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1

General introduction

The small intestine is the organ where the most digestion and absorption of nutri-
ents take place. It is a long tube with an average diameter of 2,5 cm and a length
of 3 m in a living person [1]. With these dimensions it is the largest component
of the gastrointestinal tract. The small intestine begins after the stomach, coils
through the abdominal cavity, and eventually opens into the large intestine (Fig-
ure 1 A). It is comprised of three regions: the duodenum, jejunum and ileum [1,
2]. The structure of the small intestine is highly adapted for its functions. On top
of its length, the inner wall of small intestine is formed into circular folds, which
contain finger-like protrusions called villi that are covered with cells that have
membrane projections called microvilli [1]. All these features increase the total
surface area in contact with the inner cavity up to 400 m2 for the digestion and
absorption to take place [3]. The wall of the small intestine is made up of four
layers: mucosa, submucosa, muscularis, and serosa (Figure 1 B, C). The mucosa is
the innermost layer of the intestinal wall. It covers the surface of the lumen (in-
testinal cavity) and it is in direct contact with lumenal contents. The submucosa is
a layer of dense irregular connective tissue, which provides structural support to
the mucosa and connects it to the underlying muscularis. Also, it contains blood
and lymphatic vessels, and nerves that are distributed into the mucosa. The mus-
cularis is made up of an inner, thicker layer with circular muscle fibers and an
outer, thinner layer with longitudinal muscle fibers. The muscularis is responsible
for the movement of the digested food through the small intestine by creating
waves of contractions called peristalsis. Finally, the serosa is the smooth tissue
membrane that completely surrounds the small intestine [1, 2].
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Figure 1: Illustrations of the gastrointestinal tract (A), adapted from Tortora et al. [1], anatomy
of the small intestine (https://www.slideshare.net/brissomathewarackal/small-intestine) (B), and
detailed drawing of the four layers of small intestinal wall (https://www.ck12.org/biology/small-
intestine/lesson/Small-Intestine/) (C).

The intestinal mucosa is also a multilayered tissue. It is composed of the ep-
ithelium, lamina propria, and muscularis mucosae (Figure 1 C). The epithelial layer
consists of a simple columnar epithelium that forms a highly selective biochem-
ical and physical barrier separating the luminal contents and the microbes from
the underlying tissue, while permitting digestive absorption of the nutrients, elec-
trolytes and water. It is also responsible for the secretion of mucus, antimicrobial
proteins and hormones that regulate digestive functions. Furthermore, the ep-
ithelium participates in the coordination of appropriate immune responses [3].
The lamina propria of the small intestinal mucosa is a connective tissue under-
lying epithelium and contains blood and lymphatic vessels that constitute the
routes through which the absorbed nutrients are distributed to the other parts of
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the body [1]. In the lamina propria reside the stromal cells (e.g. subepithelial my-
ofibroblasts) that help maintain epithelial homeostasis and the immune system
related cells (e.g. macrophages, dendritic cells, and lymphoid cells) that are cru-
cial in the host-microbial interactions [3]. The muscularis mucosae of mucosa con-
sists of a thin layer of smooth muscles cells, which provides constant movement
to the mucosal surface and underlying glands to enhance the contact between the
epithelial cells and the lumenal content [4].

The small intestinal epithelium is organized into finger-like protrusions,
called villi that are surrounded by multiple invaginations called crypts of
Lieberkühn (Figure 2 A) [5, 6]. Villi dimensions are 0,2-1 mm in height [1, 7] and
100-150 μm in diameter [7, 8]. They are found at a density of 20-40 villi.mm-2 [1].
Villi morphology is crucial in increasing the surface area of the small intestine
to maximize nutrient breakdown and absorption. Each villus has a core of
lamina propria that is mainly composed of collagen type I and type III forming
a scaffolding for the villus (Figure 2 B) [9]. Inside the lamina propria there is
a network of blood and lymphatic capillaries that are responsible for taking
the absorbed nutrients into direct circulation. Between the lamina propria and
the epithelium there is the basement membrane. This is a specialized structure
composed of extracellular matrix (ECM) components, predominantly collagen
type IV and laminin [10]. It provides structural support to the epithelium and
separates it from the underlying lamina propria, but also it influences adhesion,
migration, proliferation, and differentiation of the epithelial cells [10]. Attached
on the basement membrane, epithelial cells form a tightly joined, continuous
monolayer called columnar epithelium [11]. Thanks to strongly joined epithelial
cells, the epithelium avoids the entrance of harmful agents such as pathogens,
while performing the digestive absorption of the nutrients [3]. In addition to
the tightly joined epithelial cells there is a highly hydrated layer called mucus
(500µm in thickness in ileum) that covers the epithelial surface. It traps the
pathogenic agents and keeps them from reaching the underlying tissue [12]. The
mucus is secreted by the specialized epithelial cells and is mainly composed of
glycoproteins called mucins that are found either free in the mucus (MUC2) or
bound to the epthelial membrane (MUC1, MUC3, MUC17) [13]. The epithelial
mucus layer is the first line of defense of the body against pathogenic invasion.
In fact, the epithelium is in close contact with the immune system (Figure 2
C). In the underlying lamina propria reside number of different immune cells:
lymphocytes (B cells and T cells), dendritic cells, macrophages, and mast cells
[3, 14]. In addition, there are T cells present between the epithelium and the
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basal membrane [15]. Epithelial cells express antimicrobial proteins and innate
immune receptors that help coordinate proper responses within the underlying
immune system. This limits the quantity and diversity of bacteria that can
access the epithelium allowing the colonization of commensal bacteria, while
keeping away the pathogenic ones [3, 14]. The loss of epithelial barrier integrity
causes pathogens to reach the underlying tissue leading to conditions such as
inflammation, infections, autoimmune diseases or cancer [16].
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Figure 2: Illustration showing the crypt-villus architecture of the inner wall of the small intestine
(A). Adapted from Schuijers et al. [17]. Schematic representation of the cross-section of the
villi (B). Adapted from Barret et al. [18]. Illustration of the intestinal mucosa and its immune
apparatus (C). Adapted from Peterson and Artis [3]. IESC: intestinal epithelial stem cells, DC:
dendritic cells, AMPs: antimicrobial peptides, sIgA: secretory immunoglobulin A,IECs: intestinal
epithelial cells.

The small intestinal epithelium is continuously renewed as it endures contin-
uous mechanical and chemical stress. It is the fastest proliferating tissue in the
body with a turnover rate of 4-6 days [17]. The active proliferation takes place at
the crypts of Lieberkühn, that are located at the base of the villi embedded within
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the underlying connective tissue (lamina propria). Epithelial renewal is driven
by the adult intestinal stem cells (ISCs) that reside at the crypt bottoms (Figure 3).
ISCs give rise to different types of specialized epithelial cells: absorptive cells (en-
terocytes), Paneth cells, Goblet cells, and enteroendocrine cells [19]. Enterocytes
are the predominant cell type within the epithelium and they transport selected
nutrients across the epithelium, from the lumen into the connective tissue under-
neath. They also secrete enzymes that help the efficient breakdown of partially
digested food and the absorption of nutrients. Goblet cells are secretory cells that
produce the mucus [6]. They are most common in the ileal epithelium, where
they provide the extra lubrication necessary for the passage of increasingly com-
pact stool toward the large intestine (colon) [19]. Enteroendocrine cells form 1%
of the total cell population in the epithelium and produce hormones that regulate
digestive functions [20]. Paneth cells secrete protective antimicrobial proteins and
they are intercalated among the ISCs providing biochemical signals to preserve
the stem cell niche [5]. Within the epithelium there are three other cell types with
not very well defined functions: tuft cells, Peyer’s patch-associated M cells and
cup cells [19].

Intestinal epithelial regeneration relies on the existance of the ISCs at the crypt
base. ISCs divide to produce highly proliferative progenitors known as transit-
amplifying (TA) cells. TA cells divide a couple of times and migrate upwards
along the villi while gradually differentiating into different types of specialized
epithelial cells with the exception of Paneth cells that stay within the stem cell
niche at the bottom of the crypts (Figure 3) [5, 6, 19, 20]. ISCs are identified by
the Wingless/Int (Wnt) target gene leucine-rich repeat-containing G-protein cou-
pled receptor 5 (Lgr5) [21]. There are approximately 14 Lgr5+ ISCs at each crypt
base [22] and they divide every 24 h feeding the epithelium with new progeny
[17]. A second pool of stem cells found right above the Paneth cells at +4 posi-
tion from the crypt base, was also described (Figure 3) [5, 6]. It has been seen
that, these cells are relatively quiescent and responsible for injury-induced regen-
eration [23]. It was proposed that the epithelial regeneration relies on Lgr5+ ISCs
during homeostasis (physiological epithelial renewal), and on +4 ISC upon injury
[23].
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Figure 3: Schematics of the distribution different epithelial cell types in the small intestinal ep-
tihelium (left panel). Lgr5+ stem cells located at the crypt base, intercalated with Paneth cells,
continuously divide to produce highly proliferative transit-amplifying (TA) cells, which occupy
the rest of the crypt. TA cells migrate up and differentiate into the various cell types (enterocytes,
tuft cells, goblet cells and enteroendocrine cells) to replace the epithelial cells being lost at the villus
tip. The +4 ‘reserve’ stem cells can restore Lgr5+ stem cell compartment following injury. This
differentiating hierarchy is given in the scheme on the right panel. Adapted from Barker [19].

The ISC maintenance and so the epithelial renewal, is tightly controlled
by well-characterized signaling pathways of epidermal growth factor (EGF),
Wingless/Int (Wnt), Notch and bone morphogenetic protein (BMP) signaling
[24]. With the exception of membrane-bound Notch, these biochemical factors
create gradients from the crypt base to the villus tips and control the growth,
migration and differentiation of the ISCs (Figure 4 A) [24]. The principle driver
of the epithelial regeneration is the Wnt signaling. Cell secreted Wnt ligands
bind their cell surface receptors leading to the accumulation of β-catenin proteins
in the nucleus, which drives a transcriptional programme that maintains the
ISC pool [25]. R-Spondins, physiological ligands of Lgr5, enhance the signal
initiated by the Wnt ligands [26, 27]. EGF signals exert strong mitogenic
effects on ISCs and TA cells upon binding to their EGF receptors [24]. Notch
signals inhibit differentiation through membrane-bound proteins and control
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the enterocyte-secretory cell fate decisions [6]. Finally, BMP signals are active in
the villus compartment and drive the differentiation of TA cells as they migrate
up along the villi. Therefore, it is inhibited in the ISC compartment [28–30].
In the epithelium, Paneth cells secrete Wnt3 and EGF, and also they provide
neigboring ISCs with membrane-bound Notch ligands, Dll1/Dll4 (Figure 4 B,
C) [31]. However, they are not the only source for Wnts and EGF. These factors
are also produced by the underlying mesenchyme [32]. R-Spondins are also
provided by nonepithelial sources such as intestinal subepithelial myofibroblasts
[24].

Figure 4: Scheme showing the spatial gradients of Wnt, BMP, and EGF signals formed along the
crypt axis (A). Scheme showing the stem cell niche with Lgr5+ intestinal stem cells adhered to
Paneth cells that provide necessary signals for stem cell maintenance (B). Detailed representation
of the three signals (EGF, Notch, and Wnt) that are essential for intestinal epithelial stemness,
while BMP inhibits the stemness (C). R-Spondin–Lgr4/5 signal enhances the Wnt activation in
the intestinal epithelium. Adapted from Sato and Clevers [24].

The evidence pointing to nonepithelial sources of ISC niche factors drove
the attention to the involvement of mesenchymal cells in the stem cell niche
function. Right below the basement membrane within the lamina propria
there is an extensive network of fibroblast-like cells [30]. The fibroblast-like
cells form a basket-like network around the crypts and are tightly arranged
beneath villi (Figure 5) [33]. These subepithelial cells are mainly two types: ECM
secreting, non-contractile fibroblasts and contractile myofibroblasts [30]. The
intestinal subepithelial myofibroblasts (ISEMFs) are primarily located around
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the crypts right below the epithelial cells [34] and characteristically stained
positive for α-smooth muscle actin (α-SMA) and vimentin and negative for the
smooth muscle cell marker desmin [35]. An increasing number of studies have
demonstrated that ISEMFs contribute to the ISC niche function. In colon, ISEMFs
were shown to secrete BMP inhibitors [29]. These inhibitors form a gradient
from the crypt base toward the villus where BMPs are active and progenitor
cells differentiate [29]. Intestinal subepithelial fibroblast-like cells were shown to
express non-canonical Wnt signals, such as Wnt-2b, Wnt-4, Wnt-5a, and Wnt-5b
[36]. In fact, Wnt2b secreted by these cells was demonstrated to be enough
to restore epithelial homeostasis after epithelial Wnt3 deletion [32]. In other
studies, ISEMFs were shown to produce a number of Wnts, R-Spondin 3 [37],
BMP inhibitor Noggin [38], and R-Spondin 2 [39]. Altogether, these findings
demonstrate that the mesenchymal cells, primarily ISEMFs, form part of the ISC
niche by secreting key biochemical niche factors: Wnts, R-Spondins, and BMP
inhibitors (Figure 5).

Figure 5: Scheme describing the intestinal subepithelial fibroblast/myofibroblasts forming part of
the ISC niche. These mesenchymal cells secrete BMP inhibitors (Noggin, Gremlin 1 and 2), Wnt
enhancer R-Spondins, and non-canonical Wnt ligands: Wnt-2b, Wnt-4, Wnt-5a, and Wnt-5b.
Adapted from Roulis and Flavell [30].

The epithelial homeostasis (physiological epithelial renewal) is maintained by
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tightly controlled mechanisms for the tissue to have proper barrier and absorp-
tion functions. There are number of diseases that affect the epithelial homeostasis,
altering its morphology and proper functioning. These diseases can be classified
as infections, food intolerances, obstructions, inflammation and autoimmune dis-
eases and cancer [40–45]. These diseases affect large populations worldwide. En-
teric infections, for instance, are among the leading cause of illness and death
in children under the age of 5, especially in developing countries [41]. Only in
2010 there were over one million reported deaths [41]. Food intolerances such
as celiac disease is one of the most common diseases with an estimated preva-
lence of 0,5-1% in different parts of the world [42]. Inflammatory bowel diseases,
ulcerative colitis (UC) and Crohn’s disease are common among westernized na-
tions. In Europe, reported incidences were 24,3 and 12,7 for 100.000 person per
year, respectively [44]. Cancers of the small intestine are not common; however,
colorectal cancer is the third most commonly diagnosed cancer in males and the
second in females [46]. Nearly 1,4 million new cases and 694.000 deaths were es-
timated to have occurred in 2012 [47]. The high prevalence of intestinal diseases
and the lack of proper treatments raises the need to develop better therapeutics.
To be able to improve the treatments, model diseases and investigate new drug
candidates, a better understanding of epithelium physiology and pathology is re-
quired. To this end, there is a growing interest in the field of tissue engineering
and regenerative medicine to developed predictive models of the small intestinal
epithelium [48, 49].

A wide variety of in vivo mammalian models, from mouse to pig, are used in
the study of intestinal diseases. Mouse is the most commonly used species due
to the similarities in the intestinal development between mice and human. Mice
models were proven useful for the study of gastroenteritis [50], celiac disease
[51], intestinal inflammation [52], inflammatory bowel disease [53], autoimmune
gastritis [54], intestinal and colorectal cancer [55, 56], and also intestinal drug
transport [57]. Animal models provide useful in vivo information as they better
represent the complex physiology of the intestinal epithelium. However, there is
little control over the individual contributions of the complex microbiota, intesti-
nal epithelium, and immune system. In additions, there are physiological differ-
ences between humans and the animal models. Moreover, these models are very
costly and raise ethical concerns. Alternatively, small intestinal tissue explants
are used, referred as ex vivo models, especially for the studies of mechanisms and
kinetics of drug absorption [58–60]. Tissue explants have the advantage of using
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native tissue environment and cell populations while providing access for the ma-
nipulation and inspection of it, which would otherwise be hindered in the body.
However, the tissue viability, which is limited by couple of hours in most of the
cases, is the main restriction of the explant models.

Cell-based in vitro culture models of intestinal epithelium are valuable tools
and have a wide range of applications from understanding of the basic biology of
intestinal epithelium, investigating intestinal diseases and searching for new ther-
apeutics. Long-term propagation of the primary cultures of intestinal epithelial
cells was not feasible due to their short lifespan. This imposed a problem to find
reliable cell-based in vitro models of this tissue. Traditional models rely on cul-
tures of human colorectal tumor derived cell line, Caco-2, to study drug transport
processes through the epithelium due to their functional and phenotypical simi-
larity to human enterocytes [61, 62]. Typically, Caco-2 cells are seeded on porous
membrane inserts that separate the culture well into two compartments mimick-
ing the luminal (apical) and stromal (basolateral) sides of the tissue barrier. The
Caco-2 cells grow to form a confluent differentiated epithelial cell monolayer with
mature tight-junctions [61]. Caco-2 cell model is considered as the gold standard
in the pharmaceutical industry and extensively used to study the transport prop-
erties of drug molecules through the epithelium. However, Caco-2 cells’ tight
junctions are markedly stronger than those of the native small intestinal epithe-
lium causing the underestimation of the permeability of many small molecules,
especially that of the slowly absorbed drugs [63, 64]. Moreover, these cells have
altered metabolism and show inconsistent expression of metabolic proteins and
transporters [63, 64]. The model also lack the mucus layer as these enterocyte-like
cells do not produce mucins. Furthermore, the absence of ISCs and their diverse
progeny limits the relevance of this Caco-2 cell model. As in native intestinal ep-
ithelium, multicellularity creates differences in the tight junction properties along
the crypt-villus axis, resulting in a leakier barrier [65] than what is represented by
the oversimplified Caco-2 cell model.

Identification of the exquisite stem cell marker Lgr5 made it possible the isola-
tion of ISCs [21]. Sato et al. showed that when single Lgr5+ stem cells were grown
in a drop of support matrix that resembled basement membrane, they formed
’miniguts’ or ’intestinal organoids’ that contained all different cell types and the
multicellular hierarchy with crypt-like and villus-like domains, very much like in
vivo intestinal epithelium [66]. The organoids had a central cavity into which ter-
minally differentiated cells were expelled recapitulating the homeostatic cycle in
vivo. Long-term propagation of these cultures was possible without any change
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in the phenotype and genotype [66]. Organoids could be obtained from isolated
intestinal crypts together with the underlying mesenchyme [67] and from human
induced pluripotent stem cells (hiPSCs) [68]. Organoid technology has provided
useful in vitro models in a wide range of applications from the study of basic
biology of the intestine to in vitro screening of drug candidates [69–73]. How-
ever, their three-dimensional (3D) closed form prevents access to the apical side
of the epithelium, making them unsuitable for standard functionality assays that
are typically performed on epithelial monolayers grown on planar surfaces. Very
recently, some works have been published reporting monolayers obtained from
intestinal crypts or dissociated cells from organoids. However, either they lacked
in vivo-like crypt-villus organization [74–77] or formation of an effective tissue
barrier with tight junction integrity similar to that of the native intestinal epithe-
lium [76, 78].

