x Primocin®) were added 

for hydrogel equilibration at + 37 ºC for 30 min (Supplementary Fig. 5A). 

The expansion media for equilibration was removed from the hydrogel with the seeding stamp 

and add 30 L of the single cell suspension at a concentration of 5.5 million cells/mL. Samples were 

incubated at + 37 ºC for 1 h to allow cell sedimentation. 500 L of expansion media (supplemented 

with 10 mM Nicotinamide, 10 M Y-27632 and 1x Primocin®) was added to each sample. The 

PDMS seeding stamp was removed 24 h after seeding. 

3.11. ECM-Enriched PEG-Based Hydrogel Casting in PDMS Transwell Device and 

Flattening by Coverslip Glass Stamping 

Before PEG-based hydrogel casting, the PDMS transwell had to assembled (PDMS Transwell 

Device Bioengineering) and the upper surface had to be activated with O2 plasma treatment for 5 

min to increase hydrophilicity. 

All the PEG-based hydrogels of this experiment contained a final concentration of 5 % PEG 

with a surplus of 10 % of 8-PEG-VS [1.1 VS : 1 TH]. To increase the volume of the free fraction of 

ddH2O, 4-PEG-TH was prepared at a stock concentration of 24 % w/v in ddH2O. The volume of the 

precursors, as well as the ECM proteins specifications and concentrations can be found in Table 8. 

The volume of the hydrogel was calculated to ensure a thickness of 100 m. Hydrogel gelation was 

done by placing 5 L of the precursor mix in the middle of the transwell that was already on top of a 

non-coated 6 mm diameter glass coverslip (VWR, U.S.) (Fig. 6A-3). Quickly, a coated 9 mm 

diameter glass coverslip (Glass Coverslip Coating) was placed on top. Gelation was done at RT for 

30 min, after, both the top and the bottom glass coverslip were removed. 

The PDMS transwell containing the PEG-based hydrogel was placed on top of the well spacer 

(Fig. 6A-4) ensuring that the holes of the bottom grid coincide with the hole of the well spacer. PBS 

was added on top to avoid hydrogel dryness and the whole structure was sterilized by two UV rounds 

for 20 min each. PBS was removed and 600 L of expansion media (supplemented with 10 mM 
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Nicotinamide, 10 M Y-27632 and 1x Primocin®) was added ensuring that media was below and 

above the hydrogel. The hydrogel was equilibrized at + 37 ºC. 

 

Table 8. Table with the PEG-Based hydrogels used for this experiment. 

 Stock concentration: Final mixture (total volume 30 L): 

Master Mix of 8-PEG-VS   

1x reaction 8-PEG-VS  12 % w/v 4.61 µL in 6.4 µL of NaHCO3 buffer 

15x reaction 8-PEG-VS (11.1 L/reaction) 12 % w/v 69.08 L in 96.7 L of NaHCO3 buffer 

1. Empty PEG   

4-PEG-TH 24 % w/v 3.95 µL in 15.0 µL of ddH2O 

2. BC (RGD-SH + 500 g/mL LN-111)   

4-PEG-TH 24 % w/v 3.88 µL in 11.1 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

3. BC + LN-211 (185 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-211 500 g/mL 11.1 L (185 g/mL) 

4. BC + LN-121 Reconstituted (185 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-121 Reconstituted 500 g/mL 11.1 L (185 g/mL) 

5. BC + LN-121 Original (37 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-121 Original 100 g/mL 11.1 L (37 g/mL) 

6. BC + LN-221 Reconstituted (185 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-221 Reconstituted 500 g/mL 11.1 L (185 g/mL) 

7. BC + LN-221 Original (37 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-221 Original 100 g/mL 11.1 L (37 g/mL) 

8. BC + LN-332 Reconstituted (185 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-332 Reconstituted 500 g/mL 11.1 L (185 g/mL) 

9. BC + LN-332 Original (37 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 
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RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

LN-332 Original 100 g/mL 11.1 L (37 g/mL) 

10. BC + TNX Reconstituted (462.5 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

TNX Reconstituted 1.25 mg/mL 11.1 L (462.5 g/mL) 

11. BC + TNX Original (92.5 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

TNX Original 250 g/mL 11.1 L (92.5 g/mL) 

12. BC + FN (500 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 2.8 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

FN 1.81 mg/mL 8.29 L (500 g/mL) 

13. BC + C-IV (370 g/mL)   

4-PEG-TH 24 % w/v 3.88 µL in 0 µL of ddH2O 

RGD-SH 10 mM 1.50 L (1 mM) 

LN-111 6 mg/mL 2.50 L (500 g/mL) 

C-IV 1 mg/mL 11.1 L (370 g/mL) 

 

3.11.1. Human Gastric Corpus Single Cell Seeding & Culture 

The expansion media used for equilibrating the hydrogel was removed from the bottom and the 

upper compartment of the transwell. To avoid spreading of the cells, the PDMS ring of the transwell 

was air-dried for 1 min before cell seeding. 10 L of cell suspension was added in every condition. 

Carefully, 500 L of expansion media (supplemented with 10 mM Nicotinamide, 10 M Y-27632 

and 1x Primocin®) were added to the bottom compartment. 24 h after seeding, the expansion media 

of each compartment was removed carefully to not remove non-attached cells. 600 L of expansion 

media were added to the culture, ensuring that the both the bottom and upper compartment were 

covered with media. 

This experiment had two biological replicates. In every replicate, hGCOs were split 5 days 

before the cell seeding and 24 h before the cell seeding A83-01 was removed from the media. In every 

replicate a cell seeding concentration between 5.5 – 6.5 million cells/mL was ensured. In the second 

replica, two more PEG-based hydrogels were made per replica, and they were used for 

immunohistochemistry 72 h after seeding. 

3.12. Quantitative Polymerase Chain Reaction (qPCR) 

The PDMS Transwell devices containing the gastric epithelium were removed from the well 

spacer 72 h and 120 h after seeding to have two time points. The different transwells with the 

epithelium were washed for 10 min with 1 mL of pre-cold BM in a new 24-well plate. After the wash, 

every PDMS Transwell was placed in a well containing 1 mL of TrypLETM supplemented with 1 µM 

of N-Acetylcysteine and 10 µM of Y-27632. Notice, the TrypLETM was previously heated up at + 37 
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ºC. The plate was placed on a rocking platform at + 37 ºC for 20 min. Every 5 min the plate was 

removed from the incubator and shacked to benefit epithelium detachment. After detachment, the 

epithelium suspension was placed in a 1.5 mL Eppendorf tube and centrifuged for 3 min at 1300 g in 

a table-top centrifuge. Supernatant was removed and cells were lysed with 350 L of pre-cold RLT 

buffer (RNeasy Micro Kit, Qiagen, Germany) supplemented with 40 mM of Dithiothreitol (DTT, 

Sigma-Aldrich/Merck, U.S.) and snap froze at – 80 ºC. RNA extraction was done with the RNeasy 

Micro Kit (Qiagen, Germany) following the manufacturer protocol. 

Complementary DNA (cDNA) for the qPCR was synthesized with the iScript cDNA synthesis 

kit (iScriptTM Reverse Transcription Supermix, Bio-Rad Laboratories, U.S.). The reaction mix can be 

found in Table 9 for a total volume of 20 L. The synthesis was carried out on a UnoCycler Thermal 

Cycler (VWR, U.S.) following the iScript cDNA synthesis kit manufacturer protocol. 

cDNA templates were diluted 1:7 for the qPCR preparation and mixed with 2 x Power SYBR 

Green PCR Master Mix (Applied BiosystemsTM/ThermoFisher Scientific, U.S.). Forward and reverse 

primers were mixed with ddH2O for a final concentration of 200 nM each. The list of the used primers 

and their sequences can be found in Table 10. The qPCR 384-well plate assembly was done with 

Hamilton Microlab STAR (Hamilton®, U.S.). The qPCR was done on a QuantStudio 6 (Applied 

Biosystems, U.S., QuantStudio Real-Time PCR software v.1.3) and the program used can be found 

in Table 11. 

The qPCR results were analysed in Design & Analyses software (Applied 

BiosystemsTM/ThermoFisher Scientific, U.S., v.2.6.0) and in Microsoft® Excel (Version 16.60, 

2022). The results are shown as relative expression level (log2) to the control condition and 

normalized to GAPDH gene. 

 

Table 9. The reaction mix for cDNA synthesis: 

 Volume for the reaction: 

5 x iScriptTM Reverse Transcription Supermix 4 L (1 x) 

RNA  for 120 ng 

RNAse free water to 20 L 

 
Table 10. List of primers used for the qPCR with their concentration and sequences. GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; ATP4b, Beta subunit of the H+/K+ ATPase proton pump; MUC5AC, Mucin 5AC; MUC6, Mucin 6; PGC, Pepsinogen 

II; CHGA, Chromogranin A; OLFM4, Olfactomedin-4; LGR5, G-Protein-Coupled Receptor 5. 

Gene: Primer: Concentration: Sequence (5’ → 3’) 

GADPH 
Forward 10 M CTCCTGCACCACCAACTGCT 

Reverse 10 M GGGCCATCCACAGTCTTCTG 

ATP4b 
Forward 10 M ACAGACTCTCCACGCCTTCCTA 

Reverse 10 M GCAGGAGAACTTGGTGTGGTTG 

MUC5AC 
Forward 10 M CTGTGAAGGTGGCTGACCAAGA 

Reverse 10 M AAGGTGTAGTAGGTGCCGTCGAA 

MUC6 
Forward 10 M CAGCTCAACAAGGTGTGTGC 

Reverse 10 M TGGGGAAAGGTCTCCTCGTA 

PGC 
Forward 10 M TGTCTTTGGGGGTGTGGATAG 

Reverse 10 M ATGAGGAACTCTTCAATGCCAATC 
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CHGA 
Forward 10 M AAGAAACACAGCGGTTTTGAA 

Reverse 10 M TCTGTGGCTTCACCACTTTTC 

OLFM4 
Forward 10 M GCTCTGAAGACCAAGCTGAAA 

Reverse 10 M GAAAACCCTCTCCAGTTGAGC 

LGR5 
Forward 10 M GAGTTACGTCTTGCGGGAAAC 

Reverse 10 M TGGGTACGTGTCTTAGCTGATTA 

 

Table 11. Thermocycler program for the qPCR: 

 Duration: Temperature: Cycles: 

Hold    

Step 1 2 min 50 ºC 1 

Step 2 10 min 95 ºC 1 

PCR    

Denaturation 15 sec 95 ºC 40 

Annealing, Extension and Fluorescence Reading 1 min 60 ºC 40 

Melt Curve    

Step 1 15 sec 95 ºC Continuous 

Step 2 1 min 60 ºC Continuous 

Step 3 15 sec 95 ºC Continuous 

 

3.13. Immunohistochemistry 

The list of antibodies used with all the specifications can be found in Table 12.  