Another important consideration is the 3D architecture of the small intestine
that is involved in nutrient absorption, cellular organization and epithelial home-
ostasis. Cultures grown on flat surfaces and porous membranes or embedded
into a support matrix lack the crypt-villus architecture of the native intestinal
tissue. To overcome the limitations of these cultures, new strategies have been
developed to establish more complex models of small intestine using biomateri-
als and microtechnologies. These models incorporated the 3D structural features
of the small intestine by special molds prepared by microfabrication techniques
to replicate the characteristic villus-like forms on a variety of biomaterials [79–
82]. The 3D architecture was shown to improve the correlation between the in
vitro models and the native human small intestine in tight junction permeability
[80] and induced differentiation [82, 83]. However, these models were developed
with Caco-2 or other intestinal epithelial cell lines; therefore, they lacked the mul-
ticellular composition and distribution of the native intestinal epithelium.

Very recently, a couple of studies reported biomaterial based models that had
3D features mimicking the intestinal architecture and used intestinal cells derived
from organoids [82, 84]. Nevertheless, these models required complex fabrica-
tion strategies and the critical mechanical and physicochemical properties of the
biomaterials chosen could not be tuned easily. Furthermore, multicellular distri-
bution, and therefore, the performance of the epithelium functionality was not
demonstrated. In a representative model of intestinal epithelium, not only mim-
icking the mechanical and network properties of the basement membrane and
the 3D architecture is relevant, but also it might be beneficial to guide cell posi-
tion and functionality through the delivery of gradients of ISC niche biochemical
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factors as they are existing in vivo. Only a couple of studies has been reported
culturing organoids under gradients of ISC niche biochemical factors [85, 86]. It
was demonstrated that proliferative cell compartments were formed towards the
higher concentration regions of the ISC niche factors. These models lacked the 3D
structural features of the small intestine and the gradients were generated across
the organoids embedded within the support matrix, far away from the in vivo sce-
nario. Nevertheless, they demonstrated that biochemical gradients of ISC niche
factors could be used to guide cellular organization in organoids. Indeed, in a
very recent study, basolateral delivery of ISC niche factors was shown to lead to
in vivo-like crypt-villus cellular distribution along microstructured collagen scaf-
folds [87]. The state of the art proves the benefits of the use of soft biomaterials
as substitutes of basement membranes, microfabricated 3D villus-like structures,
ISCs or organoids, and the presence of gradients of ISC niche biochemical fac-
tors in the growth and functionality of intestinal epithelium. To the best of our
knowledge, a microengineered system combining these features have not been
reported.



14 General introduction

References

[1] Gerard Tortora and Bryan Derrickson. Principles of Anatory and Physiology. 12th ed. John
Wiley and Sons, Inc., 2010.

[2] Last Guyton et al. Guyton and Hall Textbook of Medical Physiology. 1. 2014, p. 1129. ISBN:
9780874216561.

[3] Lance W. Peterson and David Artis. “Intestinal epithelial cells: Regulators of barrier func-
tion and immune homeostasis”. In: Nature Reviews Immunology 14.3 (2014), pp. 141–153.

[4] Barbara Young et al. Wheater’s Functional Histology. 5th ed. Elsevier, 2006. ISBN:
9780443068508.

[5] Hans Clevers. “The intestinal crypt, a prototype stem cell compartment.” In: Cell 154.2
(2013), pp. 274–84.

[6] Marc Leushacke and Nick Barker. “Ex vivo culture of the intestinal epithelium: Strategies
and applications”. In: Gut 63.8 (2014), pp. 1345–1354.

[7] John Louis Auguste et al. “High dose multiple micronutrient supplementation improves
villous morphology in environmental enteropathy without HIV enteropathy: Results from
a double-blind randomised placebo controlled trial in Zambian adults”. In: BMC Gastroen-
terology 14.1 (2014), pp. 1–10.

[8] Paul Kelly et al. “Responses of small intestinal architecture and function over time to en-
vironmental factors in a tropical population”. In: Am. J. Trop. Med. Hyg. 70 (2004), pp. 412–
419.

[9] Dany Muñoz-Pinto, Peter Whittaker, and Marian S. Hahn. “Lamina propria cellularity
and collagen composition: An integrated assessment of structure in humans”. In: Annals
of Otology, Rhinology and Laryngology 118.4 (2009), pp. 299–306.

[10] A C Y Li and A Li. “Basement membrane components”. In: Journal of Clinical Pathology
56.12 (2003), pp. 885–887.

[11] Alexander Alberts, BruceJohnson et al. Molecular Biology of the Cell. Vol. 53. 9. 2008,
pp. 1689–1699. ISBN: 9788578110796.

[12] C. Atuma et al. “The adherent gastrointestinal mucus gel layer: thickness and physical
state in vivo”. In: American Journal of Physiology-Gastrointestinal and Liver Physiology 280.5
(2001), G922–G929.

[13] Young S. Kim and Samuel B. Ho. “Intestinal goblet cells and mucins in health and disease:
Recent insights and progress”. In: Current Gastroenterology Reports 12.5 (2010), pp. 319–330.

[14] Allan M. Mowat and William W. Agace. “Regional specialization within the intestinal im-
mune system”. In: Nature Reviews Immunology 14.10 (2014), pp. 667–685.

[15] L. Liu and G. Talmon. “Quantification of intraepithelial lymphocytes in normal pedi-
atric small intestinal allograft and native ilea”. In: Transplantation Proceedings 43.5 (2011),
pp. 1831–1835.

[16] June L. Round and Sarkis K. Mazmanian. “The gut microbiota shapes intestinal immune
responses during health and disease”. In: Nature Reviews Immunology 9.5 (2009), pp. 313–
323.



REFERENCES 15

[17] Jurian Schuijers and Hans Clevers. “Adult mammalian stem cells: the role of Wnt, Lgr5
and R-spondins”. In: The EMBO Journal 31.12 (2012), pp. 2685–2696.

[18] K. Barret et al. Ganong’s Review of Medical Physiology. 23rd ed. New York: NY McGraw-Hill,
2010. ISBN: 978-0-07-160568-7.

[19] Nick Barker. “Adult intestinal stem cells: critical drivers of epithelial homeostasis and re-
generation”. In: (2013).

[20] Shahid Umar. “Intestinal Stem Cells”. In: Curr Gastroenterol Rep 12.5 (2011), pp. 340–348.

[21] Nick Barker et al. “Identification of stem cells in small intestine and colon by marker gene
Lgr5.” en. In: Nature 449.7165 (2007), pp. 1003–7.

[22] Hugo J. Snippert et al. “Intestinal crypt homeostasis results from neutral competition be-
tween symmetrically dividing Lgr5 stem cells”. In: Cell 143.1 (2010), pp. 134–144.

[23] Ks Yan, La Chia, and Xingnan Li. “The intestinal stem cell markers Bmi1 and Lgr5 identify
two functionally distinct populations”. In: Pnas 109.2 (2012), pp. 466–471.

[24] Toshiro Sato and Hans Clevers. “Growing self-organizing mini-guts from a single intesti-
nal stem cell: mechanism and applications.” In: Science (New York, N.Y.) 340.6137 (2013),
pp. 1190–4.

[25] Hans Clevers and Roel Nusse. “Wnt/β-catenin signaling and disease”. In: Cell 149.6 (2012),
pp. 1192–1205.

[26] W de Lau et al. “Lgr5 homologues associate with Wnt receptors and mediate R-spondin
signalling.” In: Nature 476.7360 (2011), pp. 293–7.

[27] K. S. Carmon et al. “R-spondins function as ligands of the orphan receptors LGR4 and
LGR5 to regulate Wnt/beta-catenin signaling”. In: Proceedings of the National Academy of
Sciences 108.28 (2011), pp. 11452–11457.

[28] Anna Pavlina G Haramis et al. “De Novo Crypt Formation and Juvenile Polyposis on BMP
Inhibition in Mouse Intestine”. In: Science 303.5664 (2004), pp. 1684–1686.

[29] C. Kosinski et al. “Gene expression patterns of human colon tops and basal crypts and
BMP antagonists as intestinal stem cell niche factors”. In: Proceedings of the National
Academy of Sciences 104.39 (2007), pp. 15418–15423.

[30] Manolis Roulis and Richard A. Flavell. “Fibroblasts and myofibroblasts of the intestinal
lamina propria in physiology and disease”. In: Differentiation 92.3 (2016), pp. 116–131.

[31] Toshiro Sato et al. “Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts.”
In: Nature 469.7330 (2011), pp. 415–418.

[32] Henner F. Farin, Johan H. Van Es, and Hans Clevers. “Redundant Sources of Wnt Regulate
Intestinal Stem Cells and Promote Formation of Paneth Cells”. In: Gastroenterology 143.6
(2012), 1518–1529.e7.

[33] Junzo Desaki and Maki Shimizu. “A re-examination of the cellular reticulum of fibroblast-
like cells in the rat small intestine by scanning electron microscopy”. In: Journal of Electron
Microscopy 49.1 (2000), pp. 203–208.

[34] R. C. Mifflin et al. “Intestinal myofibroblasts: targets for stem cell therapy”. In: American
Journal of Physiology-Gastrointestinal and Liver Physiology 300.5 (2011), G684–G696.



16 General introduction

[35] I. V. Pinchuk et al. “Intestinal Mesenchymal Cells”. In: Current Gastroenterology Reports 12.5
(2010), pp. 310–318.

[36] Alex Gregorieff et al. “Expression Pattern of Wnt Signaling Components in the Adult In-
testine”. In: Gastroenterology 129.2 (2005), pp. 626–638.

[37] Z. Kabiri et al. “Stroma provides an intestinal stem cell niche in the absence of epithelial
Wnts”. In: Development 141.11 (2014), pp. 2206–2215.

[38] Xi C He et al. “BMP signaling inhibits intestinal stem cell self-renewal through suppression
of Wnt–β-catenin signaling”. In: Nature Genetics 36.10 (2004), pp. 1117–1121.

[39] Nan Ye Lei et al. “Intestinal subepithelial myofibroblasts support the growth of intestinal
epithelial stem cells”. In: PLoS ONE 9.1 (2014).

[40] Glynis Kolling, Martin Wu, and Richard L. Guerrant. “Enteric pathogens through life
stages”. In: Frontiers in Cellular and Infection Microbiology 2.August (2012), pp. 1–8.

[41] Martyn D. Kirk et al. “World Health Organization Estimates of the Global and Regional
Disease Burden of 22 Foodborne Bacterial, Protozoal, and Viral Diseases, 2010: A Data
Synthesis”. In: PLoS Medicine 12.12 (2015), pp. 1–21.

[42] Naiyana Gujral, Hugh J. Freeman, and Alan B.R. Thomson. “Celiac disease: Prevalence,
diagnosis, pathogenesis and treatment”. In: World Journal of Gastroenterology 18.42 (2012),
pp. 6036–6059.

[43] Marian Rewers. “Epidemiology of celiac disease: What are the prevalence, incidence, and
progression of celiac disease?” In: Gastroenterology 128.4 SUPPL. 1 (2005), pp. 47–51.

[44] Natalie A. Molodecky et al. “Increasing incidence and prevalence of the inflammatory
bowel diseases with time, based on systematic review”. In: Gastroenterology 142.1 (2012),
46–54.e42.

[45] Makoto Naganuma et al. “Characterization of structures with T-lymphocyte aggregates in
ileal villi of Crohn’s disease”. In: American Journal of Gastroenterology 97.7 (2002), pp. 1741–
1747.

[46] Ahmedin Jemal et al. “Global Cancer Statistics: 2011”. In: CA Cancer J Clin 61 (2011), pp. 69–
90.

[47] World Health Organization. globocan 2012: Estimated cancer incidence, mortality and preva-
lence worldwide in 2012.

[48] Ryan G. Spurrier and Tracy C. Grikscheit. “Tissue engineering the small intestine”. In:
Clinical Gastroenterology and Hepatology 11.4 (2013), pp. 354–358.

[49] Mitchell R. Ladd et al. “Generation of an artificial intestine for the management of short
bowel syndrome”. In: Current Opinion in Organ Transplantation 21.2 (2016), pp. 178–185.

[50] Martin Stahl et al. “A Novel Mouse Model of Campylobacter jejuni Gastroenteritis Reveals
Key Pro-inflammatory and Tissue Protective Roles for Toll-like Receptor Signaling during
Infection”. In: PLoS Pathogens 10.7 (2014), pp. 9–11.

[51] E. V. Marietta, C. S. David, and J. A. Murray. “Important lessons derived from animal
models of celiac disease”. In: International Reviews of Immunology 30.4 (2011), pp. 197–206.



REFERENCES 17

[52] Janelle A. Jiminez et al. “Animal models to study acute and chronic intestinal inflammation
in mammals”. In: Gut Pathogens 7.1 (2015), p. 29.

[53] Nidhi Goyal et al. “Animal models of inflammatory bowel disease: A review”. In: Inflam-
mopharmacology 22.4 (2014), pp. 219–233.

[54] Frank Alderuccio et al. “Animal models of human disease: Experimental autoimmune gas-
tritis - A model for autoimmune gastritis and pernicious anemia”. In: Clinical Immunology
102.1 (2002), pp. 48–58.

[55] Robert L. Johnson and James C. Fleet. “Animal models of colorectal cancer”. In: Cancer and
Metastasis Reviews 32.1-2 (2013), pp. 39–61.

[56] Rene Jackstadt and Owen J. Sansom. “Mouse models of intestinal cancer”. In: Journal of
Pathology 238.2 (2016), pp. 141–151.

[57] Hartmut Glaeser and Martin F Fromm. “Animal models and intestinal drug transport.”
In: Expert opinion on drug metabolism and toxicology 4.4 (2008), pp. 347–61.

[58] Esther G. Van De Kerkhof et al. “Innovative methods to study human intestinal drug
metabolism in vitro: Precision-cut slices compared with Ussing chamber preparations”.
In: Drug Metabolism and Disposition 34.11 (2006), pp. 1893–1902.

[59] Kevin J. Randall, John Turton, and John R. Foster. “Explant culture of gastrointestinal tis-
sue: A review of methods and applications”. In: Cell Biology and Toxicology 27.4 (2011),
pp. 267–284.

[60] Mohd Aftab Alam, Fahad Ibrahim Al-Jenoobi, and Abdullah M. Al-Mohizea. “Everted gut
sac model as a tool in pharmaceutical research: Limitations and applications”. In: Journal
of Pharmacy and Pharmacology 64.3 (2012), pp. 326–336.

[61] I J Hidalgo, T J Raub, and R T Borchardt. “Characterization of the human colon carcinoma
cell line (Caco-2) as a model system for intestinal epithelial permeability.” In: Gastroenterol-
ogy 96.3 (1989), pp. 736–49.

[62] P. Shah et al. “Role of Caco-2 Cell Monolayers in Prediction of Intestinal Drug Absorption”.
In: Biotechnology Progress 22.1 (2006), pp. 186–198.

[63] Y. Sambuy et al. “The Caco-2 cell line as a model of the intestinal barrier: influence of cell
and culture-related factors on Caco-2 cell functional characteristics”. In: Cell Biology and
Toxicology 21.1 (2005), pp. 1–26.

[64] Huadong Sun et al. “The Caco-2 cell monolayer: usefulness and limitations”. In: Expert
Opinion on Drug Metabolism and Toxicology 4.4 (2008), pp. 395–411.

[65] BrittMarie M. Fihn, Anders Sjoqvist, and Mats Jodal. “Permeability of the rat small intesti-
nal epithelium along the villus-crypt axis: Effects of glucose transport”. In: Gastroenterology
119.4 (2000), pp. 1029–1036.

[66] Toshiro Sato et al. “Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche.” In: Nature 459.7244 (2009), pp. 262–5.

[67] Akifumi Ootani et al. “Sustained in vitro intestinal epithelial culture within a Wnt-
dependent stem cell niche.” In: Nature medicine 15.6 (2009), pp. 701–6.

[68] Jason R. Spence et al. “Directed differentiation of human pluripotent stem cells into intesti-
nal tissue in vitro”. en. In: Nature 470.7332 (2010), pp. 105–109.



18 General introduction

[69] Johanna F Dekkers et al. “A functional CFTR assay using primary cystic fibrosis intestinal
organoids”. In: Nature Medicine 19.7 (2013), pp. 939–945.

[70] Adrian Ranga, Nikolche Gjorevski, and Matthias P Lutolf. “Drug discovery through stem
cell-based organoid models.” In: Advanced drug delivery reviews 69-70 (2014), pp. 19–28.

[71] Stacy R. Finkbeiner et al. “Transcriptome-wide Analysis Reveals Hallmarks of Human In-
testine Development and Maturation In Vitro and In Vivo”. In: Stem Cell Reports 4.6 (2015),
pp. 1140–1155.

[72] Mami Matano et al. “Modeling colorectal cancer using CRISPR-Cas9–mediated engineer-
ing of human intestinal organoids”. In: Nature Medicine 21.3 (2015), p. 256.

[73] Shiro Yui et al. “Functional engraftment of colon epithelium expanded in vitro from a
single adult Lgr5+ stem cell.” en. In: Nature medicine 18.4 (2012), pp. 618–23.

[74] C. Moon et al. “Development of a primary mouse intestinal epithelial cell monolayer cul-
ture system to evaluate factors that modulate IgA transcytosis”. In: Mucosal Immunology
7.4 (2014), pp. 818–828.

[75] Kelli L. VanDussen et al. “Development of an enhanced human gastrointestinal epithelial
culture system to facilitate patient-based assays”. In: Gut 64.6 (2015), pp. 911–920.

[76] Yuli Wang et al. “Self-renewing Monolayer of Primary Colonic or Rectal Epithelial Cells”.
In: Cellular and Molecular Gastroenterology and Hepatology 4.1 (2017), 165–182.e7.

[77] Kenji Kozuka et al. “Development and Characterization of a Human and Mouse Intestinal
Epithelial Cell Monolayer Platform.” In: Stem cell reports 9.6 (2017), pp. 1976–1990.

[78] Curtis A. Thorne et al. “Enteroid Monolayers Reveal an Autonomous WNT and BMP Cir-
cuit Controlling Intestinal Epithelial Growth and Organization”. In: Developmental Cell 44.5
(2018), 624–633.e4.

[79] Jong Hwan Sung et al. “Microscale 3-D hydrogel scaffold for biomimetic gastrointestinal
(GI) tract model.” en. In: Lab on a chip 11.3 (2011), pp. 389–92.

[80] Jiajie Yu et al. “In vitro 3D human small intestinal villous model for drug permeability
determination.” In: Biotechnology and bioengineering 109.9 (2012), pp. 2173–8.

[81] Ying Chen et al. “Robust bioengineered 3D functional human intestinal epithelium”. In:
Scientific Reports 5 (2015), p. 13708.