All the washes for the immunohistochemistry were done at + 4 ºC on a rocking platform 

otherwise stated. Cell fixation was done with 4 % PFA (4 % Paraformaldehyde in PBS, Alfa 

AesarTM/ThermoFisher Scientific, U.S., 1534389) for 30 min at RT and it was followed by three 

washes of 30 min with 0.01 % Triton-X (TritonTM X-100, Merck/Sigma-Aldrich, U.S.) in PBS. Both 

permeabilization and blocking was done overnight (O/N) with a permeabilization-blocking solution 

(0.2 % Triton-X, 5 % Goat Serum (GibcoTM/ThermoFisher Scientific, U.S.) in PBS). It was followed 

by one wash with 0.01 % Triton-X in PBS. Primary antibody staining was done O/N and the 

antibodies were diluted to the proper concentration in an antibody solution (0.01 % Triton-X, 5 % 

Goat serum in PBS). It was followed by three washes with the antibody solution. Secondary antibody 

staining, including DAPI and Phalloidin staining (Table 12); was done O/N in the dark. It was 

followed by three washes with the antibody solution. Fixed samples were kept in the 96-well plate in 

0.01 % Triton-X in PBS supplemented with 1:100 Pen/Strep (Penicillin-Streptomycin (10000 U/mL), 

GibcoTM/ThermoFisher Scientific, U.S.). A negative control was always included in which only 

secondary antibody staining was performed. 

 

Table 12. List of the antibodies used for the immunohistochemistry: 

 Host Dilution: Conjugated? Excitation/Emission Supplier 

Primary Antibodies     -  

Sox9 Rabbit 1:200 - - 
Abcam, UK 

ab185966 

Ki67 Mouse 1:100 - - 
BD Biosciences, U.S. 

550609 



Rosa María López Cabezas  MSc Thesis 

 27 

Chromogranin A 

(ChgA) 
Rabbit 1:100 - - 

Abcam, UK 

ab15160 

Mucin 5AC (Muc5ac) Mouse 1:100 - - 
Abcam, UK 

ab3649 

Secondary Antibodies      

Anti-Mouse Donkey 1:400 
Alexa FluorTM  

568 
578/603 nm 

InvitrogenTM / ThermoFisher 

Scientific, U.S. 

A10037 

Anti-Rabbit Donkey 1:400 
Alexa FluorTM  

647 
650/665 nm 

InvitrogenTM / ThermoFisher 

Scientific, U.S. 

A315573 

Other staining      

DAPI - 1:400 - 358/461 nm 

Tocris BioscienceTM / Bio-

Techne, U.S. 

5748 

Phalloidin - 1:100 
Alexa FluorTM  

488 
490/525 nm 

InvitrogenTM / ThermoFisher 

Scientific, U.S. 

A12379 

 

3.14. Confocal Imaging in SP8 Inverted Microscope 

Confocal images were taken with the Inverted Leica DMi8 (Leica Microsystems, Germany) 

with LAS-X software (Version 5.0.3). All images were taken with a 10x air objective (HC PL Fluotar 

Mag. 10x, NA 0.30, WD 11.0 mm; Leica Microsystems, Germany, 11556503). Four detectors were 

used. Two hybrid detectors (range: 390 to 790 nm) and one photomultiplier tube (range: 390 to 790 

nm) for fluorescence; and one transmission photomultiplier for brightfield. All the four laser lines 

were used (405 nm / 488 nm / 552 nm / 638 nm). All the images were analysed using Fiji (ImageJ, 

version: 2.0.0-rc-69/1.52p, (Schindelin et al., 2012)).  

3.15. Bright Field Imaging to Assess Cellular Attachment 

Bright field images of every gastric epithelial culture were taken just after cell seeding and 

every 24 h for a minimum of 48 h and a maximum of 120 h. All images were taken with Nikon 

Eclipse Ti2 Inverted Microscope (© 2022 Nikon Instruments Inc., Japan) either with the 4X objective 

(CFI Plan Fluor DL 4XF, Mag. 4X, NA 0.13, WD 16.5) or the 10X objective (CFI Plan Fluor DL 

10XF, Mag. 10X, NA 0.3, WD 15.2). Cellular attachment by bright field images was analysed using 

Fiji (ImageJ, version: 2.0.0-rc-69/1.52p, Schindelin et al., 2012) and Microsoft® Excel (Version 

16.60, 2022). 

 

 

Of note, all the schematic images used for this thesis were manually done by vectorial drawing 

using InkScape (Inkscape Project. (2020). Inkscape. Retrieved from https://inkscape.org).  

 

https://inkscape.org/
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4. Results 

4.1. A First Screening of PEG-Based Hydrogels Enriched with Human Recombinant 

ECM Proteins Promote Cellular Attachment and Survival 

Synthetic PEG-based hydrogels have already been described as powerful alternative to 

Matrigel® natural matrices (Madduma-Bandarage & Madihally, 2021). As a proof of concept, we 

wanted to assess the capacity of gastric organoid-derived epithelial (GODE) cells to attach and 

survive when seeded on top of a PEG-hydrogel layer enriched with solubilized ECM proteins that are 

known to be uniformly present in the basement membrane of the human gastric epithelium. PEG 

hydrogels calculations considered a final concentration of 5 % (w/v) and with a final ratio of a 10 % 

surplus of PEG-VS. Previously, we already assessed those hydrogels containing a surplus of non-

covalent bound VS radicals reduced protein diffusion compared to hydrogels containing an equimolar 

ratio of VS and TH radicals (Supplementary Fig. 1). In the free water fraction of the PEG hydrogels, 

either LN-111 at two different concentrations (100 µg/mL or 500 µg/mL), FN (100 µg/mL) or C-IV 

(100 µg/mL) were added (Fig. 3B). The PEG hydrogels mixture was gelated and flattened in an 8-

well IBIDI chamber followed by single GODE cells suspension seeding (Fig. 3A). As a positive 

control, a hybrid hydrogel consisting of bovine native collagen and Matrigel® at a final ratio 80 – 20 

% respectively was used. While Matrigel® provides structural support and contains several adhesion 

motifs, collagen contributes to an increase stiffness (Nikolaev et al., 2020). 

Bright field images 24 h after seeding showed an initial cellular attachment in LN-111 (500 

µg/mL), FN and C-IV conditions (Supplementary Fig. 2A). The lower concentration of LN-111 did 

not show presence of attached cells, suggesting a concentration dependency (Supplementary Fig. 

2B). After 48 h of culture, the conditions previously mentioned displayed a clear cellular attachment, 

being C-IV the best condition with a 72.08 % of area covered by cells and followed by both LN-111 

and FN with a 14.26 % and 9.92 %, respectively (Fig. 3C). The percentage of cellular attachment 

was assessed by manual determination of cell area covered in the well (Supplementary Fig. 2C). 

Although cellular attachment in the tested conditions did not show the same attachment percentage 

as the positive control, we could conclude that PEG-based hydrogels can provide both structural 

support and adhesions motifs when enriched with ECM proteins. Nonetheless, the presented protocol 

needed further optimization. The tested mechanism only allowed a small number of samples limiting 

the conditions to be tested as well as the number of technical replicates included. In addition of 

requiring a high volume of PEG hydrogel and high quantity of both ECM proteins and cells. 

4.2. Combination of Cross-Linked RGD with Solubilized Laminin-1 within the PEG-

Based Hydrogel Promote the Highest Cellular Attachment 

In the previously results, we concluded that a high-throughput protocol that would decrease 

ECM protein and hGSCs quantity was needed. Hence, we developed a system based on a PEG 

hydrogel casting on a 96-well plate and flattening by centrifugal force before gelation occurred (Fig. 

4A). The PEG-based hydrogel volume was previously optimized considering the area of every well 

in the 96 well plate (Supplementary Fig. 3). Additionally, pre-coating the surface of every well with 

1 % of BSA improved the precursor mix distribution throughout the well surface (Supplementary 

Fig. 3). The developed system allowed increasing the number of samples and adding technical 

replicates for every sample. However, it was characterized by a lack of reproducibility due to an 
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unequal distribution of the PEG-hydrogel on the well plate surface (Fig. 4B). This fact compromised 

an equal epithelium formation within the technical replicates and between the samples tested. The 

next results only refer to the best PEG-hydrogel formed for every condition tested, if applicable. 

Due to limitations on PEG-hydrogel gelation, the final concentration of the PEG-hydrogel was 

lowered down to 3 %, to prolong gelation time and ease the handling. In order to assess the most 

suitable baseline control that provided high cellular attachment and survival, PEG-hydrogels were 

enriched with ECM proteins known to be uniformly distributed along the gastric epithelium (Table 

1). From the previous experiment (Fig. 3) we demonstrated that C-IV, LN-111 and FN showed 

cellular attachment after 48 h of culture. For this experiment, we included C-IV at the same final 

Figure 3. A First Screening of PEG-Based Hydrogels Enriched with Human Recombinant ECM Proteins Promote Cellular 

Attachment and Survival. (A) Schematic representation of the followed protocol. (B) Schematic representation of the uniform 

distribution of ECM proteins along the human gastric corpus gland. (C) Bright field images of the conditions tested 72 h after seeding. 

The graph represents the quantified area covered by cells in the different tested conditions. LN-111: Laminin-111; FN: Fibronectin; 

C-IV: collagen type IV. 
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concentration, 100 µg/mL and LN-111 at 500 µg/mL. Additionally, a higher LN-111 concentration 

(800 µg/mL) was tested. Moreover, the RGD peptide, known to be the FN adhesion motif, was either 

tested alone or in combination with LN-111. Of note, the RGD peptide used contained a thiolated 

group (RGD-SH) allowing its covalent cross-linking in the PEG hydrogel. Bright field images 72 h 

after seeding showed cellular attachment in all the conditions tested similar to the positive control 

(Fig. 4C). Manual quantification of the cell covered area was performed in all the images taken every 

24 h for a total of 72 h (Supplementary Fig. 2C; Fig. 4D). Results showed that after 24 h both the 

RGD-SH motif and its combination with LN-111 showed the best percentage cellular attachment with 

a 24.23 % and 25.50 %, respectively. After 72 h, the area covered by cells in both conditions were 

similar as the positive control (53.64 %). In the case of LN-111 alone, usage of 500 µg/mL after 72 

h showed 17.10 % of area covered by cells, similar as previously obtained (Fig. 3C). Although its 

increase in concentration correlated with an increase of percentage attachment to 42.75 %. The case 

of C-IV was interestingly surprising, since results did not reproduce the same pattern as previously 

mentioned (Fig. 3C). In this case, C-IV condition showed 31.93 % of area coverage. We hypothesized 

this was probably due to an unequal PEG-hydrogel distribution within the well plate surface (Fig. 

4B).  

Figure 4. Combination of Cross-Linked RGD with Solubilized Laminin-1 within the PEG-Based Hydrogel Promote the 

Highest Cellular Attachment. (A) Schematic representation of the followed protocol. (B) Schematic representation of the main 

problems encountered using this protocol. (C) Bright field images of the tested conditions 72 h after cell seeding. (D) Graph of the 

percentage covered area by cells in the different conditions tested at different time points. 



Rosa María López Cabezas  MSc Thesis 

 31 

Overall, results showed that either RGD-SH peptide alone or in combination with LN-111 were 

the best condition represented by a percentage of covered area as similar as the positive control (Fig. 

4D). However, it is important to point out that this methodology lacked reproducibility, conditioning 

the production of both reliable technical biological replicates. In fact, the presence of unequal 

distributed hydrogels complicated the manual quantification of some samples. This is the reason why 

there is a decrease in percentage of covered area related to sample LN-111 (500 µg/mL) between 48 

h and 72 h after attachment (Fig. 4D). 

4.3. SOX9+ and Ki67+ Cells were 

only present at the Edge of the 

Epithelium Formed  

Gastric epitheliums formed after 72 h 

of culture from the previous experiment 

(Combination of Cross-Linked RGD with 

Solubilized Laminin-1 within the PEG-

Based Hydrogel Promote the Highest 

Cellular Attachment) were subjected to 

immunohistochemistry analysis to determine 

the presence of several gastric cell markers. 