[82] Cait M Costello et al. “Synthetic small intestinal scaffolds for improved studies of intestinal
differentiation.” In: Biotechnology and bioengineering 111.6 (2014), pp. 1222–32.

[83] Si Hyun Kim et al. “Three-dimensional intestinal villi epithelium enhances protection of
human intestinal cells from bacterial infection by inducing mucin expression.” en. In: In-
tegrative biology : quantitative biosciences from nano to macro 6.12 (2014), pp. 1122–31.

[84] Ying Chen et al. “In vitro enteroid-derived three-dimensional tissue model of human small
intestinal epithelium with innate immune responses”. In: PLoS ONE 12.11 (2017), pp. 1–20.

[85] Asad A. Ahmad et al. “Optimizing Wnt-3a and R-spondin1 concentrations for stem cell
renewal and differentiation in intestinal organoids using a gradient-forming microdevice”.
In: RSC Advances 5.91 (2015), pp. 74881–74891.



REFERENCES 19

[86] Peter J. Attayek et al. “In vitro polarization of colonoids to create an intestinal stem cell
compartment”. In: PLoS ONE 11.4 (2016), pp. 1–23.

[87] Yuli Wang et al. “A microengineered collagen scaffold for generating a polarized
crypt-villus architecture of human small intestinal epithelium”. In: Biomaterials 128 (2017),
pp. 44–55.





21

Objectives

The developments in intestinal stem cell (ISC) culture methods have made it pos-
sible to use primary intestinal epithelial cells to create near-physiological tissues
called ’organoids’ in vitro. Nevertheless, the three-dimensional (3D) closed form
of organoids presents severe limitations in many applications. Therefore, there is
a need for engineering culture platforms that overcome this limitation and pro-
vide a physiologically relevant environment, while preserving the stem and dif-
ferentiated cells present. The current engineered culture platforms of intestinal
epithelium are limited as they lack to combine all the key features of intestinal
epithelium, such as distinct stem/proliferative and differentiated cell types, 3D
architectural features, and gradients of ISC niche biochemical factors.

This thesis, entitled "Towards the development of biomimetic in vitro mod-
els of intestinal epithelium derived from intestinal organoids", aims to con-
tribute to the development of complex in vitro models of intestinal epithelium
by considering the novel advancements in cell biology, biomaterials and micro-
fabrication technologies. The main objective of this study is to generate a small
intestinal epithelial model on microengineered villus-like soft porous scaffolds
by guiding the growth and differentiation of organoid-derived intestinal epithe-
lial cells through establishing gradients of key ISC niche biochemical factors on
these scaffolds. Towards this general objective, the specific objectives are defined
as:

1) Generation of small intestinal epithelial monolayers derived from mouse
intestinal organoids with an accessible lumen and in vivo-like cellular or-
ganization. Establishment of proper culture conditions to obtain epithelial
monolayers with effective tissue barrier properties.

2) Development and characterization of hydrogel-based basement membrane
substitute that mimic the villus-like architecture with proper biochemical,
mechanical and physicochemical properties for its successful bioactivity.
Optimization of material properties and culture conditions for successful
engraftment of intestinal cells derived from organoids.
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3) Development and characterization of spatio-chemical gradients of ISC niche
biochemical factors within 3D villus-like hydrogel scaffolds. Study of in-
testinal epithelial cell response over these spatio-chemical gradients.

This thesis is structured in three experimental chapters each of them targeting
one specific objective contributing to the final aim and described in what follows.

In Chapter 1, we describe a method taking the advantage of the substrate
stiffness for the generation of the epithelial monolayers. The cell types and their
distributions within the monolayers were characterized by immunofluorescence.
The monolayer formation and cell death were followed by time-lapse microscopy.
Confluent monolayers were obtained on porous membranes with the use of fac-
tors secreted by intestinal subepithelial myofibroblasts (ISEMFs) that are rich in
ISC niche proteins, and Wnt3a. The barrier integrity was evaluated by monitoring
the transepithelial electrical resistance of the monolayers. Overall, the intestinal
epithelial monolayers demonstrated in vivo-like crypt-villus cellular organization
and formed effective tissue barriers with physiologically relevant transport prop-
erties. The 2D intestinal epithelial model has an advantage over the current 3D
organoid model for studies that require an accessible lumen compartment such
as drug testing and host-microbe interactions. The knowledge we acquired here
on the optimal cell culture conditions was used in the following chapters.

In Chapter 2, we describe development of microengineered hydrogel scaf-
folds with villus-like architecture and proper biochemical, mechanical and
physicochemical properties that support the growth of intestinal epithelial
cells derived from organoids. The scaffold material used for the purpose was
poly(ethylene glycol) diacrylate (PEGDA), a photocrosslinkable hydrogel that
can be biochemically and topographically modified. PEGDA-based hydrogels
were microstructured using a simple photolithographic approach and charac-
terized by microscopic techniques. The mechanical and swelling properties
and their dependence on fabrication conditions were assessed. Bioactive func-
tionalization of PEGDA hydrogels was optimized for the growth of intestinal
organoid-derived cells by screening different cell adhesion ligands. The effects
of microstructure dimensions, hydrogel stiffness and factors secreted by ISEMF
on intestinal cell growth were studied by microscopic and image analysis
techniques. The proliferative and differentiated cell type distributions were char-
acterized by immunofluorescence. The 3D villus-like scaffold model reported
here, developed using a simple photolithographic approach provides the cells
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with a more realistic cellular microenvironment. The simplicity of the fabrication
method allows to routinely incorporate 3D architectures in cell culture systems
of primary intestinal epithelial cells derived from organoids. In the following
chapter, the gradients of ISC niche biochemical factors were established on these
microengineered villus-like hydrogel scaffolds.

In Chapter 3, we describe development and characterization of spatio-
chemical gradients of ISC niche biochemical factors within PEGDA-based
hydrogel scaffolds. The pore sizes of PEGDA hydrogels were determined using
well established equilibrium swelling theory to assess the difusivity of the
factors through the hydrogels. In silico models were developed to simulate
the spatio-chemical gradients of ISC niche biochemical factors and to gain an
insight on their diffusion times, gradient profiles and surface concentrations. A
microfluidic chip allocating the hydrogel was designed and fabricated to be able
to visualize gradients by microscopic techniques. The gradients were generated
based on the free diffusion of the factors from a source to a sink chamber. Stable
profiles could be obtained by periodically replenishing the chambers. Light-sheet
fluorescence microscopy was used to characterize the stable gradients formed
by a fluorescently labeled model protein. The PEGDA-based hydrogels with
villus-like architecture were fabricated on porous membranes and the fabrication
parameters were optimized. The hydrogels were successfully incorporated into
standard cell culture inserts that permitted access to both sides of the hydrogel.
Spatio-chemical gradients were generated in this setup using the below com-
partment as the source and upper compartment as the sink. The effect of such
gradients on the growth and differentiation of the organoid-derived intestinal
epithelial cells was tested. This platform presents a physiologically relevant
experimental mimic of intestinal epithelium in combining a 3D villus-like soft
basement membrane substitute, organoid-derived primary intestinal epithelial
cells, and the gradients of ISC niche biochemical factors as they are found in vivo.

Within the three experimental chapters, an introductory section is included
with the current state of the art relevant to their specific objectives to help the
reader contextualize the research subject. The results obtained are explained in
the following section and they are discussed in detail showing their contribution
to the current state of the art in a separate discussion section. The main findings
of each chapter are summarized in the conclusions section. The thesis ends with
general discussion and general conclusions sections in which the global achieve-
ments from the performed studies are given.
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Finally, four appendix sections describing a method developed for the em-
bedding and sectioning of microstructured hydrogels for improved imaging, the
image analysis macro codes used, and the journal articles, published, under re-
view or to be submitted, can be found.
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Chapter 1

Organoid-derived 2D model of
intestinal epithelium

1.1 Introduction

The small intestinal epithelium is composed of a monolayer of tightly packed
polarized columnar epithelial cells with a variety of functions. These include for-
mation and maintenance of a barrier to separate the luminal contents and the mi-
crobes from the underlying tissue, digestion and absorption of the nutrients, and
participation in host immune response [1]. The epithelial monolayer is organized
into invaginations called crypts, and finger-like protrusions, called villi, to maxi-
mize nutrient breakdown and absorption [2, 3]. The villi are mainly constitute of
terminally differentiated absorptive cells (enterocytes) and secretory cells (Goblet
and enteroendocrine cells), while the crypts are constituted by the intestinal stem
cells, neighboring Paneth cells and transit-amplifying progenitors [1]. Intestinal
stem cells (ISCs) divide every 24 h, feeding the monolayer with new cells that mi-
grate up along the villi, differentiate, and eventually shed off at the villus tips [2,
4]. This mechanism leads to the renewal of the whole epithelium every 4-5 days,
the highest self-renewal rate among all other mammalian tissues [1]. Perturba-
tions of the epithelial homeostasis lead to gastrointestinal tract disorders such as
infections [5], Celiac disease [6], inflammatory bowel disease [7] and cancer [8].

In vitro intestinal epithelial models are needed in a wide range of applications
encompassing the improvement of the understanding of the intestinal epithelium
basic biology, investigating intestinal disorders and mainly the accurate predic-
tion of the in vivo absorption of orally administered drugs. Traditional models
rely on 2D cultures of human colon cancer-derived cell line, Caco-2, to evaluate
the drug and nutrient absorption because of their morphological and functional
similarity to human enterocytes [9, 10]. Typically, Caco-2 cells are seeded on
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porous membranes, grown to confluency forming a barrier acting as a semiper-
meable membrane with mature tight junctions [9]. For that reason, the Caco-2
model has been widely used to evaluate the permeability and the transport of
drug candidates through the intestinal epithelium. However, its tight junctions
are markedly tighter than those of the native small intestine, leading to the un-
derestimation of transport parameters of mainly slowly absorbed drugs [11, 12].
In addition, these cells contain somatic mutations, altered metabolism, and aber-
rant proliferation and differentiation characteristics [11, 12]. Altogether, Caco-2
cell line does not accurately represent intestinal epithelium and its diverse cell
lineages.

The use of primary human intestinal epithelial cells (hInEpCs) was expected
to be a solution for the aforementioned limitations of the Caco-2 cell line model.
However, due to limited donors, and poor viability and short life span of the cul-
tures, their applications remained limited [13]. Recently, numerous companies
have started to provide hInEpCs (e.g. Cell Systems, Lonza, MatTek Corpora-
tion), which has greatly facilitated obtaining of the primary cell stocks. Primary
hInEpCs are shown to have the capacity to form epithelial monolayers, express
general epithelial markers, and form proper tight junctions. However, interdonor
variability in permeability of compounds continue to be a problem [13]. More-
over, primary intestinal cells are shown to transiently divide, but stop prolifera-
tion within 1-2 weeks [3]. Therefore, it was assumed that the long-term propa-
gation of primary cultures of intestinal epithelial cells was not possible without
introducing genetic transformations [14].

Recently, major advances have been made in establishing mouse [15, 16] and
human [17] cell culture methods for the long-term propagation of intestinal ep-
ithelial cells in vitro. Ootani et al. developed a methodology supporting long-term
proliferation and multilineage differentiation for mouse intestinal culture [15].
They used intestinal fragments containing both the epithelium and the underly-
ing mesenchyme of neonatal mice, cultured in collagen gel at air-liquid interface.
The intestinal cells grew into cystic structures formed of an inner monolayer of
polarized epithelial cells containing all major cell types surrounded by the mes-
enchymal cells. The cultures were able to be propagated up to 350 days. Even
though the culture system was promising in long-term maintenance of the in-
testinal tissue, it lacked the characteristic crypt-villus morphology of the native
tissue.

Identification of the exquisite stem cell marker Lgr5 and generation of the
Lgr5+-GFP-Ires-creERT2 mice [18] facilitated the isolation of intestinal stem cells.
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In a follow-up study, Sato and colleagues showed that when single Lgr5+ stem
cells were seeded into a drop of basement membrane-like support matrix, they
grew into so-called ’miniguts’ or ’organoids’ that highly resembled the intestinal
epithelium in vivo with all its different cell types and correct positioning (Figure
1.1 A, B) [16]. In the organoids, the finger-like protrusions are the crypt domains,
where Lgr5+ stem cells, neighboring Paneth cells and highly proliferative transit-
amplifying cells reside. The regions in between protrusions are comprised of the
differentiated cell types, i.e. absorptive enterocytes, secretory Goblet cells, and
enteroendocrine cells, and are referred as the villus domains (Figure 1.1 A, B).
These miniguts also have a central cavity which resembles the intestinal lumen
into which terminally differentiated cells shed off displaced by the newcomer
cells, faithfully recapitulating the in vivo situation. The organoid cultures require
the use of soluble growth factors including R-Spondin, Noggin, and epidermal
growth factor (EGF) to mimic the intestinal stem cell (ISC) niche; and Matrigel R©,
a laminin and collagen rich matrix, as support for 3D growth [16]. Matrigel R© is a
gelatinous protein mixture derived from Engelbreth-Holm-Swarm (EHS) mouse
sarcoma cells commonly used as support matrix in cultures of many cell types
due to its resemblance of the extracellular matrix of in vivo tissues [19]. Long-
term propagation of the organoid cultures was possible for up to 1,5 years with
the phenotype and karyotype being unchanged [16].
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Figure 1.1: Scheme showing the structure of the intestinal epithelial organoids obtained from
isolated crypts and Lgr5+ stem cells (A). The finger-like protrusions are the crypts and the mono-
layers surrounding the cysts are the villus domains. Adapted from Barker [1]. Bright field image
showing the development of an organoid from a single sorted Lgr5+ stem cell (B). White asterisk
marks the dead cells accumulated in the lumen of the organoids. Adapted from Sato et al. [16].

In an another study by Miyoshi and Stappenbeck, mouse intestinal crypts
were cultured with Wnt3, R-Spondin, and Noggin enriched media, and shown
to grow into 3D cystic structures called spheroids [20]. These spheroids were en-
riched in Lgr5 stem cells and could be cultured up to at least 3 months [20, 21]. In
a following study from the same group, a culturing method for human intestinal
spheroids was reported [22]. Human spheroids were successfully obtained from
patient biopsies, expanded and propagated for numerous passages, and further
tested for epithelial-microbiome interaction [22]. Spheroid-based culture systems
can be developed relatively rapidly [20, 21], and the use of individuals own cells
permit the development of patient-based assays [22]. However, these cultures
were enriched for stem cells and did not contain differentiated cell types (ente-
rocytes, Goblet, and enteroendocrine cells) [20]. Diluted Wnt3, R-Spondin, and
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Noggin enriched media and small molecule inhibitors of Notch signaling path-
way had to be used in order to obtain some proportion of differentiated cells [22].
Therefore, they did not represent the in vivo cell types and distributions of the
intestinal epithelium.

In an alternative approach to obtain long-term cultures of intestinal tissue in
vitro, Spence et al. showed that human induced pluripotent stem cells (hiPSCs)
could be directed to differentiate into intestinal organoids by sequential expo-
sure to growth factors specific to each stage of embryonic intestinal development
[23]. Such induced human intestinal organoids (HIOs) contained mature intesti-
nal stem cells and all major cell types of intestinal epithelium and mesenchymal
cells. Such a stem cell source provides an important therapeutic potential in per-
sonalized medicine, as patient-specific somatic cells can be reprogrammed into
pluripotent stem cells that can be further differentiated into the intestinal tissue
(the epithelium and the mesenchyme) [24]. HIOs is a powerful tool for studies of
embryonic intestinal development [25]. However, the prolonged times required
to generate mature intestinal tissue may limit its use for patient-based assays; es-
pecially when the protocols to isolate and culture Lgr5+ stem cells from human
biopsies are very well established and much more straight forward.

Organoids, and other 3D culture systems reported (HIOs, spheroids), have
proven to be very useful in vitro tools for studies of basic biology and develop-
ment of the intestine, in vitro screening of possible drug candidates, and func-
tional engraftments for regenerative medicine applications. However, the 3D
closed spherical structure of organoids prevents access to the apical region of the
epithelium (lumen) (Figure 1.2 A), making them unsuitable for standard func-
tionality assays that are typically done in 2D Transwell R© culture setup, which
separates the culture well into two compartments through a monolayer of cells
cultured on a porous membrane. Complicated techniques such as microinjection
has to be utilized to deliver the drug molecules to the lumen-like regions [26].
Therefore; it is of great interest developing technique to obtain in vitro intestinal
epithelium with an accessible apical surface (Figure 1.2 B).
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Figure 1.2: Schematic representation of intestinal organoids cultured in a Matrigel R© drop (A) or
in a hypothetical 2D epithelial monolayer model with accesible apical surface (B).

Recently, there has been some efforts to develop 2D culture systems derived
from intestinal stem cells. Stappenbeck and colleagues developed a 2D epithelial
monolayer model derived from mice [27] and human [22] intestinal spheroids.
These monolayers were used in transcytosis assays [27] and in the evaluation
of adhesion of certain pathogenic bacteria to the epithelium [22]. Even though
proven useful in the applications tested, these monolayers were not very well
characterized. All the characterizations were done at day 3 of culture, and no
further data was provided on the evolution of the cultures at further times points.
Although, immunofluorescence revealed the presence of different epithelial cell
types, they were not organized in in vivo-like crypt-villus distribution. Altogether,
these models might not have the features to faithfully recapitulate the phenotype
and physiology of in vivo intestine.

In another study, a 2D epithelial monolayer model was developed from
freshly isolated mouse colonic and human rectal crypts [28]. Intestinal epithelial
monolayers could be propagated for up to 10 months by sequential passing and
gave rise to 3D organoids/spheroids de novo when seeded back into Matrigel R©

drops [28]. The monolayers were shown to contain proliferative cells at the
epithelial borders and secretory Goblet cells at the center [28], a cell-type
distribution different of that found in vivo. Very recently, intestinal epithelial
monolayers with an improved, physiologically relevant cell distribution have
been generated from mouse crypts. These contained proliferative domains
and differentiated zones resembling crypt-villus cellular organization found
in vivo [29]. However, these monolayer models lacked total surface coverage,
characteristic of a healthy in vivo epithelium. In vitro functional assays such as;
cellular transport and secretion, can only be performed on a monolayer model
that has the barrier properties of the native intestine.
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One of the most important indication of the epithelial model viability and
function is the state of the barrier permeability. Evaluation of the Transepithelial
electrical resistance (TEER) is a quantitative and non-invasive technique, widely
accepted to measure the integrity of the tight junctions in epithelial monolayers
[30, 31]. Conventionally, the intestinal epithelial cells are cultured in the so-called
Transwell R© inserts (Figure 1.3 A), porous membranes that separate the cell cul-
ture well into two compartments; upper (apical side) and lower (basolateral side),
and the epithelial resistance is measured by using a Voltohmmeter and an elec-
trode pair placed on both sides of the porous membrane [31] (Figure 1.3 B). A
voltage difference (12,5 Hz square-wave AC signal) is applied to both sides and
the resulting current is represented as an ohmic resistance. The measured resis-
tance is composed of the transcellular and paracellular resistance (Figure 1.3 C).
Since the cell membranes found in the transcellular path show high resistance,
the current predominantly flows through the paracellular path. Thus, TEER val-
ues measured describe the resistance associated to cell tight junctions. There-
fore, TEER is a strong indicator of the level of maturation of the tight junctions
and the formation of a cellular barrier. The resistances contributed by the culture
medium, porous membrane and the electrode-medium interface are removed by
subtracting the resistance of the system without the cell monolayers.