The markers tested were SOX9 and KI67, 

marking progenitor cells and proliferative 

cells respectively; and MUC5AC and 

CHGA, marking surface mucin-producing 

cells and enteroendocrine cells respectively. 

Interestingly, all SOX9+ and KI67+ 

cells were found only at the edge of the 

epithelium formed in all the tested samples 

whereas MUC5AC was always detected at 

the central region of the epithelium (Fig. 5A, 

Supplementary Fig. 4). There was no 

presence of CHGA marker in any of the 

samples detected. This expression pattern 

was also present in the positive control 

samples. The fact that there were no 

differences between the samples suggested 

that this effect a drawback from the 

experimental setup rather than specific of the 

ECM proteins tested. The gastrointestinal 

tract is characterized by the presence of apical-basal polarized epithelial cells (Singh & Coffey, 2014). 

Since GFs are secreted towards the basement membrane of the epithelium, most of their receptors are 

restricted in the basolateral surface of the cells. Hence, we hypothesize that only the cells present at 

the edges of the formed epithelium were obtaining the proper quantity of GFs added in the medium 

Figure 5. SOX9+ and Ki67+ Cells were only present at the Edge 

of the Epithelium Formed. (A) Immunohistochemistry labelling SOX9, 

KI67, MUC5AC, CHGA and DAPI. SOX9+ and KI67+ cells were placed 

at the edge of the epithelium in both the positive control and the 

combination of RGD-SH and LN-111. MUC5AC was only present at the 

inner region of the formed epithelium. No presence of CHGA was 

detected. (B) Schematic representation of the hypothesis af GFs 

unavailability. 
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(EGF, FGF10 and Gastrin) (Fig. 5B). Meanwhile, the cells restricted to the inner surface of the 

epithelium were driven to differentiate to MUC5AC-producing cells. 

4.4. Bioengineering of a Transwell Device Allowed Gastric Epithelium Formation 

In the previous protocol, we found out several limitations such as the lack of reproducibility in 

hydrogel formation and GFs diffusion to the basal side of the epithelium. The lack of hydrogel casting 

reproducibility was alleviated by casting the PEG precursors on top of a glass coverslip and stamp it 

with a second glass coverslip which was treated with a siliconizing agent (Supplementary Fig. 5A 

– I). Although this imply individual PEG hydrogel casting, the reproducibility between technical and 

biological replicates was not compromised. Moreover, we also demonstrated that gastric epithelium 

formation on top a PEG hydrogel without basal diffusion of GFs induced hGSCs differentiation 

towards MUC5AC producing cells (Fig. 5; SOX9+ and Ki67+ Cells were only present at the Edge 

of the Epithelium Formed). Hence, we tried to seed the cells in a patched distribution on top of the 

casted hydrogel (Supplementary Fig. 5A – II & III). Cell seeding was done by using a 

polydimethylsiloxane (PDMS) grid. Ideally, cells would enter the holes the PDMS grid and attach to 

the PEG hydrogel. Upon removal of the grid, GFs could diffuse towards the hydrogel in the empty 

spaces and all the attached cells would obtain an equal quantity of growth factors. However, the high 

hydrophobicity of PDMS limited cell deposition inside of the holes and results showed a complete 

loss of cells upon PDMS removal (Supplementary Fig. 5B). To address this problem, we engineered 

a transwell device that allowed GFs diffusion from the bottom side towards the growing epithelium 

(Fig. 6A). The biomaterial used for the device was a silicone elastomer, polydimethylsiloxane 

(PDMS), since is characterized of optical transparency and biocompatibility among others advantages 

(Borók et al., 2021). Moreover, PEG hydrogel casting reproducibility increased by using a glass 

stamping technique (Supplementary Fig. 5A-1). 

The transwell device consisted of a PDMS well spacer, a bottom transwell which was a PDMS 

grid and the top side of the transwell consisting of a PDMS ring (Fig. 6A-1). The PDMS well spacer 

was bound to a 24-well plate surface by O2 plasma activation (Fig. 6A-2) and serve as a platform to 

lay the transwell on top. The transwell device was mounted by adhering both transwell structures 

together by oxygen plasma surface activation (Fig. 6A-2). 5% PEG-based hydrogels were casted by 

placing the precursor mix inside of the transwell ring and stamp it with a siliconized glass coverslip 

(Fig. 6A-3). Of note, the transwell had been previously treated with O2 to increase PDMS 

hydrophilicity and it had been placed on top of a glass coverslip. After gelation, the PDMS transwell 

containing the PEG hydrogel was removed from the glass coverslips and placed on top of the well 

spacer (Fig. 6A-4). Even though most of the process was done within the flux laminar hood, the 

transwell O2 plasma treatment had to be done outside. Hence, the whole transwell structure was 

sterilize by UV before cell seeding. Overall, this device allowed the incorporation of media in the 

bottom part of the device since the well spacer was an open structure. Thus, media was able to diffuse 

from the bottom side towards the hydrogel by the PDMS bottom grid. GODE cell seeding was on top 

of the hydrogel surface, by adding a drop of cell suspension. At this point, it was important that the 

drop would not dry overtime and it would not spread to the bottom medium reservoir. 5 % PEG-based 

hydrogels enriched with the cross-linked RGD-SH peptide and LN-111 casted by this methodology 
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showed initial attachment 24 h after seeding and formed a nicely organized epithelium after 120 h of 

seeding (Fig. 6B).  

Figure 6. Bioengineering of a Transwell Device Allowed Uniform GF Accessibility and Gastric Epithelium 

Formation. (A) Schematic representation of the bioengineered transwell device. (B) Bright field images of the baseline control 

(RGD-SH in combination with LN-111 at 500 µg/mL) at different time points: 0 h, 24 h and 120 h after seeding. 
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4.5. ECM Proteins with a Differential Expression in the Gastric Epithelium Influence 

GSCs regulation 

The bioengineered PDMS transwell device represented a proper platform to test the effect of 

individual ECM proteins that had been demonstrated to be specifically localized along the human 

gastric epithelium (Differential ECM Protein Distribution in Human Gastric Corpus 

Epithelium; Table 1). All the PEG-based hydrogels contained the previously determined baseline 

condition consisting of the combination of RGD-SH and LN-111 (500 µg/mL) to ensure cellular 

attachment and survival. The conditions tested were the surface and pit localized proteins, LN-121, 

LN-332 and TNX; as well as base localized proteins, LN-221 and LN-212 (Fig. 7A). For LN-121, 

LN-332, LN-212 and TNX; two final concentrations were used. Either 137 µg/mL or 37 µg/mL in 

case of laminins; and 92.5 µg/mL or 462.5 µg/mL for TNX. In all the conditions, the highest 

concentration used came from a reconcentrated stock (R), while the lowest concentration used came 

from the original stock (O) obtained from the specified suppliers (Table 3). Note that the 

reconcentration procedure (Extracellular Matrix (ECM) Proteins Reconcentration) might 

influence the bioactivity of the proteins. In case of LN-221, the reconcentrated stock was always used. 

RNA samples were taken 3 days and 5 days after seeding and used for gene expression 

characterization by qPCR. Gene used were markers known to represent the main gastric cell types 

(Human Gastric Stem Cells (hGSCs)) such as surface mucous cells (MUC5AC), mucous neck cells 

(MUC6), enteroendocrine cells (CHGA), chief cells (PGC), parietal cells (ATP4B) and stem cells 

(LGR5 and OLFM4) (Fig. 7A). 

The obtained gene expression results were normalized to the baseline control of each time point 

(Fig. 7B). Gastric epithelium grown on surface localized laminins (LN-121 and LN-332), at day 3 

was characterized by a slight downregulation of LGR5 and a 1.9-fold and 2.25-fold upregulation of 

MUC5AC in reconcentrated LN-121 and LN-332 respectively. At day 5, results did not show strong 

differences neither on MUC5AC or LGR5 marker form the previous time point. However, normalizing 

all the results to the baseline control at day 3, showed that the baseline control also had an increase 

of 1.85-fold change of MUC5AC expression over time (Fig. 7C-1), masking the continuous 

expression of MUC5AC in LN-121 and LN-332 samples. These results suggest that surface laminins 

may drive differentiation towards surface mucous cells as well as have a negative impact on stem cell 

maintenance. 

On the other hand, the basal localized LN-211 promoted stem cell maintenance (5.25-fold 

upregulation of LGR5) and differentiation towards mucous neck cells (1.41-fold upregulation of 

MUC6) and enteroendocrine cells (5.80-fold upregulation of CHGA) already at day 3 (Fig. 7B – C 

(2, 3, 6)). Interestingly, the same pattern was shown at day 5. These results may suggest that, 

compared to the baseline control, LN-211 is able to maintain a reservoir of hGSCs in the gastric 

epithelium formed. Moreover, as gastric epithelium expands, LN-211 may promote other cell type 

differentiation rather than only surface mucous cells as shown in other conditions. In fact, at day 5, 

there is a slight downregulation of MUC5AC in epithelium grown on LN-211 suggesting that in the 

baseline control the differentiation pattern is mainly directed to surface mucous cells (Fig. 7C-1). 

Upon time, is possible to appreciate a decrease of the LGR5 marker from 5.25-fold change in day 3 

to 2.33-fold change in day 5; suggesting that differentiation pathways may be enhanced (Fig. 7C-6). 

LN-221 is also thought to be present in the base region of the gastric corpus gland and it also shows 
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an interesting gene expression pattern. After 3 days of culture, the pattern is resembling to the surface 

localized laminins (LN-121 and LN-332) whereas after 5 days of culture, the pattern is shifted and is 

similar to LN-211. Being these results a comparative study, LGR5 showed to be 0.37-fold decreased 

in the baseline control at day 5 compared to day 3 (Fig. 7C-6). It is probable that at day 3, the high 

expression of LGR5 masked the expression in LN-221 which was only revealed at day 5. 

Additionally, at day 5 LN-221 presented a 2.30-fold and 1.18-fold change upregulation of MUC5AC 

in both reconcentrated and original stock, respectively. This upregulation is not presented in LN-211, 

which is considered to also be present in the base gland. We hypothesized that this is due to an effect 

of the laminin β2 chain. While α1 and α2 laminin chains are mutually exclusive, laminin β2 is present 

in both surface and base regions of the glands. A plausible explanation could be that β2 laminin chain 

promotes stem cell differentiation towards surface mucous cells, while the β1 may have a role in stem 

cell maintenance. 

Nevertheless, results also showed some inconsistencies. In the case of TNX, at day 3 the 

expression pattern shows an upregulation of MUC5AC and downregulation of LGR5, similar to what 

is seen in the surface localized laminins (LN-121 and LN-332). At the 5, the expression pattern on 

differentiated cellular markers does not change much. However, the reconstituted stock of TNX 

shows a 37.68-fold change of OLFM4 and 6.33-fold change of LGR5, whereas in the original stock 

there is not detection of OLFM4 and a 0.11-fold change of LGR5. However, OLFM4 shows a general 

upregulation between all the samples at day 5. Baseline control at day 5 presents a 0.11-fold change 

in the expression of OLFM4 (Fig. 7C-5), probably contributing to the high upregulation of the other 

samples tested. Other inconclusive result is the case of PGC expression, marker for chief cells. At 

day 3, there is slight upregulation of PGC in all the conditions independent on the ECM protein 

localization, although the pattern is completely shifted at day 5 for all the samples. Again, considering 

changes on the baseline control at day 5, there was a 1.98-fold change increase on PGC expression 

upon time (Fig. 7C-4). Of note, there expression of ATP4B, marker for parietal cells, was not detected 

in any of the conditions tested (Data not shown). 