32 Chapter 1. Organoid-derived 2D model of intestinal epithelium

Figure 1.3: Image of a standard 24 well plate Transwell R© insert (Corning) (A). Schematic rep-
resentation of an in vitro 2D Transwell R© assay (B). Epithelial monolayer is grown on the porous
membrane and TEER measurements are performed by an electrode pair inserted one to the apical
and the other to the basolateral side of the monolayer. Scheme showing the electrical resistances
associated to the epithelial monolayer consisting of the transcellular route (Ra + Rb) and the para-
cellular route (Rtj + Ric) (C). Ra: apical membrane resistance, Rb: basolateral membrane resistance,
Rtj: resistance of tight junctions, Ric: resistance of intercellular space, Rgap: resistance of the gap.
Adapted from Odijk et al. [32].

Commonly used Caco-2 cell line has limited physiological accuracy due to
altered expression of structural proteins, mainly those found in the tight junc-
tions, resulting in much higher TEER values, greater than 300 Ω.cm2, relative to
the native small intestine, which is 40-100 Ω.cm2 [30, 33, 34]. In a study reported
by Kauffman et al., commercially available hInEpCs showed interdonor variabil-
ity and very high TEER values, greater than 1500 Ω.cm2 [13]. In the same study,
human iPSCs were differentiated in a Transwell R© system; however, the TEER
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values reported were also very high (greater than 900 Ω.cm2) and required pro-
longed times for differentiation [13]. Spheroid-derived monolayers from mouse
colon [27] and human ileum [22] were reported to have a TEER of approximately
3000 Ω.cm2 and 400 Ω.cm2, respectively. In all of these studies, the TEER values
reported were substantially higher than that of the native small intestine, 40-100
Ω.cm2 [30, 34], poorly mimicking its paracellular transport behavior.

In a recent study, Kozuka et al. reported intestinal monolayers obtained from
freshly isolated mouse crypt cells and human organoid-derived cells [35]. The
monolayers contained all major intestinal cell types and shown to have absortive
and secretory functions [35]. They performed a comparative gene expression
study to optimize the cell culture media components [35]. To obtain confluent
monolayers of small intestinal epithelium very high concentrations of Wnt3a,
principle activator of Wnt pathway hence ISC proliferation, was needed and to
further differentiate the cultures high concentrations of bone morphogenic pro-
teins (BMPs), inhibitors of Wnt pathway, were needed. The TEER values reported
were in the order of couple of hundreds of Ω.cm2, higher than that of the native
small intestine [30, 33, 34], and no findings were reported on in vivo like crypt-
villus cellular distribution. Even though, this platform was proven useful to iden-
tify a potential candidate for minimally absorbed drugs [35], it might be short in
faithfully mimicking in vivo-like cellular organization and paracellular transport.

Altogether, current models either lack in vivo-like crypt-villus cell type com-
position and distribution or tissue barrier integrity representative of the native
intestinal epithelium.

In this chapter, we describe a method that utilizes mouse-derived small
intestinal organoids to obtain intestinal epithelial monolayers that self-organized
into in vivo-like crypt-villus domains and show effective barrier function.
Organoids were grown on substrates coated with thin films of Matrigel R©, which
provided the proper mechanical properties to induce the formation of epithelial
2D monolayers. Live-imaging of intestinal stem cells marked with green fluores-
cent protein (GFP) obtained from Lgr5-EGFP-ires-Cre ERT2 mice demonstrated
that organoid-derived cells first organize into stem cell-containing crypt-like
domains. Then, cells migrated out to form non-proliferating and differentiated
monolayers, resembling the villus-like regions. The formation of epithelial
monolayers that fully cover the substrate surface was accomplished by adding to
the cell culture medium exogenous ISC niche biochemical factors such as Wnt3a,
and the ones produced by the intestinal subepithelial myofibroblast cells, which
helped maintaining the stem cell population within the crypt bases. Epithelial
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monolayers with crypt-villus organization were obtained on Transwell R© inserts
coated with thin films of Matrigel R©, upon basolateral delivery of ISC niche
factors. Organoid-derived intestinal epithelial monolayers cultured in this setup,
showed physiologically relevant TEER values, indicating formation of a mature
epithelial barrier.
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1.2 Materials and Methods

1.2.1 Mouse model

Lgr5-EGFP-IRES-creERT2 mice have been previously described [18]. Briefly,
Lgr5-EGFP-IRES-creERT2 mice were generated by homologous recombination
in embryonic stem cells targeting the EGFP-IRES-creERT2 cassette to the ATG
codon of the stem cell marker Lgr5 locus, allowing the visualization of Lgr5+

stem cells with a green fluorescent protein (GFP). The Lgr5-EGFP-IRES-creERT2
mice were provided by the Laboratory of Prof. Eduard Batlle at Institute for
Research in Biomedicine (IRB, Barcelona, Spain).

1.2.2 Intestinal crypt isolation and organoid culture

The intestinal crypts from Lgr5-EGFP-IRES-creERT2 mice were isolated as previ-
ously described [36, 37]. Briefly, the intestines were harvested, cut open longi-
tudinally, and washed with phosphate buffered saline (PBS) (Gibco) to remove
luminal content. Then, villi were mechanically removed by scraping with the
help of a glass coverslip (Deltalab). Intestinal crypts were isolated by incubat-
ing the tissue with PBS containing 2 mM Ethylenediaminetetraacetic acid (EDTA)
(Sigma) for 30 min at 4◦C. The digestion content was filtered through a 70 μm
pore cell strainer (Biologix Research Co.) to obtain the crypt fractions and cen-
trifuged at 55 g for 5 min. The crypts were resuspended and plated in Matrigel R©

(BD Bioscience) drops (Figure 1.4 A) and cultured with organoid growth media:
Advance DMEM/F12 (Invitrogen) supplemented with 1% v/v Glutamax (Gibco),
1% v/v HEPES (Sigma), Normocin (1:500, Invitrogen), 2% v/v B27 (Gibco), 1%
v/v N2 (Gibco), N-acetylcysteine (1,25 mM, Sigma), murine epidermal growth
factor (EGF) (100 ng.mL-1, Gibco), recombinant human R-Spondin 1 (200 ng.mL-1,
R & D Systems), recombinant murine Noggin (100 ng.mL-1, Peprotech). The
medium containing EGF, Noggin, and R-Spondin 1 is referred as ENR in what
follows. The medium was changed every 2 to 3 days. The first 4 days the Rho
kinase inhibitor, Y-27632, (Sigma) was added to the medium on daily bases to in-
hibit cell death due to anoikis [38]. Figure 1.4 B shows the freshly isolated crypts
in a Matrigel R© drop and the nascent organoids already after day 1 of culture (Fig-
ure 1.4 C).
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Figure 1.4: Scheme showing the crypt pieces seeded in a Matrigel R© drop (A). The bright-field
image of freshly isolated crypts (B) and after 1 day in culture (C). Yellow arrowheads indicate the
nascent organoids. Scale bars: 100 µm.

The organoids grew from small, roundish structures (Figure 1.5 A) to fully
grown organoids (Figure 1.5 B) within about a week. When the organoids reached
that state the cultures were passed by a mild trypsinization protocol. Briefly, the
medium was removed and 150 μL of TrypLE Express, 1X, (Gibco) was added
to each well. The Matrigel R© drops containing the organoids were mechanically
disrupted with the help of a pipette and transferred to a falcon cooled on ice.
The organoids were further broken with a 23 G 1" needle (BD Microlance 3) by
syringing 3 to 4 times. Working on ice slows down the trypsin activity and avoids
breaking down the organoids more than what is desired. Then, 500 μL of 2% v/v
Fetal bovine serum (FBS; Gibco) in PBS was added to stop the organoid digestion
reaction. The crypt suspension was centrifuged at 55 g at 8◦C for 5 min. The
pellet was resuspended in fresh Matrigel R©. The drops were let to gel at 37◦C for
15 min and 400 μL of organoid growth media (ENR) were added to each drop. The
medium was changed every 2 to 3 days. The organoid stocks were maintained
in ENR up to 3 to 4 months and after that fresh crypts were isolated again from
Lgr5-EGFP-IRES-creERT2 mice.
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Figure 1.5: Representative bright field images showing organoids grown under ENR at the initial
growth (A), and at the fully grown (B) stage. The cultures were passed when they reached this
state. Scale bars: 500 µm.

The organoid cultures were enriched with stem cells by culturing them with
CHIR99021 (3 μM, Stemgent) and valproic acid (1 mM, Sigma) small molecules
in addition to EGF, Noggin, R-Spondin 1 during a couple of passages (maximum
3) before seeding. It has been previously shown that the addition of these small
molecules (CHIR99021 and valproic acid) increases the stem cell percentage with
respect to the total cell population in the organoid cultures up above 90% com-
pared to 20% stem cells found in the organoids cultured with ENR medium [39].
The medium containing EGF, noggin, R-Spondin 1, CHIR99021 and valproic acid
is referred as ENR_CV in what follows.

1.2.3 Generating and passing monolayers of epithelial cells

In this study, two culturing setups were used to obtain epithelial monolayers:
standard 2D tissue culture plates (ibidi GmbH), and Transwell R© inserts (Corn-
ing). The overview of the culturing methodology is shown in Figure 1.6. Both
setups were coated with Matrigel R© forming a thin film as support matrix for
monolayer growth. The preparation and characterization of the Matrigel R© thin
film coating is explained in the following section.
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Figure 1.6: Overview of culturing methodology to obtain organoid-derived epithelial monolay-
ers. Intestinal stem cell-containing crypts were isolated from Lgr5-EGFP-Ires-creERT2 mice and
cultured in Matrigel R© drops to obtain organoid culture. Organoids were dissociated into crypt
pieces and seeded on standard tissue culture plates or Transwell R© inserts coated with a thin film
of Matrigel R©. The intestinal epithelial model obtained in this fashion was evaluated for its physi-
ological relevance.

1.2.3.1 Preparation and characterization of the Matrigel R© thin film coating

The ibidi μ-Slides (1 cm2, polymer coverslip bottom, ibidi GmbH) or Transwell R©

inserts (6,5 mm diameter, 0,4 μm pore size, Corning) were coated with Matrigel R©

(BD Biosciences) by pipetting 10 μL undiluted Matrigel R© solution into the
wells, spreading it to the whole surface and incubating at 37◦C for at least 15
min. Matrigel R© is a solubilized basement membrane substitute obtained from
Engelbreth-Holm-Swarm (EHS) mouse sarcoma, mainly consisting of laminin
and collagen [19], and it is routinely used for 3D support matrix for in vitro
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cultures of intestinal stem cells [16, 20]. The Matrigel R© coating prepared on
ibidi plates was visualized by immunostaining with an antibody against laminin
with a modified immunostaining protocol. After making the coating, the layer
was fixed with 10% neutralized formalin (Sigma) for at least 30 min, washed
thoroughly with PBS and blocked with a blocking buffer containing 1% w/v BSA
(Sigma), 3% v/v donkey serum (Millipore), and 0,2% v/v Triton X-100 (Sigma) in
PBS for two hours. Then, the samples were incubated with an anti-laminin anti-
body (1:500) raised in rabbit (Abcam) overnight at 4 ◦C. The secondary antibody
used was Alexa Fluor R© 488 donkey anti-rabbit diluted at 1:500 (Invitrogen).

Images of the matrigel coating were acquired by a Leica SP5 Confocal Laser
Scanning Microscope (CLSM) equipped with a 20x dry objective (NA = 0,7) and
hybrid detectors. The laser excitation and emission light spectral collection were
both optimized for GFP fluorophore. The pinhole was set to 1 Airy unit and
a stack of 22 μm (z-step of 1 μm) was acquired for each sample. The acquired
stacks were post-processed by deconvolution following a theoretical model of
the objective (fixed PSF, constrained iterative, 10 iterations) using Autoquant
X3 software version 3.0.2 (Media Cybernetics). This helped mitigating the
axial spread of the point spread function of the instrument. We analyzed three
technical replicas and the thicknesses were estimated using ImageJ free software
(http://rsb.info.nih.gov/ij, National Institutes of Health). To assess the sample
uniformity and improve the estimates, for each image 20 randomly selected
intensity axial profiles were extracted along 32 pixel thick lines covering the
whole extension of the stack (ImageJ TransformJ Turn plugin + Plot profile).
Since the extracted intensity profiles closely resembled Gaussian functions, we
fitted them with a Gaussian plus offset function to estimate both the background
and the standard deviation of the function (ImageJ Curve Fitting). For each
intensity profile, an estimate of the layer thickness was obtained as the full width
at half height of the fitted Gaussian function (FWHM ≈ 2,355 σ). In total, 3
different samples were characterized. The estimates of the layer thickness were
averaged over each region and sample, and presented as the mean ± standard
deviation.

1.2.3.2 Intestinal crypt seeding and passing

The ibidi plate wells were coated with a thin layer of Matrigel R©, as explained in
the previous section. Substrates with a thick layer of Matrigel R© were also pre-
pared by adding 80 μL for Transwell R© inserts and 200 μL for ibidi μ-Slides to
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yield a layer with a thickness of ≈ 2 mm. The volumes required to obtain this
thickness was calculated by multiplying the surface area of the substrate (1 cm2

for ibidi plates and 0,33 cm2 for Transwell R© inserts) by the height we wanted
to obtain (i.e. 2 mm). It is reported that when gel thickness is less than 20 μm,
the apparent stiffness of the material is reaching that of the underlying substrate
[40]. The volume used for the preparation of the thin coating was selected such
that the thickness would be less than 20 μm. Therefore, the substrates with a thin
coating are referred as “Hard” and the ones with a thick layer as “Soft”. To obtain
a preparation of crypt pieces with homogeneous size, full-grown organoids were
subjected to a mild digestion protocol as explained in Section 1.2.2. The total crypt
number in the suspension was estimated by sampling 5 μL volume with a 20 μL
pipette tip and counting the crypts within the sample volume under a bright field
microscope (Eclipse Ts2, Nikon). From the counted crypt number in 5 μL volume,
the total crypts in the suspension were estimated. At least three samples were
used to do the estimations. A 20 μL pipette tip was used to not exclude any crypt
pieces due to their size. Crypts were seeded at a density of 1000-1500 crypts.cm-2

on the standard 2D tissue culture plates using an initial volume of 30-50 μL. The
cells were let attach to the substrate for 3-4 hours and then more medium was
added. The monolayers were cultured with ENR_CV medium for different time
periods ranging from 5 days to 4 weeks depending on the experiment indicated
for each experiment (indicated in the corresponding figure legends). The pass-
ing of the cultures was done by mechanically disrupting the monolayers with the
help of a pipette. Collected cell mixtures were reseeded into new wells freshly
coated with Matrigel R©.

1.2.4 The effect of different conditioned cell culture media on epithe-
lial monolayer growth

The effect of exogenous sources of Wnt pathway activators added to culture
medium on the epithelial monolayer growth was studied. For that, the condi-
tioned media was produced from primary intestinal subepithelial myofibroblasts
(ISEMFs) isolated from mouse colon and a Wnt3a producing cell line. ISEMFs
are an important source of Wnt pathway activators and enhancers [41–43] (see
General introduction for detailed information). The details of the procedures are
explained in the following sections.
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1.2.4.1 Preparation of intestinal subepithelial myofibroblast conditioned
medium

ISEMFs were isolated from mouse colon by adapting a previously published
protocol [44]. Briefly, once the epithelial cells were removed (Section 1.2.2),
the intestine tissue was further digested using collagenase (100 U per mL of
culture medium) (Sigma) by incubating at 37◦C for up to 60 min under shaking.
Then, the tissue was pelleted by centrifuging at 200 g for 5 min at 4◦C. The
pellet was resuspended in ACK lysis buffer (Gibco) at 47◦C and centrifuged
again at 200 g for 5 min at 4◦C. Then, the pellet was resuspended in Dulbecco’s
modified medium (DMEM; Life Technologies) containing 10% v/v FBS, 1%
v/v Penicillin/streptomycin (Sigma), and 1% v/v minimum essential medium-
non-essential amino acids (MEM-NEAA; Gibco); and cultured in tissue culture
plates. After 3 h the non-adherent cells were removed and the culture medium
was renewed. Remaining adherent cells are initially composed of epithelial
cells, macrophages, and myofibroblasts. However, one week post seeding only
myofibroblasts divide, and therefore are passed. When the culture reached
confluency it was passed up to a maximum of 8 passages (after that cells stopped
division and started to die). The culture medium, referred as ISEMF conditioned
medium, was collected every 4-6 days and replaced with fresh media. The
collected medium was centrifuged and filtered with a 0,22 μm pore size filter
(Merck-Millipore) in order to get rid of the debris and stored at – 20◦C. After each
isolation, some the cells were used to characterize the subepithelial intestinal
myofibroblast phenotype by checking as markers: α-smooth muscle actin,
vimentin, and fibronectin positive and desmin negative. The immunostaining
protocol and the antibodies used are reported in the Section 1.2.6. Before use,
ISEMF conditioned medium (ISEMF_CM) was supplemented with 1% v/v
Glutamax, 1% v/v HEPES, Normocin (1:500), 2% v/v B27, 1% v/v N2, EGF (100
ng.mL-1), human R-Spondin 1 (200 ng.mL-1), Noggin (100 ng.mL-1), CHIR99021
(3 μM), valproic acid (1 mM).

1.2.4.2 Preparation of Wnt3a conditioned medium

Wnt3a conditioned medium was obtained from L-Wnt3a cell line (American Type
Culture Collection, ATCC R© CRL-2647TM). These mouse fibroblasts obtained from
subcutaneous connective tissue were genetically engineered to produce Wnt3a.
The cells were cultured on standard tissue culture flasks (Thermo Scientific) with
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Dulbecco’s modified medium (DMEM) containing 10% v/v FBS, 1% v/v Peni-
cillin/streptomycin, and 1% v/v Glutamax. The Wnt3a conditioned medium
(Wnt3a_CM) was collected and replaced with fresh medium every 4 days. As
for ISEMF_CM, the collected medium was centrifuged and filtered with a 0,22
μm pore size filter in order to get rid of the debris and stored at –20◦C. Before
use, Wnt3a_CM was supplemented with 1% v/v Glutamax, 1% v/v HEPES, Nor-
mocin (1:500), 2% v/v B27, 1% v/v N2, EGF (100 ng.mL-1), human R-Spondin 1
(200 ng.mL-1), Noggin (100 ng.mL-1), CHIR99021 (3 μM), valproic acid (1 mM).
As control, conditioned medium was also obtained from L-cell line (ATCC R© CRL-
2648TM), mouse fibroblasts from subcutaneous connective tissue, the parental line
that doesn’t produce Wnt3a. The medium obtained from the culture of L-cell line
is referred as L-cell conditioned medium (L-cell_CM). Both of the cell lines were
provided by the Laboratory of Prof. Eduard Batlle at Institute for Research in
Biomedicine (IRB, Barcelona, Spain).