Overall, from these results preliminary conclusions could be drawn on the effect of ECM 

proteins that are differentially localized along the gastric epithelium. However, it is important to note 

that in the baseline control there are also gene expressions shifts occurring affecting the readout of 

the other conditions tested. 
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Figure 7. ECM Proteins with a Differential Expression in the Gastric Epithelium Influence GSCs regulation. (A) Schematic 

representation of a human gastric corpus gland including the main cell types (with their specific markers) and the specific location of 

the tested proteins: LN-121, LN-332, TNX, LN-221 and LN-211. (B) Heat map representing the relative expression (Log2) of the 

different genes targeted of the gastric epithelium grown on different ECM proteins. Results are normalized to the housekeeping gene 

GAPDH and the baseline control of every time point (baseline control day 3 and day 5). (C) Bar plots representing the relative 

expression (Log2) of the different genes targeted by qPCR. Note, in contrast to (B) these results are normalized to the baseline control 

at day 3. Error bars: SD, standard deviation | Results from n=2 biologically independent replicas. /R/ use of reconcentrated protein, 

/O/ use of original stock of proteins. ND not detected. 
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5. Discussion 

This Master’s thesis presents a novel transwell device which encapsulates an ECM-enriched 

PEG-based hydrogel allowing gastric epithelium growth (Fig. 6). The main material of the transwell 

device was PDMS, a silicon-elastomer whose biocompatibility for biomedical research has been 

previously described (Jastrzebska et al., 2018). The optimized technique showed the best 

reproducibility among the other protocols tested (Fig. 3, Fig. 4, Supplementary Fig. 5), as well as 

provided a high-throughput setup. Moreover, fabrication of the transwell device allowed its size 

modelling, allowing a high degree of experimental design as PEG hydrogel volume, ECM protein 

quantities and gastric organoids-derived epithelial (GODE) cells number. Nonetheless, there is 

always room for improvement. One its main limitations was cell seeding, usually complicated by 

drop spreading towards the bottom medium reservoir. We suggest that appliance of a second PDMS 

ring prior to cell seeding may contain the single cell suspension drop. 

Synthetic polyethylene glycol (PEG)-based hydrogels are a potential Matrigel® alternative. 

Previous research on PEG-based hydrogels shown their ability to provide ECM adherent motifs and 

present GFs to the cells cultivated on them (Barros et al., 2019; Trujillo et al., 2020). Most of the 

research is done either by covalent cross-linking the proteins of interest either by its amine groups or 

by functionalized peptides. Although these methods provide a more controlled protein content, 

optimization of the cross-linking protocol is highly complex and specific for every tested protein. 

Aforementioned optimization for every protein we wanted to assess in this study would have been a 

full thesis itself. Hence, we optimized a protocol in which ECM proteins were solubilized in the free 

fraction of water of the PEG hydrogel. Addition of a surplus of the PEG-VS precursor provided free 

radicals able to randomly cross-link with the supplemented proteins constraining protein diffusion 

(Supplementary Fig. 1B). Results demonstrated that the PEG-Based hydrogel enriched with ECM 

proteins are able to provide protein adhesions motifs promoting gastric epithelium formation (Fig. 

3B, Fig. 4B & Fig. 6B). 

Human recombinant ECM proteins are supplied by several scientific industries, such as 

BioLamina AB (Sweden) or R&D Systems® (U.S.). However, proteins stocks consist of a low protein 

concentration. This fact limited the final concentration of protein we could solubilize in the hydrogel, 

thus we performed two different reconcentration protocols (Extracellular Matrix (ECM) Proteins 

Reconcentration). In our study, we included both the original protein stock and the reconcentrated 

stock in order to evaluate possible loss of function due to protein denaturation. The obtained results 

did not seem to abolish protein function (Fig. 7). Moreover, we suggest that the differences on gene 

expression within the same condition may be due to concentration dependency (Fig. 7). However, 

the obtained reconcentrated stock was not high enough to study the effect of several protein 

combinations. We propose that stamping the PEG-hydrogel surface with the proteins of interest by 

lithography may be a potential solution (Khadpekar et al., 2019; A. A. Kim et al., 2021). Epithelial 

cells seeded on top of the PEG-hydrogel are only in contact with the uppermost solubilized proteins, 

thus surface protein addition would not compromised cellular attachment and would diminish the 

required protein quantity. 

The role of several components of the stem cell niche is widely documented to regulate stem 

cells self-renewal, proliferation, and differentiation (Hynes, 2009; Moore & Lemischka, 2006; Pardo-
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Saganta et al., 2019). In the seek of understanding better the stem cell niche for future biomedical 

applications, both the cellular and the non-cellular compartment are being extensively studied. 

Specifically, the non-cellular compartment of the niche is mainly characterized by the ECM proteins 

in the basement membrane of the epithelium (Pardo-Saganta et al., 2019). In fact, several laminins 

have been related to human embryonic stem cell differentiation towards one cell type during 

organogenesis (Yap et al., 2019), such as LN-111 and LN-121 towards dopamine neurons or LN-332 

in epithelium formation. Additionally, human gastric immunohistochemistry sections showed a 

differential distribution of ECM proteins along the gland (E. Tremblay & D. Ménard, 1996; Virtanen 

et al., 1995) suggesting a potential role on stem cell maintenance or differentiation. To our knowledge, 

there has not been an extensive study determining the effect of each individual ECM protein on 

hGSCs regulation. In our study, gastric epithelium grown on surface localized laminins showed 

enhanced surface mucous cells differentiation and a downregulated expression of the stem cell marker 

LGR5 (Fig. 7B – C). At the same time, base localized ECM proteins, as LN-211 and LN-221 

promoted stem cell maintenance and a differentiation pattern towards enteroendocrine cells and 

mucous neck cells (Fig. 7B - C). The presented results correlate the position of the base gland stem 

cells with basal located laminins. However, recently work in human gastric corpus glands described 

the presence of at least two different stem cell reservoirs: a first reservoir at the base of gastric glands 

and a second at the isthmus region (Han et al., 2019). Isthmus-residing stem cells were considered as 

high cycling cells in charge with the normal turnover of the epithelium, whereas base gland stem cells 

were slow-cycling cells potentially contributing to tissue regeneration upon damage. The different 

behaviour of both stem cells reservoirs suggests that they are subjected to different regulation cues, 

probably also due to a different ECM protein composition. Due to a lack of knowledge of isthmus 

specific ECM proteins present in that niche, we have not differentiated between isthmus-residing 

stem cells or base-gland stem cells in this thesis. Further research in both niches must be performed 

in order to shed light on their differential regulation. 

Presence of chief cells in our results were unconclusive (Fig. 7) and there was not detection of 

the parietal cell marker, ATP4B (Data not shown). In previous studies, differentiation towards parietal 

cell lineage has only been achieved under specific conditions consisting of presence of mesenchymal 

cells and specific signalling cues (McCracken et al., 2017; Schumacher et al., 2015b). Moreover, the 

experimental procedures followed, consisted of a longer time scale than the tissue cultures maintained 

for this thesis. From the presented results, we concluded that the tested individual ECM proteins are 

not enough to obtain parietal cell differentiation. For all the experiments in this study testing 

individual ECM proteins, expansion media (consisting of FGF-10, EGF and Gastrin) was always 

used. Thus, we suggest that the exchange towards a media supplemented with specific factors for 

cellular differentiation could not only contribute to parietal cell formation, but also to the obtainment 

of chief cells. Additionally, we are positive that the designed transwell device would support gastric 

epithelium formation in co-culture with mesenchymal cells. 

In the past years, there has been an emerging research based on state-of-the-art technologies 

that allow organ formation on a chip (Wu et al., 2020). This breakthrough technology consists of 

seeding stem cells or organoid-derived epithelial cells on a PDMS microfluidic device which 

recapitulates an open tissue architecture. The main advantage of this technique compared to organoids 

is their open structure, allowing cell accessibility and long-term studies. Interestingly, intestinal 
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epithelial cells derived from intestinal organoids were able to populate the chip and showed the 

characteristic crypt-villi patterning (Nikolaev et al., 2020). Moreover, 2.5D microfluidics devices 

mimicking the architecture of gastric glands and allowing gastric epithelium formation, have been 

developed (Data not published). Considering the effects of LN-211, LN-121 and LN-332 on gastric 

epithelial cells shown in this report (Fig. 7), we suggest that the usage of this PEG-hydrogels for 2.5D 

microfluidics devices could benefit in vitro gastric gland patterning. 

Overall, we have recapitulated that the stomach is holding an exceptionally complex tissue 

turnover regulation. Mainly because of this very high degree of complexity, studies regarding gastric 

stem cells regulation are scarce. In this thesis, we have reflected the importance of the ECM proteins 

on stem cell regulation by determining the effect of individual ECM proteins on hGSCs maintenance 

and differentiation. To achieve this, we have optimized and used an experimental setup that will also 

allow research on ECM-cell interactions in further studies. 
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8. Appendices 

8.1. Determination of Soluble Protein Diffusion from the PEG-Based Hydrogel 

 

8.2. Cellular Attachment in PEG-Based Hydrogels Gelated on 8-well Ibidi chamber after 

24 hours of seeding & Manual Determination of Cellular Attachment by Fiji 

  

Supplementary Figure 1. (A) Scheme of the protocol followed. (B) Percentage of the released BSA-FITC into the liquid 

interface. [1:1]: equimolar ratio between PEG-VS and PEG-TH. [1:1.1]: PEG hydrogel containing a 10 % surplus of PEG-VS. 

Supplementary Figure 2. (A) Bright field images of the tested conditions 24 h after seeding. (B) Bright field 

images of LN-111 condition at a low concentration, 100 µg/mL 24 and 48 h after seeding. (C) Mechanism followed 

to quantify the area covered by cells with Fiji. 
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8.3. Characterization of the PEG-Based Hydrogel Volume for the 96-Well plate Setup as 

well as the pre-coating mechanism to ensure a uniform spread of the hydrogel 

8.4. Immunohistochemistry of the Gastric Epithelium formed in the 96-Well plates  

Supplementary Figure 3. Images of 50 µm and 100 µm thick hydrogels casted in 96- well plates. Overall, 100 µm 

thick hydrogels along 1 % BSA pre-coating showed a more equal distribution. (A) No pre-coating, (B) coating with O2 plasma 

treatment, (C) 1 % BSA pre-coating, (D) water pre-coating. 

Supplementary Figure 4. Immunohistochemistry labelling SOX9, KI67, MUC5AC, CHGA and DAPI. SOX9+ and KI67+ cells 

were placed at the edge of the epithelium in both the positive control and the combination of RGD-SH and LN-111. MUC5AC was only 

present at the inner region of the formed epithelium. No presence of CHGA was detected. LN-111: Laminin-111; C-IV: Collagen type 

IV. 
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8.5. Cell Seeding using a PDMS Grid on top of the PEG-Based Hydrogel to Obtain equal 

GFs Availability 

 

 

Supplementary Figure 5. Patched cell seeding trial using a PDMS grid on top of a PEG-based hydrogel. (A) 

Schematic representation of the process followed. (B) After cell seeding on top of the PDMS grid, there was a high 

formation of bubbles inside the PDMS holes, avoiding cells to enter the holes. This was shown for every sample tested.  
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