1.2.4.3 Culturing of intestinal epithelial monolayers with conditioned cell
culture media (ISEMF_CM and Wnt3a_CM)

The ibidi μ-Slides were first coated with a thin layer of Matrigel R©, and seeded
with crypt pieces obtained from the organoid cultures (Section 1.2.3). The seeding
density range used was 700-1500 crypts.cm-2. Each sample was cultured with a
different conditioned medium and maintained for up to 10 days. The combined
effect of ISEMF_CM and Wnt3a_CM was tested by mixing these media in 1:1
ratio. Besides the Wnt3a_CM, commercially available recombinant Wnt3a (50
ng.mL-1, Abcam) was also tested in order to better control the amount of Wnt3a
added. The surface coverage was measured from bright field images obtained
from 12 randomly selected regions for each sample in a total of three samples for
each condition (n = 3) by manually delimiting the monolayer area using ImageJ
software. The data were processed and plotted with OriginPro 8.5 software.

1.2.5 The effect of asymmetric administration of ISC niche factors and
substrate rigidity on cellular phenotype

In a standard 2D tissue culture plate, intestinal cells receive the ISC niche bio-
chemical factors only from the apical side and they are attached to the substrate
at the basolateral side. Having an access to both apical and basolateral sides of the
cell monolayer permits the study of the effects of asymmetric administration of
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ISC niche biochemical factors on the intestinal cell phenotype. By asymmetric ad-
ministration we mean the delivery of the ISC niche biochemical factors from the
basolateral side like in vivo. To achieve that, Transwell R© setup was adopted since
it separates the cell culture well into two parts permitting access to both sides
of the cell monolayer. The inserts were coated with 10 μL of Matrigel R© to yield
thin layers of less than 20 μm in thickness (referred as "Hard"), and with 80 μL of
Matrigel R© to yield thick layers of ≈ 2 mm in thickness (referred as "Soft"). The
ISC niche biochemical factors were added only to the basolateral side in the case
of asymmetric administration and both to the basolateral and apical sides in the
case of uniform administration (Figure 1.7). A generic term ’ISC niche biochem-
ical factors’ is used to refer to the essential ingredients of the organoid growth
medium. The detailed medium contents can be found in the corresponding fig-
ure captions.

Figure 1.7: Overview of the culturing methodology used to investigate the effect asymmetric
administration of the stemness factors and the substrate rigidity.

Organoid-derived crypt suspension was prepared by a mild digestion pro-
tocol as explained previously (Section 1.2.2). Crypts were seeded at a density
of 3000-3500 crypts.cm-2 using an initial volume of 30-50 μL on the Transwell R©

inserts coated with Matrigel R© as explained above. 500 μL of culture medium con-
taining ISC niche biochemical factors was added to the basolateral side (bottom
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compartment) and after letting cells attach for couple of hours more medium was
added to the upper compartment completing it to a total of 200 μL. Under asym-
metric administration, the ISC niche factors were added only to the basolateral
side, while under uniform administration they were added both to the apical and
basolateral side. The medium added to the upper compartment in asymmetric
condition was standard organoid growth medium without the ISC niche factors
and it was changed everyday to remove the factors diffused to the upper chamber
with time of culture. The culture medium containing ISC niche biochemical fac-
tors was either ENR_CV medium, or ISEMF_CM containing ENR_CV and Wnt3a.
The intestinal cells were cultured for 10 or 20 days depending on the experiment
and indicated in the corresponding figure legends.

1.2.6 Histological characterization

The cells were fixed with 10% neutralized formalin, permeabilized with 0,5% v/v
Triton X-100, and blocked with a blocking buffer containing 1% w/v BSA, 3%
v/v donkey serum, and 0,2% v/v Triton X-100 in PBS for at least two hours. Pri-
mary antibodies used were: rabbit anti-GFP (1:100, Life Technologies), goat anti-
GFP (1:100, Abcam), rabbit anti-Ki67 (1:100, Abcam), mouse anti-Ki67 (1:100, BD
Biosciences), rabbit anti-lysozyme (Lyz) (1:100, Dako), goat anti-zonula occludens
1 (ZO-1) (1:100, Abcam), mouse anti-cytokeratin 20 (CK20) (1:100, Dako), rab-
bit anti-Cleaved Caspase-3 (1:200, Cell Signaling Technology), goat anti-EPHB2
(1:200, R&D Systems). All samples were incubated with the primary antibody
overnight at 4◦C followed by 1 h incubation at RT with secondary antibodies:
Alexa Fluor R© 568 and Alexa Fluor R© 488 donkey anti-goat, Alexa Fluor R© 647 don-
key anti-rabbit (Jackson ImmunoResearch), and Alexa Fluor R© 488 donkey anti-
mouse diluted at 1:500. Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (1:1000). Alexa Fluor R© 568 phalloidin was used to stain filamentous actin
(F-actin). The samples were mounted with Fluoromount-G R© (SoutherBiotech).
For the detection of mucus, the samples were washed thoroughly with tap water
and stained with periodic acid-Schiff (PAS) (Sigma) following the manufacturer’s
protocol. The Matrigel R© layer was detected with an antibody against laminin
raised in rabbit (1:500, Abcam). For the characterization of ISEMFs, antibod-
ies against α-smooth muscle actin (α-SMA) (1:100, Sigma), desmin (1:100, Ab-
cam) and fibronectin (1:100, Sigma) all raised in rabbit, and anti-vimentin raised
in mouse (1:100, Developmental Studies Hybridoma Bank) were used. All the
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reagents were obtained from Invitrogen unless stated otherwise. The fluores-
cence images were acquired using confocal laser scanning microscopy (CLSM)
(TCS SP5, Leica) with 10x dry (N.A. = 0,40), 20x dry (N.A. = 0,70) and 40x oil
(N.A. = 1,25) objectives at randomly selected locations. The laser excitation and
emission light spectral collection were optimized for each fluorophore. For the
four color scans the emission bands were adjusted to avoid overlapping of the
channels. The pin hole diameter was set to 1 Airy Unit (AU). For images acquired
at 10x and 20x, a z-step of 1 μm, and for images acquired at 40x a z-step of 0,5
μm were used. The cross-section images of the monolayer was obtained from the
orthogonal views of the stacks acquired at 40x. The cell heights were measured
from the orthogonal views of the stacks at 40x magnification at 10 randomly se-
lected locations for each sample (n = 3). The bright field images were obtained by
an inverted microscope (Eclipse Ts2, Nikon).

1.2.7 EdU pulse-chase experiment for evaluating the monolayer forma-
tion

5-ethynyl-2-deoxyuridine (EdU) is a nucleoside analog of thymidine and is incor-
porated into DNA during active DNA synthesis [45]. When introduced into the
culture medium (EdU-pulse) cells incorporate EdU into its DNA and once it is re-
moved from the media, it remains incorporated into DNA and it is transferred to
the progeny if the cells are actively dividing. Therefore, we hypothesized that by
analyzing the cultures at specific time points after the EdU pulse was removed,
we could evaluate the origin of the cells forming the monolayer. EdU staining was
performed following the manufacturer’s protocol (Click-iT R© Plus EdU imaging
kit, Invitrogen). Briefly, crypts were cultured on ibidi μ-Slides functionalized with
a thin coating of Matrigel R©, as explained previously. After 1 day in culture, cells
were incubated with EdU (10 μM) for 2,5 h. After the removal of the pulse one of
the plates was fixed immediately with 3,7% formaldehyde (Electron Microscopy
Science) for 15 min at RT. The other plates were fixed after 1 day following the
removal of the EdU pulse. The samples were permeabilized with 0,5% v/v Tri-
ton X-100 in PBS for 20 min and EdU was detected using Click-iT Plus EdU Alexa
Fluor 488 imaging kit. Subsequently, the samples were washed with 3% w/v BSA
in PBS and incubated with primary antibodies against Ki67 raised in rabbit (1:100)
and ZO-1 raised in goat (1:200) overnight at 4◦C. Ki67 was used to mark the pro-
liferative cells at the moment of fixation and ZO-1 to assess the maturation of the
epithelial cells. Later, the samples were stained with the secondary antibodies,
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donkey anti-rabbit Alexa Fluor R© 647 and donkey anti-goat Alexa Fluor R© 568, for
1 h at RT. Nuclei were stained with Hoechst 33342 (10 μg.mL-1, Click-iT, invitro-
gen) for 30 min at RT.

1.2.8 Image analysis

The quantification of the intestinal epithelial cell markers GFP (for stem cells),
Ki67 (for proliferative cells), and cytokeratin 20 (CK20) (for terminally differenti-
ated enterocytes and Goblet cells), with respect to the total cell number was esti-
mated by a custom ImageJ macro provided by the Advanced Digital Microscopy
(ADM) Unit of Institute for Research in Biomedicine (IRB) (see Appendix B for
the macro code). The sequence of operations performed in the macro is reported
below:

1) Compute maximum intensity Z-projection (all channels).
2) Apply Laplacian of Gaussian filter to DAPI channel image.
3) Detect salient regional intensity minima in filtered DAPI image.
4) For each marker, measure mean intensity in corresponding channel inside

disks (r = 3 pixels) centered on detected minima; for disks with mean intensity
above user defined threshold, count nucleus as positive for this label.
When the whole field of view was not covered by the monolayer, an additional
step was applied after step 3 to discard nuclei falling outside the cell monolayer.
To do so, a segmentation mask was obtained by Gaussian filtering the actin chan-
nel image and thresholding at a fixed level. All filters’ radii were adjusted accord-
ing to estimated nuclei size (r ≈ 6 pixels) at the imaging magnification. Nuclei
detection sensitivity (noise tolerance) was adjusted empirically to lead to most
accurate detection. All thresholds were adjusted to local intensity estimates per-
formed inside user selected regions (actin channel, inside monolayer; weakest
positive cell in label channels). The accuracy of the results was validated from
summary images displaying colored markers at negative/positive nuclei posi-
tions overlaid over the projected image stacks. For each sample, the CLSM stacks
were acquired at five to eight randomly selected locations within the same mono-
layer and were quantified. The data were processed and plotted with OriginPro
8.5 software.

1.2.9 Time-lapse microscopy for evaluating the monolayer formation

Digested intestinal epithelial crypts were seeded on ibidi μ-Slides coated with
Matrigel R©, as previously explained (Section 1.2.3). Formation of the epithelial
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monolayer was monitored by time-lapse microscopy experiments, conducted
at 10x magnification with Axio Observer 7 epifluorescence inverted microscope
(Zeiss) with temperature (37◦C), humidity and CO2 (5%) regulation. Phase
contrast and GFP channels were used and images were acquired every 5 minutes
up to first 60 hours of the culture to evaluate the monolayer formation. The
time-lapse videos and fluorescence images were processed with ImageJ software.

1.2.10 Transepithelial electrical resistance (TEER) measurements of ep-
ithelial monolayers

Transepithelial electrical resistance (TEER) is a quantitative, non-invasive tech-
nique to assess barrier tissue integrity in vitro [30, 31]. The standardized setup for
TEER measurement consists of culturing epithelial monolayers on semiperme-
able membrane inserts (Transwell R©) that create two separate compartments (api-
cal and basolateral compartment). Then, by placing an electrode on each of these
compartments, the electrical resistance across the cell layer is measured (Figure
1.8 A). In this study, an EVOM2 epithelial voltohmmeter (World Precision Instru-
ments) (Figure 1.8 B) that uses a 12,5 Hz square-wave alternating current (AC)
signal, together with STX3/"chopstick" electrodes (World Precision Instruments)
(Figure 1.8 C) was used to measure TEER.

Figure 1.8: Scheme showing the standardized setup for TEER measurements by voltohmmetry
(A). EVOM2 epithelial voltohmmeter (B), and STX3/"chopstick" Ag/AgCl electrode pair (C)
used.

The Transwell R© inserts (6,5 mm diameter, 0,4 μm pore size) were coated with
a thin Matrigel R© layer and were seeded with intestinal organoid-derived crypts,
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as explained in section 1.2.3. The seeding density range used was 3000-3500
crypts.cm-2. ISEMF_CM supplemented with ENR_CV and Wnt3a (25 ng.mL−1)
was added only to the basolateral side in the case of asymmetric administra-
tion of ISC niche biochemical factors and both to the basolateral and apical sides
in the case of uniform administration. To measure TEER the electrodes were
placed on the apical and basolateral sides of the inserts. The monolayer elec-
trical resistance, Rmonolayer, was obtained by subtracting the intrinsic resistance
(membrane-Matrigel R©, Rblank) from the total resistance measured (membrane-
Matrigel R©-cells, Rtotal) (Eqn. 1.1) and corrected for total surface area (TSA), which
is 0,33 cm2, to be expressed as ohm.cm2 (TEERmonolayer) (Eqn. 1.2). The data were
processed and plotted with OriginPro 8.5 software.

Rmonolayer = Rtotal −Rblank (1.1)

TEERmonolayer = Rmonolayer . TSA (1.2)

1.2.11 Statistical analysis

The statistical comparison was performed using two tailed, unequal variances
Student’s t-test and p<0,05 was considered significant. The error bars in the fig-
ures represent the standard deviations of at least two independent experiments
with three technical replicas. The data were processed and plotted with OriginPro
8.5 software.
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1.3 Results

1.3.1 Generation of epithelial monolayers from organoid-derived
crypts

Small intestinal crypts were obtained by a mild digestion of the organoids and
were seeded on top of either a thin film or a thick layer of Matrigel R©. Two extreme
conditions in thickness were selected to compare the intestinal cell growth phe-
notype. In order to obtain a thin film a 10 μL of Matrigel R© was used. Matrigel R©

is a gelatinous protein mixture commonly used as basement membrane substi-
tute for in vitro cultures of intestinal stem cells [16, 20, 23, 46] and mainly con-
sists of laminin, a key protein in cell anchorage to the extracellular matrix [47].
To be able to visualize the Matrigel R©, the films were stained with an antibody
against laminin and from the confocal microscopy stacks their thicknesses were
estimated. Uniform coatings were obtained as seen in Figure 1.9 and the average
thickness was estimated to be 2,9 ± 0,1 μm using proper image analysis tech-
niques (see Section 1.2.3.1). Matrigel R© thick layers, on the other hand, were ob-
tained by adding sufficient amount of volume to yield a gel of ≈ 2 mm height.
The volumes needed to obtain this thickness was calculated by multiplying the
surface area of the substrate by the height we wanted to obtain, i.e. 2 mm. The
gels formed using large volumes (see Section 1.2.3.2 for details) were visibly thick
and their thickness could be measured with the help of a ruler.
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Figure 1.9: Laminin immunofluorescence showing the top view of a Matrigel R© thin film and
two representative orthogonal sections taken along the corresponding yellow lines (Left panel).
Zoomed image of the Matrigel R© thin film and an orthogonal section (right panel). Film thickness
value (2,9 ± 0,1 µm) is the mean of the thickness values measured at 20 different regions for each
of three technical replicas (n = 3). Scale bars: 50 µm.

It was previously demonstrated that when the gel thickness was less than 20
μm the apparent stiffness of the material was reaching that of the underlying sub-
strate [40]. In our experimental setup, the thin film thickness is much less than
that value. Therefore, the apparent stiffness for the cells is much closer to that
of the underlying polystyrene. Polystyrene is the most commonly used 2D tis-
sue culture substrate and it is reported to have a Young’s modulus of ≈ 3 GPa
[48]; whereas, Matrigel R© itself is a much softer material (Storage modulus ≈ 50
Pa [49]). Consequently, the substrates coated with a thin film of Matrigel R© were
apparently ’Hard’, while the ones coated with a thick layer were ’Soft’. This dual-
ity was found to be dictating the intestinal cell growth phenotype (Figure 1.10 A).
Organoid-derived crypt pieces formed monolayers when cultured on hard sub-
strates (Figure 1.10 B); while on soft substrates they grew into intestinal organoids
(Figure 1.10 C). In addition, immunofluorescence for Ki67, a cellular marker for
proliferation [50], revealed that intestinal epithelial monolayers grown on ’Hard’
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substrates contained proliferative (Ki67+) and non-proliferative cells found in dis-
tinct domains. Samples were covered by foci of packed proliferating cells sep-
arated by non-proliferating areas in accordance with recently published results
[29]. Therefore, hard Matrigel R©-coated substrates seem to provide a suitable en-
vironment that favors both ISC division and epithelial monolayer formation.

Figure 1.10: Scheme depicting the experimental protocol used (A). Immunostaining of mouse
organoid-derived crypts cultured on a thin layer (2,9 ± 0,1 µm) (B), and a thick layer (≈ 2 mm
height) of Matrigel R© (C) after 5 days of culture. Hard substrates facilitate the formation of intesti-
nal epithelial cell monolayers while in soft substrates intestinal epithelial cells grow as intestinal
organoids. Scale bars: 100 µm.

To investigate epithelial monolayer formation on Matrigel R©-coated hard sub-
strates, we used cells derived from Lgr5-EGFP-ires-CreERT2 intestinal organoids
[18]. These organoids express GFP under the control of the stem cell marker
Lgr5, which allows ISC tracking. Time-lapse microscopy experiments showed
that organoid-derived crypt pieces, containing ISCs marked by GFP, rapidly self-
organized to acquire crypt base columnar phenotype, intercalated by presumably
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Paneth cells, and formed the crypt-like domains (Figure 1.11 A). Then, the intesti-
nal epithelial cells started to migrate out forming the monolayer. The GFP signal
was absent in the migrating monolayer, indicating the loss of Lgr5 expression;
and therefore, suggesting the differentiation of the Lgr5 stem cells (Figure 1.11 B).
Clearly, the epithelial cultures had two distinct regions: Lgr5+ crypt-like domains
and Lgr5- migrating monolayers.

Figure 1.11: Time-lapse image sequence showing the self-organization of the GFP+ Lgr5 stem
cells (indicated by white arrowheads) into crypt base columnar phenotype and the formation of the
crypt-like domain (A). Scale bars: 50 µm. Image sequence showing the intestinal cells migrating
out of the GFP+ crypt-like domain and generating the monolayer (B). Scale bars: 100 µm. The
time scales, indicated in hours, marked at the upper-left corners of the images.

The results of the EdU pulse-chase experiment also supported the findings of
live-imaging. The EdU+ proliferative cells that were initially at the crypt-like re-
gion (Figure 1.12 A) generated the monolayer after 1 days of chase (Figure 1.12 B).
A part of EdU+ cells were Ki67-, indicating that despite they were originated from
proliferative cells (EdU+) present at the crypt-like domain, they stopped dividing
(Ki67-), and presumably committed to differentiate into mature intestinal epithe-
lial cells. The Ki67- cells also showed marked accumulation of the tight junction
protein zonula occludens 1 (ZO-1) at the cell membrane (Figure 1.12 B) as an evi-
dence of tight junction maturation [51]. Overall, both the time-lapse microscopy
analysis and EdU pulse-chase experiment demonstrated that, when seeded on
hard substrates, organoid-derived crypt pieces self-organized into crypt-like do-
mains where GFP+ Lgr5 stem cells and Ki67+ proliferative transit-amplifying cells
were present. Then, the intestinal cells migrated out to generate the epithelial
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monolayer while losing their proliferative state. This suggests that the 2D in-
testinal epithelial model we describe here recapitulates the intestinal epithelial
physiology in vivo, where the Lgr5 stem cells present in the crypts divide to pro-
duce highly proliferative transit-amplifying cells that migrate up along the villi
and gradually differentiate into the specific intestinal lineages [1, 2]. In a recent
study, Thorne et al. reported similar findings. They demonstrated that the Ki67+

proliferative cells self-organized to form the crypt-like domains, and then, the
progeny of these cells formed to monolayer over a period of 3 days [29]. Such in
vitro models that reproduce in vivo intestinal epithelial physiology can be power-
ful tools in the studies of basic biology of the epithelium and microbe-epithelium
interaction. The fact that they provide access to the apical surface without the
need for labor-intensive techniques (like microinjection) is a great advantage as
most of the physiologically relevant assays require the access to the apical side.
Also, these monolayers obtained on 2D flat surfaces in well-plate format can be
used in high-throughput imaging assays and automated quantification of both
cell- and tissue-level properties.

Figure 1.12: Immunofluorescence images of EdU pulse-chase experiment co-stained for Ki67 and
ZO-1 at 0 chase (A), and after 1 day chase (B). The intestinal cells were pulsed with EdU for 2,5
hours 1 day after the seeding. White arrowheads point at the marked accumulation of the ZO-1
signal. Yellow arrowheads indicate the double positive cells for Ki67 and EdU. Scale bars: 50 µm.
Images are representative of two independent experiments (n = 2).
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In order to test the regenerative capacity of the 2D intestinal epithelial model,
the monolayers were mechanically disrupted and passed to freshly coated new
wells after one week in culture. The intestinal epithelial cells were able to regen-
erate monolayers and acquire similar phenotypes, i.e. crypt-like domains and
non-proliferative spreading monolayers, even after passages. Figure 1.13 shows
the monolayers at passage 0 (P0) (A) and at passage 2 (P2) (B). The fact that the
passed cells can regenerate a monolayer suggests that a proportion of prolifer-
ative cells is maintained throughout the culture period, supported by the im-
munofluorescence for Ki67 revealing numerous Ki67+ crypt-like domains after
passage 2 (Figure 1.13 B). This finding demonstrates that our 2D intestinal ep-
ithelial model could be propagated in vitro. In a work published by Wang et al.
the epithelial monolayers obtained from freshly isolated crypts were also shown
to have regenerative capacities [28]. The possibility of long-term propagation of
primary intestinal epithelial cells as 2D monolayers in a format that allows facile
access to the luminal surface, in contrast to 3D organoid culture systems, empow-
ers their use as in vitro tools in studies that require exposed apical surfaces.

Figure 1.13: Immunofluorescence for Ki67 showing intestinal epithelial monolayers at passage 0
(P0) at day 7 (A) and at passage 2 (P2) at day 11 (B). Monolayer phenotype, crypt-like domains
and non-proliferative spreading monolayer, was still maintained after passages. Scale bars: 100
µm. The findings are representative of three independent experiments.

The cell death in the 2D intestinal epithelial model was studied by immunoflu-
orescence and time-lapse microscopy analysis. Immunofluorescence for cleaved
caspase-3 (CC-3), a protein that plays a central role in cell apoptosis (cell death)
[52], showed that the cells were undergoing apoptosis mainly at the epithelial
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borders (Figure 1.14 A). Time-lapse microscopy analysis also supported this find-
ing. Figure 1.14 B shows an image sequence of a cell extruded near the epithelial
border, very much like in vivo intestine, where the epithelial cells shed off at the
tips of the villi into the lumen [53]. In a recent study similar observations were
made on epithelial monolayers derived from organoids, where apoptotic cells
were identified at the epithelial border [29]. Whether apoptosis precedes or fol-
lows intestinal epithelial cell shedding is a matter of debate [54]. Similar to what
we report here, in vitro studies showed that majority of the cells that were being
extruded from epithelial monolayers expressed apoptosis markers, such as CC-3
[55]. On the other hand, live cell extrusion activated by stretch sensitive ion chan-
nels was also reported [54]. The extruded cells subsequently underwent anoikis
[56]. However, in this scenario apoptosis may have already begun prior to extru-
sion and may have signaled extrusion itself. Either way, intestinal cell shedding
occurs predominantly at the villus tip in the small intestine, similar to what we
observe in the 2D intestinal epithelial monolayer model.

Figure 1.14: Immunofluorescence for CC-3 of epithelial monolayers after 7 days in culture show-
ing cell death at the epithelial border (A). Yellow arrowheads mark apoptotic cells. Images are
representative of three technical replicas (n = 3). CC-3: Cleaved Caspase-3. Time-lapse image se-
quence of epithelial monolayers cultured for 7 days showing a cell dying off at the epithelial border
(B). Images are representative of two independent experiments. Scale bars: 50 µm.

Overall, time-lapse microscopy analysis and immunofluorescence character-
izations demonstrated that in our 2D intestinal epithelial model Lgr5 stem cells
at the crypt-like domain divide to give rise to an epithelial monolayer. As the
intestinal cells divide and migrate out of the crypt-like domains, they lose their
proliferative state and eventually die at the epithelial border very much like in
vivo intestine.
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1.3.2 Histological characterization of the monolayers

In order to better identify the different cell types constituting the intestinal ep-
ithelial monolayers, several markers were checked. CK20, a marker for mature
enterocytes and Goblet cells [57], was present in the cells near the epithelial bor-
der (Figure 1.15 A), demonstrating that the major part of the non-proliferative
spreading monolayer was, in fact, consisting of terminally differentiated cells.
Therefore, it will be referred as the ’villus-like domain’. The villus-like and crypt-
like domains occupied distinct regions within the monolayer (Figure 1.15 A). The
crypt-like domains were formed by a pool of cells double positive for GFP and
Ki67, corresponding to actively dividing Lgr5+ stem cells (Figure 1.15 B). Also,
GFP+ Lgr5 stem cells, and Lyz+ Paneth cells were both positioned at the crypt-
like domains (Figure 1.15 C) suggesting that, like in vivo intestine, in the 2D model
Paneth cells formed part of the stem cell niche. Accumulation of the tight junc-
tion protein ZO-1 at the cellular membrane (Figure 1.15 D), specifically at the
apical tips (Figure 1.15 D’) and the F-actin at the apical side (Figure 1.15 E, E’)
demonstrated correct apical basal polarization of the cells as an indicator of ma-
ture differentiated cells found in the monolayer. The cells forming the monolayer
displayed a polygonal morphology (F-actin staining) typical of epithelial cell lay-
ers. Moreover, PAS staining showed the presence of mucus secreting Goblet cells
close to the epithelial border (Figure 1.15 F). Altogether, the histological charac-
terization of the cultures demonstrated that the 2D intestinal epithelium model
was formed of crypt-like domains containing Lgr5 stem, Paneth and proliferative
transit-amplifying cells, and villus-like domains containing mature enterocytes
and Goblet cells with the correct apical polarization of the tight junction protein
ZO-1 and F-actin. This characterization also showed that in terms of tissue or-
ganization (crypt-villus domains) and cell-type composition our 2D intestinal ep-
ithelial model resembled very much the in vivo intestinal epithelium. Previously,
epithelial monolayers derived from intestinal organoids [29] were also shown to
contain all major intestinal cell types organized into crypt-villus units. Such in
vitro systems are physiologically more relevant in better representing the multi-
cellular heterogeneity and tissue organization, to be used in novel assays, phar-
maceutical and dietary compounds’ screens that are otherwise performed with
colon cancer cell lines, such as Caco-2.
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Figure 1.15: Immunofluorescence for Ki67 and CK20 showing distinct compartments of the crypt-
like domain (Ki67+) and the villus-like (CK20+) (A); for GFP and Ki67 showing the Lgr5 stem
(GFP+) and proliferative TA cells (Ki67+) localized at the crypt-like domain (B); and for Lyz and
GFP showing the presence of Paneth (Lyz) and Lgr5 stem cell (GFP) couples within the crypt-like
domain (C). Scale bars: 100 µm. Immunofluorescence of the monolayers for tight junction protein
ZO-1 showing its membrane localization (D). Monolayer side view showing ZO-1 concentrated at
the cell junctions (D’). F-actin staining revealing the poligonal morphology (E), and the monolayer
side view showing appropriate apical basal polarity with actin concentrated at the apical surface
(E’). Scale bars: D, E: 50 µm, D’, E’: 10 µm. PAS staining confirming the presence of Goblet cells
at the epithelial border (F). Scale bar: 100 µm. ZO-1: zona occludens 1, CK20: cytokeratin 20,
Lyz: lysozyme, PAS: Periodic acid-Schiff base.
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1.3.3 Obtaining epithelial monolayers with functional tissue barrier
properties

Intestinal epithelium is one of the most important tissue barriers in the body. Ob-
taining an in vitro epithelium model from intestinal organoid-derived crypts with
functional tissue barrier properties is of great interest as it would allow the use
of patient’s own intestinal epithelial cells to screen for novel therapies, and per-
form clinical testing to assess the efficacy of a particular therapy. Recent studies
reported the development of 2D cultures of intestinal epithelium with tissue bar-
rier properties with the use of cell culture media rich in ISC niche factors such
as Wnt pathway activators [22, 27, 35]. Here, we also tested different cell culture
medium compositions (e.g. ISEMF_CM, Wnt3a_CM, and recombinant Wnt3a)
and also the culturing time in the pursuit of determining the parameters neces-
sary to obtain an intact in vitro epithelium.

1.3.3.1 Effect of the culturing time on epithelium growth and integrity

To achieve epithelial monolayers with functional tissue barrier properties, as a
first approach, culturing the intestinal cells for prolonged periods of time was
tried. However, even though cells were viable for up to 28 days, monolayers with
full surface coverage were not obtained (Figure 1.16). Moreover, compared to the
epithelium formed at day 7 and day 14 (Figure 1.16 A, B), significant changes
in the cellular morphology were noted at day 21 and 28 (Figure 1.16 C, D). The
polygonal phenotype, characteristic of the epithelial cells, was lost and aberra-
tions in actin cytoskeleton were observed. Therefore, it was concluded that not
only it was not possible to obtain intact monolayers by only culturing them for
prolonged times but also it was not desired since the epithelial phenotype was
lost at longer time points. The studies in which the epithelial monolayers de-
rived from intestinal crypts or organoids were assayed, the culture times used
were short (from 3 days to a maximum of 8 days) [22, 27, 35]. This might be due
to the undesired effects of prolonged culturing times as we demonstrated here.
Instead, in these studies cell culture media enriched for ISC niche biochemical
factors were used to obtain epithelial monolayers that cover the entire substrate
surface [22, 27, 35]. In what follows, we present the study we performed on the
effects of such cell culture media enriched for ISC niche biochemical factors in the
effort of forming epithelial monolayers with effective tissue barrier properties.
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Figure 1.16: Fluorescence staining for F-actin and nucleus showing the epithelial morphology
after 7 (A), 14 (B), 21 (C), and 28 (D) days of culture. Morphological changes can be noted due
to prolonged periods of culture time. Images are representative of three technical replicas (n = 3).
Scale bars: 100 µm.

1.3.3.2 Effects of conditioned cell culture medium (ISEMF_CM and
Wnt3a_CM) on the growth of epithelial monolayers

The principal driver of the stem and transit-amplifying cells’ proliferation in the
intestinal epithelium is the canonical Wnt pathway [2, 58]. The main sources of
Wnts in vivo are Paneth cells that produce Wnt3 [59], and intestinal subepithelial
myofibroblasts (ISEMFs) that produce Wnt pathway activators, including Wnt2,
Wnt2b, Wnt4, Wnt-5a, and Wnt9b [41–43], and the enhancers of the Wnt path-
way, R-Spondin 2 and R-Spondin 3 [43, 60, 61]. It has been shown that the ISEMFs
supported and enhanced the growth of organoids obtained from intestinal crypts
[60, 62]. Here, we studied the effect of exogenous sources of Wnt pathway acti-
vators (like the ones found in the conditioned cell culture media obtained from
ISEMF and Wnt3a producing cell line) added to culture medium on the epithelial
monolayer growth and barrier formation. For that, the conditioned media was
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produced from primary intestinal subepithelial myofibroblasts (ISEMFs) isolated
from mouse colon and a Wnt3a producing cell line.

First, isolated ISEMFs (Section 1.2.4.1) were characterized by immunofluores-
cence in order to be sure that the isolated cells had the correct phenotype. ISEMFs
are found right below the epithelium in the lamina propria (mesenchyme) sur-
rounding the crypts and they are fibroblasts that exhibit contractile behavior with
a central role in the restoration of the damaged epithelium (see General intro-
duction) [63]. These cells express α- smooth muscle actin (α- SMA), a common
marker for myofibroblasts [64, 65], and vimentin, a type III intermediate filament
found in mesenchymal cells [66], but they are negative for desmin, a type III inter-
mediate filament only found in muscle cells [66]. Immunofluorescence for these
markers revealed that, indeed, isolated ISEMFs were positive for α- SMA and vi-
mentin (Figure 1.17 A, B), and negative for desmin (Figure 1.17 C). This character-
istic staining (α- SMA+, vimentin+, desmin-) confirmed the phenotype of isolated
ISEMFs [60, 62].

Figure 1.17: Immunofluorescence of ISEMFs stained characteristically positive for α-smooth
muscle actin (α-SMA) (A), and vimentin (B), and negative for desmin (C). Counterstaining was
done with Hoechst 33342. Scale bars: 50 µm.

ISEMF_CM was collected from isolated ISEMFs as explained in section
1.2.4.1. Wnt3a_CM and L-cell_CM were collected from the cultures of com-
mercially available L-Wnt3a producing and parental L-cell line, respectively
(Section 1.2.4.2). Organoid-derived crypts were cultured with the different
conditioned media supplemented with ENR_CV. As controls, conditioned
media not supplemented with ENR_CV were also tested. At dat 4 of culture,
ISEMF_CM (Figure 1.18 A) had a pronounced effect on improving the surface
coverage of the monolayer compared to the ENR_CV control (Figure 1.18 C);
while there was no obvious difference in monolayer surface coverage between
Wnt3a_CM, L-cell_CM (Figure 1.18 D, F) and ENR_CV control. Monolayers
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grew only when the conditioned media were supplemented with ENR_CV;
otherwise cells died in clumps (Figure 1.18 B, E). Some of the adherent cells
found in the first days of culture were very short-lived (Figure 1.18 B). This
suggested that, by itself, the ISC niche factors found in the conditioned media
tested here were not sufficient in supporting the growth of the organoid-derived
crypts. Therefore, the conditioned media had to be supplemented with ENR_CV
prior to use. On the other hand, we observed a synergistic effect in the case of
ISEMF_CM. When supplemented with ENR_CV, the monolayer growth was
significantly improved with respect to ENR_CV alone (Figure 1.18 A, C). Wnt2b
(secreted by ISEMFs in vivo) was shown to rescue organoids derived from Wnt3fl

mice (Wnt3 allele deleted upon induction) compensating the loss of Wnt3 [42].
R-Spondin 2 secreting ISEMFs were shown to support organoid growth even
in the absence of exogenous R-Spondin 1 [60]. These findings reported in the
literature might explain the monolayer growth induction we observed with the
use of ISEMF_CM. The fact that there was no obvious effect of the Wnt3a_CM
with respect to ENR_CV alone was unexpected, since Wnt3a is the effector of
the canonical Wnt pathway, the principal driver of Lgr5 stem cell proliferation
in vivo. Yet, fast degradation of the cell line produced Wnt3a due to storage
conditions of the conditioned medium, i.e. freeze-thaw cycles, prolonged storage
at 4◦C might explain why there was no obvious effect on monolayer growth
[67]. The standard growth media of the parental L-cell line contains 10% FBS so
does the L-cell_CM. However, there was no obvious effect of the FBS (L-cell_CM
vs. ENR_CV) on the monolayer growth either (Figure 1.18 C, F). Cell culture
medium containing both ISEMF_CM and Wnt3a_CM was also tested (Figure 1.18
G) in order to check for the synergistic effects of the factors secreted by the myofi-
broblasts, i.e. Wnt2b and R-Spondin 2, and the Wnt3a. There was a pronounced
increase in surface coverage compared to the ENR_CV control. However, most
likely this increase was due to the ingredients provided by ISEMF_CM since
Wnt3a_CM alone did not show a proliferative effect (Wnt3a_CM vs. ENR_CV).
Moreover, the quantification of the surface coverage of the monolayers revealed
that both ISEMF_CM and ISEMF_CM + Wnt3a_CM conditions induced ≈ 2,5
fold increase.
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Figure 1.18: Representative bright field images of the epithelial monolayers cultured with
ISEMF_CM + ENR_CV (A), ISEMF_CM - ENR_CV (B), ENR_CV (C), Wnt3a_CM +
ENR_CV (D), Wnt3a_CM -ENR_CV (E), L-cell_CM + ENR_CV (F), and ISEMF_CM +
Wnt3a_CM + ENR_CV (G) after 4 days of culture (n = 2). Cells died when the culture me-
dia wasn’t supplemented with ENR_CV (indicated by black arrowheads). Some cells adhered even
in the absence of ENR_CV (indicated by yellow arrowhead); however, they were very short-lived.
Black dashed lines mark the epithelial border. Images are representative of two technical replicas
(n = 2). Scale bar: 100 µm.

This preliminary assessment showed that it was possible to improve the
surface coverage of epithelial monolayers derived from organoids by using
ISEMF_CM at 4 days of culture. Then, the cultures were further continued until
day 9 to see if the monolayer growth advanced with more time; however, no sig-
nificant increase in the monolayer expansion was observed. Immunofluorescence
images of cultures fixed at day 9 clearly showed that full surface coverage wasn’t
reached with prolonged culturing times (Figure 1.19). In addition, significant
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changes in the cellular morphology were noted at the samples cultured with
conditioned media (Figure 1.19 A, B) with respect to controls (Figure 1.19 C). The
polygonal phenotype, characteristic of the epithelial cells, was lost and multilay-
ers of cells were observed. However, one can still appreciate the formation of the
Ki67+ crypt-like domains and the non-proliferative spreading monolayer at day
9, when organoid-derived crypts were cultured with only ENR_CV (Figure 1.19
C).

Obtaining epithelial monolayers covering the entire surface of the substrate is
indispensable in its proper barrier functionality. Our findings demonstrated that
the use of ISEMF_CM (supplemented with ENR_CV) could be used to improve
the surface coverage of the epithelial monolayers. Further ingredients such as
Wnt3, principle activator of the Wnt pathway, can be tested in the effort of finding
the optimal conditions.

Figure 1.19: Immunofluorescence images of epithelial monolayers obtained from organoid-derived
crypts cultured with ISEMF_CM + ENR_CV (A), ISEMF_CM + Wnt3a_CM + ENR_CV (B),
and ENR_CV (C) at day 9. Images are representative of two technical replicas (n = 2). Scale bar:
100 µm.

In native intestine, the stem cell proliferation is mainly driven by the Wnt
pathway. The major effector of this pathway is Wnt3 produced by the Paneth cells
[59]. It, then, follows naturally that a medium containing Wnt3a (Wnt3a_CM)
should increase the proliferative capacity of the ISCs in vitro. However, our results
with Wnt3a_CM showed otherwise, no significant increase in epithelial mono-
layer growth was observed with respect to the control. We thought that one possi-
ble explanation of this could be the fast degradation of the cell line produced Wnt
in the medium. Therefore, to better control the amount of active Wnt3a within
the cell culture medium, commercially available Wnt3a was added in controlled
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amounts. The effect of added Wnt3a was evident (Figure 1.20) with surface cov-
erage values being 69,6% ± 2,7% for ISEMF_CM + Wnt3a + ENR_CV after 5 days
of culture, while for ISEMF_CM + ENR_CV and ENR_CV only, it was 50,0% ±
13,3% and 24,0% ± 4,1%, respectively (n = 3). Even though the combined effect
of Wnt3a and ISEMF_CM on the monolayer growth was significant, 100% sur-
face coverage still was not attained. Cultures were not prolonged for further time
points since previous trials showed that after 4-6 days in culture monolayers did
not significantly expand more. Even so, the results demonstrate that ISEMF_CM
supplemented with Wnt3a and ENR_CV can be used in further trials to boost
the epithelial monolayer growth. In literature, similar strategies such as incor-
porating to the cell culture medium exogenous ISC niche biochemical factors,
were adopted to generate epithelial monolayers with tissue barrier functional-
ity in Transwell R© setup [22, 27, 35]. This experimental setup provides access to
both apical and basolateral side of the cell monolayer that allows performing of
functional assays. In what follows, we present how we transfer our 2D epithelial
monolayer model generated on 2D tissue culture plates to Transwell R© format.

Figure 1.20: Representative bright field images of the epithelial monolayers cultured with
ENR_CV (A), ISEMF_CM + ENR_CV (B), and ISEMF_CM + Wnt3a + ENR_CV (C) after
5 days of culture. Graph showing the surface coverage measured from bright field images acquired
at 12 randomly selected regions for each of three technical replicas (n = 3). The data are presented
as mean ± standard deviation. *p<0,01 by Student’s t test. Scale bars: 100 µm.
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1.3.4 Culturing organoid-derived crypts on Transwell R© inserts

Intestinal epithelium is a semipermeable tissue, efficiently absorbing nutrients
and small drug molecules, while blocking the lethal organisms and harmful com-
pounds present in the lumen passing to the underlying tissue (mesenchyme).
This is due to the presence of the tightly packed enterocytes, the dominant cell
lineage (80%) within the epithelium [68]. Therefore, a physiologically relevant in
vitro intestinal epithelial model must demonstrate a proper barrier functionality.
The common way of verifying the barrier integrity of such models is growing the
cells on the so-called Transwell R© insert. The insert has a porous membrane at its
base and separates the medium into two compartments, apical and basolateral,
with the cell monolayer in between. This configuration permits the access to both
apical and basolateral sides (luminal and mesenchymal) and enables to test the
barrier properties regarding selective permeability. In this setup, the monolayer
formation and tight junction integrity can be monitored by the measurement of
a quantitative parameter called Transepithelial electric resistance (TEER). More-
over, by permitting access to both luminal and mesenchymal sides , Transwell R©

setup allows better mimicking of asymmetric condition found in vivo, where the
ISC niche biochemical factors are delivered from the mesenchyme. Therefore,
Transwell R© setup was adopted in our work to improve our in vitro monolayer
model.

1.3.4.1 Effects of asymmetric administration of ISC niche biochemical factors

Organoid-derived crypts were then seeded on Transwell R© inserts coated with
a thin layer of Matrigel R© yielding a ’Hard’ surface and cultured with the ISC
niche factors delivered only at the basolateral compartment for the asymmetric
condition and both at the basolateral and apical compartments for the uniform
condition. As a control, inserts were coated with a thick layer of Matrigel R© to
yield a ’Soft’ surface. Experimental setup used is depicted in section 1.2.5 fig-
ure 1.7. The cell culture medium containing ISC niche factors was selected to be
ENR_CV medium, to be able to distinguish the effects of the asymmetric admin-
istration from the additional effects of the cell culture composition. Intestinal cells
formed monolayers on ’Hard’ surfaces with the asymmetric administration of the
ENR_CV in all the independent experiments tried (n = 4) (Figure 1.21 A); while
under uniform administration of the factors half of the times tested they formed
organoid-like structures (2 in total of 4 independent experiments) and in the other
half, monolayers (Figure 1.21 B, B’). On the other hand, when we have organoid
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forming conditions, that is the ’Soft’ surfaces, the asymmetric delivery of the fac-
tors does not play any role (Figure 1.21 C, D). The fact that only ’Hard’ surfaces
supported the formation of the monolayers, extends the findings of our previous
trials on 2D tissue culture plates (Figure 1.10) to the Transwell R© setup and sug-
gests that the mechanical properties of the underlying substrate trigger the mono-
layer formation rather than the type of the substrate material itself (polystyrene
plates vs. polycarbonate membranes).

Figure 1.21: Representative fluorescence images marking F-actin (red) and nuclei (blue) showing
different growth phenotypes of the intestinal epithelial cells when cultured on ’Hard’ surfaces
under asymmetric (A), and uniform administration (B, B’) (Scale bars: 100 µm); and on ’Soft’
surfaces under asymmetric (C), and uniform administration (D) (Scale bars: 150 µm) of ENR_CV
after 10 days of culture. Images are representative of at least three independent experiments (n =
3).

The asymmetric administration of the ENR_CV (Lgr5 ISC niche factors) might
have a synergistic effect with the mechanical properties of the surface assuring the
formation of the monolayers since half of the times tested under uniform condi-
tion, intestinal cells only formed organoid-like structures. One possible explana-
tion to these observations is that when the intestinal cells receive the ISC niche
factors from all possible directions (uniform condition) they might prefer to grow
as organoids; while when they receive them only from the basolateral side (in
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vitro counterpart of the mesenchyme) they spread out on the surface to access the
necessary growth factors. Although, in the previously published reports, same
culture medium composition was reported to be used for both compartments for
the generation of organoid-derived epithelial monolayers on porous membranes
[22, 27, 69]; the air-liquid interface (ALI), basolateral delivery of the ISC niche
factors, was shown to induce proper differentiation of monolayers obtained from
ISCs [70]. In vivo intestine, the ISCs receive the niche factors to divide to fuel the
epithelial regeneration from the neigboring Paneth cells and the underlying mes-
enchyme (basolateral side) [59]. In this respect, asymmetric administration of the
ISC niche factors (ENR_CV) is more physiologically representative and among
the conditions we tested, it assured the formation of the monolayers (Figure 1.21
A).

Once we established the necessary conditions to obtain monolayers on
Transwell R© setup (’Hard’ substrate and asymmetric administration of ISC niche
factors), we characterized the cellular phenotype of the monolayers formed in
this setup.

1.3.4.2 Characterizing the monolayer cell phenotype on Transwell R© setup

The cell-type distribution of the monolayers formed under the asymmetric ad-
ministration of ENR_CV in Transwell R© setup was characterized by immunoflu-
orescence for Ki67, ephrin type-B receptor 2 (EPHB2), and GFP (Figure 1.22).
EPHB2 is a receptor protein that is highly expressed in ISCs, and becomes grad-
ually silenced as the cells differentiate [71]. A gradient in the expression patterns
of the EPHB2 is observed from crypt bottoms towards villi in vivo [71].

As in 2D tissue culture plate setup, the monolayers were comprised of crypt-
like domains, marked positive for Ki67, EPHB2 and GFP (Figure 1.22 A, B, C), and
spreading non-proliferative monolayer. Numerous islets of EPHB2+ cells were
present in the monolayers (Figure 1.22 B) marking the crypt-like domains. The
EPHB2 fluorescence was gradually faded moving out of these domains forming
a gradient (Figure 1.22 B’), which suggested the differentiation of the intestinal
cells as they moved out of the crypt-like domains very much like in vivo [71].
GFP+ Lgr5 ISCs were found to be confined to the crypt-like domains, but not all
of the cells in the domain were positive for GFP (Figure 1.22 C, C’). This suggests
the presence of other types of cells, presumably Paneth and transit-amplifying
progenitor cells. In this respect, the cell-type distribution of the monolayers in
Transwell R© setup, like in 2D tissue culture plate setup, was similar to that of the
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in vivo intestine. However, the monolayers did not grow enough to form intact
monolayers (100% surface coverage) (Figure 1.22 A, C).

Figure 1.22: Immunofluorescence of epithelial cultures obtained from Lgr5-EGFP-Ires-CreERT2
mice organoid-derived crypts in Transwell R© setup showing Ki67 (A), EPHB2 (B), and GFP (C)
positive crypt-like regions (indicated by yellow arrowheads) at day 10. Epithelial intestinal mono-
layer maintained its particular cell-type distribution when grown on a thin layer of Matrigel R© in
the Transwell R© setup. Scale bars: 100 µm. Zoomed images showing the EPHB2 gradient (B’),
and the presence of GFP- region (C’) suggesting the differentiation of the progenitors. Scale bars:
50 µm.

The methodology we present here for the formation of the monolayers in
Transwell R© setup succeeds in recapitulating the main cellular and organizational
features of 3D organoids in 2D systems, in accordance with our previous findings
on the monolayers formed on 2D tissue culture plates. The advantage of using
Transwell R© inserts is the possibility of accessing both sides of the monolayer. This
not only allows the asymmetric delivery of ISC niche factors but also the perform-
ing of the functional assays related to epithelial barrier permeability. However,
the cell culture medium used here, ENR_CV medium, does not promote the for-
mation of monolayers that cover the entire surface of the substrate. For that rea-
son, the medium composition was revised to include factors that would increase
the proliferative capacities of ISCs. In the light of our previous findings on the
beneficial effects of ISEMF_CM and Wnt3a on the monolayer growth (Section
1.3.3.2), we decided to incorporate these factors into the cell culture cocktail.
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1.3.4.3 Effects of conditioned cell culture media on the formation of an epithe-
lial barrier on Transwell R© setup

The synergistic effect of ISEMF_CM and Wnt3a added to the cell culture medium
supplemented with ENR_CV led to a significant increase in the surface coverage
of the monolayer in standard 2D tissue culture plate setup, as shown in Section
1.3.3.2. We then hypothesized that the use of this culture medium composition
in Transwell R© setup would increase the surface coverage and lead to generation
of epithelial monolayers fully covering the membranes of the Transwell R© inserts.
The inserts were coated with a thin layer of Matrigel R© yielding a ’Hard’ surface
and organoid-derived crypts were cultured on these substrates under asymmetric
(only basolateral delivery) or uniform administration (both basolateral and apical
delivery) of ISEMF_CM + Wnt3a + ENR_CV. As a control, inserts were coated
with a thick layer of Matrigel R© to yield a ’Soft’ surface (see Section 1.2.5 Figure
1.7 for experimental setup). The monolayer growth was monitored over the cell
culture time, 20 days, by TEER (Figure 1.23).

Figure 1.23: Graph showing the TEER profiles (A) and representative fluorescence images for
F-actin (red) and nuclei (blue) showing different growth phenotypes of the intestinal epithelial
cells under the conditions; ’Hard’ (B, C) and ’Soft’ surfaces (D, E), and asymmetric (B, D), and
uniform administration (C, E) of ISEMF_CM + Wnt3a + ENR_CV. Fluorescence images were
acquired from samples fixed at day 20. Intestinal epithelial cells grown on ’Hard’ surface with
asymmetric administration of the factors had near physiological TEER values of small intestine,
i.e. 40-100 Ω.cm2 [30, 33, 34]. Scale bars: 100 µm.

The cell culture medium composition tested, ISEMF_CM + Wnt3a + ENR_CV,
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led to the formation of monolayers with barrier properties on ’Hard’ Transwell R©

inserts as indicated by increasing TEER profiles (Figure 1.23 A). Monolayers
grown on ’Hard’ surfaces under both asymmetric and uniform administration
showed steadily growing TEER profiles; however, only the former (asymmetric)
maintained the growth profile until day 20 (Figure 1.23 A). F-actin staining of the
condition ’Hard-Asymmetric’ revealed that the monolayer had covered the entire
surface of the Transwell R© insert (Figure 1.23 B). The TEER values of the uniform
condition were very variable after day 12 (Figure 1.23 A), and F-actin staining
showed that there were holes in the monolayer (Figure 1.23 C). The evolution of
the TEER values under uniform condition suggested that cell growth was faster,
presumably leading to the rupture of the monolayer. On the substrate condition
leading to the formation of organoids (’Soft’ surfaces), TEER profiles did not
evolve indicating the absence of an epithelial barrier (Figure 1.23 A) and F-actin
stainings confirmed this finding (Figure 1.23 D, E). However, intestinal cells
grew in sheet-like forms with this cell culture media composition (ISEMF_CM +
Wnt3a + ENR_CV) as oppose to the formation of the organoids when cultured
only with ENR_CV on Transwell R© inserts with ’Soft’ surfaces (Section 1.3.4.1).

Overall, among the conditions tested, ’Hard’ surfaces and the basolateral de-
livery (asymmetric condition) of cell culture medium containing ISEMF_CM +
Wnt3a + ENR_CV promoted the formation of epithelial barriers revealed by the
increasing TEER values. We selected these conditions as optimal and further
studied the integrity and morphology of the epithelial monolayers cultured under
these conditions at two different time points: day 10 and day 20. Representative
images of the epithelial monolayers stained with F-actin showing the full area
of the Transwell R© inserts (6,5 mm in diameter) demonstrated that 10 days were
enough time for the epithelial monolayer to fully cover the whole surface (Figure
1.24, upper left panel) and the intestinal epithelial monolayer with a characteristic
epithelial cell cobblestoned disposition was properly formed (Figure 1.24, upper
panel). The morphology of these monolayers was preserved and the surface cov-
erage was still complete at day 20 (Figure 1.24, bottom panel and Figure 1.23 B).
These results confirmed that adding exogenous ISC niche biochemical factors (de-
rived from ISEMFs and added Wnt3a) to the standard ENR_CV medium boosted
the monolayer growth and led to the formation of monolayers that covered the
entire surface of the substrate. Therefore, this new cell culture medium com-
position and method will be adopted for further functional assays and cell-type
composition characterizations performed on the epithelial monolayers.
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Figure 1.24: Fluorescence of F-actin and nucleus of the monolayers cultured in transwell setup
under asymmetric administration of ISEMF_CM + ENR_CV + Wnt3a medium at day 10 (n =
6) and day 20 (n = 4). Left panel shows the F-actin staining of the entire sample surface and right
panel shows F-actin and nucleus staining at a higher magnification. Scale bars: 1 mm (left panel);
100 µm (right panel).

1.3.4.4 Assessment of the barrier function of the epithelial monolayers

Organoid-derived crypts were seeded on ’Hard’ surfaces and cultured under ba-
solateral delivery of ISEMF_CM + Wnt3a + ENR_CV (asymmetric administra-
tion). Standard organoid growth medium that did not contain the ISC niche fac-
tors (ISEMF_CM + Wnt3a + ENR_CV) was added to the apical compartment.
Cell-type distribution and quantification, and monolayer growth and tight junc-
tion integrity were assessed over time. Immunofluorescence for GFP revealed
that GFP+ stem cells were clustered in specific domains, indicating the formation
of crypt-like domains containing Lgr5+ ISCs both at day 10 (Figure 1.25 A) and
20 of culture (Figure 1.25 B). Therefore, in these conditions, the stem cell distribu-
tion previously observed on Matrigel R©-coated hard substrates and Transwell R©

inserts was maintained. Contrarily, Ki67+ proliferative cells were not as clus-
tered as GFP+ stem cells, but rather dispersed throughout the monolayer both at
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day 10 and day 20 (Figure 1.25 C, D). This difference can be due to the new cul-
ture medium composition (ISEMF_CM + Wnt3a + ENR_CV). In a recent study
Thorne et al. reported that adding Wnt3a disrupted the organization of crypt-like
domains in a way that the proliferative regions were greatly expanded and had
lost circularity [29]. On the other hand, CK20+ differentiated cells were accumu-
lated in non-proliferative areas (Ki67-) both at day 10 and 20 (Figure 1.25 C, D).
The amount of Lgr5+ ISCs remained constant throughout the cell culture period,
indicating that the pool of Lgr5+ ISCs was maintained over time (Figure 1.25 E).

Contrarily, the amount of proliferative Ki67+ in the monolayer was substan-
tially lowered from day 10 to day 20. At day 10, only about 25% of the total
percentage of proliferative cells (15,8% ± 4,8%) were Lgr5+ ISCs (3,9% ± 1,4%),
suggesting that the rest of the proliferative population was consisting of transit-
amplifying cells. However, at day 20, the percentages of GFP+ (3,8% ± 0,8%)
and Ki67+ cells (2,4% ± 1,2%) were not statistically different (Figure 1.25 E). This
might be explained by the lowered amounts of transit-amplifying cells due to
the maturation of the culture with time. Interestingly, the decrease in prolifera-
tive cell population over time correlated with an increase of differentiated CK20+

cells (Figure 1.25 E). Moreover, F-actin was accumulated at the apical surface of
the monolayer already at day 10 (Figure 1.25 F) and the cell height was increased
significantly from day 10 to day 20 (Figure 1.25 F), indicating proper apical basal
polarization of the epithelial cells forming the monolayer that was enhanced with
time. These results suggest that the intestinal epithelial monolayer grown on
Matrigel R©-coated porous membranes with a basolateral administration of ISC
niche biochemical factors is proliferative initially, while after reaching confluency
epithelial cell differentiation increases and proliferation decreases.

Monitoring of transepithelial electric resistance (TEER), allows to evaluate ep-
ithelial monolayer formation and tight junction integrity, both indicators of ep-
ithelial barrier function [30, 31]. The increase of cell differentiation and polariza-
tion over time correlates with increasing TEER values throughout the culture time
(Figure 1.25 G). During the initial stages of the culture, when epithelial monolayer
is forming, TEER values were found to be low. From day 16 to day 20 of culture,
coinciding with an increase in the differentiation of the monolayer, TEER values
started to fall into the physiologically relevant range reported to be between 40
and 100 Ω.cm2 for the native small intestine [30, 33, 34].

As oppose to other studies in which differentiation was accomplished by the
removal of the Wnt pathway activators and addition of the inhibitors of the Wnt
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pathway [22, 35, 72] or by the use of air-liquid interface [70], in our model epithe-
lial monolayer differentiation was achieved by prolonged culture times.

Figure 1.25: Immunofluoresence for GFP after 10 (A), and 20 (B) days in culture. Immunofluo-
resence for Ki67 and CK20 after 10 (C) and 20 (D) days in culture. Intestinal cells were cultured
under asymmetric administration of ISEMF_CM + Wnt3a + ENR_CV. Scale bars: 100 µm.
Graph showing the quantification of the markers at day 10 (n = 3) and at day 20 (n = 2) (E).
The data are presented as mean ± standard deviation. *p<0,05 by Student’s t-test. Orthogonal
sections of the epithelial monolayers stained for F-actin and nucleus at day 10 and 20 (F). Actin
accumulation at the apical surface indicates proper apical basal polarity. The average cell height
was calculated to be 7,7 ± 1,3 µm and 10,3 ± 1,7 µm at day 10 and day 20, respectively (n = 3).
Scale bars: 10 µm. Graph showing the TEER profile of the monolayers cultured for 20 days (n=5)
(G).
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1.4 Discussion

In vitro intestinal epithelial models are in demand in wide range of applications,
including the studies of basic biology of intestinal epithelium, the accurate
prediction of the in vivo absorption of orally administered drugs, and the
development of patient-specific novel therapies. Traditional models based
on human colon cancer-derived cell line (Caco-2) [9, 10] are limited in the
accurate prediction of transport parameters of drug molecules due to their
tight junctions being denser than those of the native small intestine [11, 12, 73],
while the use primary human intestinal epithelial cells (hInEpCs) is hindered
by the poor viability and short life span of these cells, and the availability of the
donors [13]. The discovery of organoids, three-dimensional (3D) intestine-like
structures derived from intestinal stem cell (ISC) containing intestinal crypts
with self-renewal and self-organization capacities, made possible the long-term
propagation of near-physiological intestinal epithelial tissue in vitro [15, 16].
Conventionally, organoids are cultured embedded in Matrigel R© and cultured
with biochemical factors mimicking the in vivo ISC niche environment [15, 16].
These 3D structures are comprised of crypt domains with ISCs and proliferative
cells and villus domains with terminally differentiated absorptive and secretory
cells very much like in vivo. Nowadays, organoid technology is considered
as the gold standard of in vitro culture method in both basic and translational
intestinal biology studies [74–76]. The major limitation of the organoid model is
their 3D closed geometry that impedes direct access to the apical region of the
epithelium, which is in contact with the dietary compounds, external antigens
and microbial components present in the lumen. Therefore, the inaccessible
organoid lumen limits routine use of organoids in studies of nutrient trans-
portation, drug absorption and delivery, and microbe-epithelium interactions.
To overcome this limitation, complicated techniques such as microinjection are
required [26]. There is an increased interest in intestinal biology field to obtain
intestinal epithelial monolayer cultures to overcome the sterical limitations of the
3D intestinal organoid, while maintaining their self-organization capacities and
near-physiological phenotype.

Here we show that employing a thin film of Matrigel R© (<20 μm in height)
with an apparent stiffness [40] of the underlying hard substrate (tissue culture
polystyrene ≈ 3 GPa [48]) it was possible to obtain epithelial monolayer derived
from mouse intestinal organoids. Decreasing the bulk stiffness by using a thick
layer (≈ 2 mm) of Matrigel R© inhibited the formation of the epithelial monolayer
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and favored the growth of intestinal organoids. The monolayers contained ma-
jor intestinal epithelial cell types organized into proliferative crypt-like domains
and differentiated villus-like regions. Our live imaging experiments, employing
crypts derived from Lgr5-EGFP-ires-CreERT2 mouse demonstrate that intestinal
cells first self-organized into ISC containing crypt-like domains from where cells
migrate out to form the differentiated monolayer corresponding to the villus-like
domain. These results showed that, like in 3D organoid cultures, intestinal crypts
grown on 2D, are also capable to self-assemble into crypt-villus domains mirror-
ing the in vivo epithelial physiology.

Although organoid-derived epithelial monolayers with crypt-villus domains
generated on Matrigel R© thin films was recently described [29], these monolayers
failed to form effective barriers, likely due to the difficulty in expanding these
cells, hampering their use in standard functional assays. Here we show that
standard organoid medium supplemented with ISEMF_CM and Wnt3a boosted
the intestinal cell growth allowing the generation of a functional and differenti-
ated intestinal monolayer in Transwell R© inserts with effective barrier function,
as monitored by TEER. The monolayers show physiologically relevant TEER (40-
100 Ω.cm2 for the native small intestine [30, 33, 34]) between day 16 and 20 of
culture. The analysis of the cell composition of the monolayer along the culture
time show that as time goes by the monolayer becomes less proliferative and
more differentiated (also indicated by increasing TEER), while maintaining the
ISC (GFP+) population organized into crypt-like domains. Intestinal monolayers
with tissue barrier properties derived from organoids/spheroids reported so far
were devoid of such organization [22, 27, 35]. Moreover, they required the use
of cell culture medium containing Wnt pathway inhibitors to achieve differentia-
tion [22, 27, 35], as oppose to our epithelial model where the differentiation was
achieved with prolonged culture times.

We believe that organoid-derived intestinal epithelial monolayer model we
report here offers an up to date culture method and contributes to the current
state-of-the art as it combines an in vitro intestinal epithelium that has in vivo-like
crypt-villus organization and physiologically relevant tissue barrier function in
a tissue culture format that allows access to both luminal and basolateral com-
partment. This culture format can be used in better prediction of the in vivo ab-
sorption of orally administered drugs, dietary compound screening, and studies
of microbe-epithelium interactions. The model can be expanded to obtain human
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intestinal organoid-derived epithelial monolayers, which can be used in screen-
ing for patient-specific novel therapies and in performing clinical testing to deter-
mine the efficacy of a particular therapy.
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1.5 Conclusions

We have developed a new method to obtain intestinal epithelial monolayers from
organoid-derived crypts. We have described the formation of the monolayers on
hard substrates. We have characterized the cell-type composition and distribu-
tion and found that 2D intestinal epithelial model contained all major epithelial
cell types organized into crypt-like and villus-like domains like in vivo intestine.
We have shown that the use of cell culture media containing ISC niche biochemi-
cal factors to boost the proliferative capacity, increased the monolayer growth. We
have transferred this culture system to the Transwell R© setup and showed that,
in a similar fashion, the intestinal cells were organized into crypt-like domains
and non-proliferative regions. We have found that asymmetric administration of
the ISC niche biochemical factors was also an important consideration to assure
the formation of the monolayers. We have demonstrated that with the use of
ISEMF_CM together with Wnt3a it was possible to obtain monolayers that mimic
the function of epithelial barriers. We have monitored the monolayer tight junc-
tion integrity with TEER and shown that the 2D intestinal epithelial model had
physiologically relevant TEER values, indicating a good maturation of the epithe-
lial barrier. We have characterized the cell-type distribution and proportions and
found that with prolonged culture times the monolayer had become less prolif-
erative and more differentiated, in accordance with the TEER values that were
increasing with time. Overall, the 2D intestinal epithelial model reported here
faithfully reproduces the small intestine cell composition, cell positioning and
physiology. We believe that this new model can complement the existing ones
and offer a good alternative to the current 3D models for studies that require an
accessible lumen compartment. The knowledge we acquired here on the optimal
cell culture conditions and the method of delivery will be used in the following
chapters.
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Chapter 2

Poly(ethylene glycol) diacrylate
based 3D villus-like scaffolds for
organoid-derived intestinal
epithelium

2.1 Introduction

The extracellular matrix (ECM) of tissues is a 3D network consisting of fibrous
proteins, proteoglycans and other soluble factors [1]. It contains high amounts
of water allowing diffusion of nutrients, oxygen and waste products and pro-
vides support for cell adhesion and tissue structure. The biophysical, mechani-
cal and biochemical properties provided by ECM are able to regulate cell behav-
ior [2] (Figure 2.1 A). The combination of composition, proportion and arrange-
ment of the extracellular matrix is different for each specific tissue [3]. The ECM
of the small intestinal epithelium, the basement membrane, contains collagens
(predominantly type IV), laminins and other structural and adhesive proteins [4]
forming a porous structure [5]. The basement membrane forms a continuous sup-
port layer along the walls of the crypt-villus units of the intestinal epithelium
[6] (Figure 2.1 B) and controls the shape, gene expression, adhesion, migration,
proliferation, and apoptosis of the epithelial cells [2, 7]. Therefore, an ideal en-
gineered material for in vitro models of intestinal epithelium should reproduce
key structural, compositional and mechanical features of this in vivo basement
membrane.
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Figure 2.1: Schematic representation of cues provided by ECM to the intestinal mucosal cells (A).
Adapted from Huang et al. [8]. Histological section of intestinal epithelium showing the basement
membrane and the underlying lamina propria (B). Adapted from Marieb et al. [9].

Hydrogels have been widely used as support materials for in vitro tissue mod-
els due to their resemblance to native ECM of soft tissues [10–12]. Hydrogels
are composed of hydrophilic polymers that form 3D networks upon chemical
crosslinking or physical interaction of the polymer chains [13]. Hydrogels can
imbibe great amounts of water (up to 900% increase in mass) without dissolv-
ing but rather increasing in volume, a phenomenon called swelling [14]. Their
pore size can vary from couple of nanometers to hundreds of micrometers [15–
17]. The pore size controls the mass transport characteristics of the hydrogels,
meaning, the diffusion properties of the nutrient molecules and metabolic waste
within the network. In addition, due to their high water content the elasticity
of the hydrogels (Young’s modulus varying from hundreds of Pa to hundreds of
kPa) resembles very much that of the soft tissue [14, 17, 18]. For this reason, they
are considered as good biomaterial candidates to be used in in vitro models of soft
tissues [3].

Hydrogels can be made from a variety of materials both from natural and syn-
thetic origins. The natural materials are commonly used in hydrogel fabrication
due to their bioactivity and biocompatibility, since they are usually derived from
ECM components. Among these, collagen and Matrigel R© are the ones that are
the most widely used as basement membrane substitutes for the cultures of in-
testinal epithelial cells [19–25]. Matrigel R© is a mixture of ECM proteins, mainly
laminin and collagen IV, and growth factors (not very well characterized) secreted
by mouse tumor cells [26]. Main limitations of Matrigel R© are batch-to-batch vari-
ability, immunogenicity due to its animal origin (complicating its approval for
human use), difficulty in handling, high cost and poor mechanical properties [3,
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14, 27]. Moreover, it is fast biodegradable therefore it is not suitable for long-
term cultures. Even though natural-derived hydrogels (e.g. Matrigel R© and col-
lagen) are commonly used in intestinal epithelial cell cultures, their mechanical
and chemical properties and degradation rates are difficult to tune.

Synthetic polymer-based hydrogels have emerged as a better alternative to
their natural counterparts to mimic ECMs since they can be designed in a more
precise way. Their exact chemical composition is known explicitly and their
chemical and mechanical properties can be tailored to match the tissue-defined
functionality [28]. Moreover, they are cost efficient and easy to process [29]. Syn-
thetic hydrogels are used in variety of applications, such as tissue engineering
scaffolds, drug delivery devices, and pharmacological formulations [30]. Some
examples of synthetic hydrogels are poly(acrylic acid) (PAA), poly(ethylene gly-
col) (PEG), poly(vinyl alcohol) (PVA), polyacrylamide (PAAm), and polypeptides
[31]. However, synthetic hydrogels are usually bioinert and need to be bioacti-
vated with natural based cell adhesion ligands [28, 29].

Among the synthetic polymers used for hydrogels, poly(ethylene glycol)
(PEG) is the most extensively utilized material in biomedical applications (Figure
2.2). These include surface modification, drug delivery and tissue engineering
applications [3, 29, 32]. This is due to its unique properties, such as high
hydrophilicity, biocompatibility, nonimmunogenicity and low protein adhesion
[3, 29, 32]. In addition, it has been approved by the US Food and Drug Ad-
ministration (FDA) for clinical usage due to its nontoxic and nonimmunogenic
properties. In clinical applications, it is mainly used as drug delivery carriers
and wound dressing material [33, 34]. PEG hydrogels can be fabricated with a
wide range of elastic modulus values (E ≈ 3–1000 kPa [18]) to better mimic the
elasticity of soft tissues [35]. PEG molecule has a simple structure with hydroxyl
end groups, known as PEG diol, and as it lacks functional sites able to interact
directly with cells. The hydroxyl end groups, however, can easily be converted
into other functional groups (e.g. acrylates, methacrylates, maleimides, thiols,
azides) (Figure 2.2) that can react with each other to form a 3D crosslinked
mesh [36–38]. Some of the crosslinking methods for PEG hydrogel formation
are click chemistry, free radical polymerization and enzymatic reactions [31,
39, 40]. Moreover, these groups (e.g. acrylates, thiols, azides) can be used for
conjugation of biomolecules that provide cell adhesion [31, 32]. Modified PEG
compounds can be synthesized in house but also a wide range of PEG derivatives
are commercially available.
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Figure 2.2: Molecular structures of poly (ethylene glycol) (PEG) (A), poly (ethylene glycol) dithiol
(B), polyoxyethylene bis(azide) (C), poly (ethylene glycol) dimethacrylate (D), and poly (ethylene
glycol) diacrylate (PEGDA) (E).

One of the most common variants of PEG molecule is poly(ethylene glycol)
diacrylate (PEGDA), which has an acrylate group at each end of the linear chain.
Due to the presence of carbon-carbon double bond at each end, PEGDA chains
can be crosslinked by UV-initiated free radical polymerization in the presence of
a photoinitiator to form covalently cross-linked networks or hydrogels [31] (Fig-
ure 2.3). Free radical polymerization is the formation of the polymer chains by
the addition of radical building blocks. It is initiated by the UV irradiation of a
photoinitiator (PI) molecule present in the prepolymer solution. The PI absorbs
the irradiation energy and decomposes to form free radicals with unpaired elec-
trons that attack the carbon-carbon double bonds in acrylate groups forming free
radical monomers. The reaction propagates as free radical monomers attack un-
reacted double bonds and the polymer chain elongates. The reaction terminates
when two radical chains react [41].
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Figure 2.3: Free radical polymerization of PEGDA by the activation of photoinitiator I2959. The
polymerization reaction is initiated by the cleavage of I2959 into radicals (R*) (A), and the radi-
calization of the PEGDA chains (B). The reaction propagates as the radical monomers attack new
chains of PEGDA (C) to form the hydrogel network (D). Red dots indicate the unpaired electrons,
x and y show the poly(acrylate) domains and n the size of the PEG domains. Adapted from Yanez
Soto et al. [42].

In most of the biomedical applications, PEGDA hydrogels are formed using
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2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone, known as Ir-
gacure 2959 or I2959 (Ciba R© Irgacure R©) as the PI (Figure 2.3). PEGDA hydro-
gels using I2959 have been used in many applications to fabricate hydrogel tis-
sue substitutes [18, 43, 44]. However, for the polymerization to take place effi-
ciently, the absorbance spectrum of the photoinitiator should overlap with the
emission spectrum of the irradiation source. In most of the cases, the emission
of the UV light source used is centered at 365 nm. The molar absorptivity of
I2959 is limited to wavelengths up to 370 nm with a value of 4 M-1.cm-1 at 365 nm
[45]. Consequently, the polymerization efficiency can be decreased depending on
the light source used and this has to be considered in adjusting hydrogel scaf-
fold fabrication parameters. Free radical polymerization is mainly controlled by
the photoinitiator-related characteristics [41, 46]. In addition, the polymerization
reaction is inhibited in the presence of molecular oxygen as it scavenges the rad-
icals formed by the PI [47]. By adjusting the oxygen present in the experimental
setup and the PI related parameters such as, its concentration and molar absorp-
tivity, polymerization reaction can be controlled. The main advantage of the free
radical polymerization is its relatively longer reaction times. Compared to click
chemistry reactions that are spontaneous [40], free radical polymerization occurs
relatively slow, which allows spatial and temporal control over the hydrogel for-
mation. Moreover, it can take place under mild reaction conditions: in aqueous
media at physiological temperature and pH [31, 48].

PEGDA hydrogels can be tailored to obtain materials with varying mechani-
cal and swelling properties. The mechanical and swelling properties of PEGDA
hydrogels can be adjusted by varying the molecular weight or the concentration
of PEGDA in the prepolymer solution (E varying from couple of kPa up to MPa)
[18, 49, 50]. Due to its inert nature PEGDA itself does not support cell culture and
it has to be functionalized with biomolecules to promote cell adhesion. Biofunc-
tional PEGDA hydrogels can be obtained by copolymerizing it with acrylated
biomolecules, such as peptide monoacrylates or diacrylates, to incorporate cell
adhesive peptides or proteins into the PEGDA network [32]. A variety of ECM
proteins, e.g. fibronectin, laminin, collagen and elastin or their peptide deriva-
tives can be used for this purpose [32]. Due to its highly tunable nature, PEGDA
hydrogels have been extensively used as scaffolds for biomimetic tissue models
such as, capillary tubes [51], cornea [42], vascular grafts [44], cartilage [18] and
bone [43].



2.1. Introduction 89

Hydrogels are usually fabricated as films or as bulk pieces. However, the func-
tionality of many epithelial tissues in vitro is related to their complex 3D architec-
ture including cysts, folds, invaginations [52]. For instance, the small intestinal
epithelium has a characteristic crypt-villus 3D architecture, which is relevant to
its physiology. Therefore, it would be desirable to include this 3D architecture
in in vitro models. In fact, a number of studies have shown that the use of scaf-
folds mimicking the 3D intestinal architecture modify the barrier function, per-
meability, gene expression profiles and phenotypes of human colon cancer cell
line (Caco-2) epithelial monolayers, approaching better the properties of native
intestine [53–56]. Therefore, it is of interest recapturing the key morphological
features of the native tissues in the bioengineered models.

Numerous methods have been developed to fabricate hydrogels with finely
tuned microarchitectures. These methods are mainly classified as, micromolding,
3D bioprinting, microfluidics and photolithography [57, 58].

Micromolding is based on creating microstructures on soft hydrogels using a
hard mold, previously fabricated by photolithography, etching or laser ablation
[59]. The most common approach is to produce first an elastomeric mold made
of polydimethylsiloxane (PDMS) using the hard molds as templates in a process
called soft lithography. Then, the hydrogel precursor solution fills in the PDMS
molds and after crosslinking, microstructures that are the negative of that of the
molds are patterned on the material. This technique is used to microstructure nu-
merous hydrogel materials [60, 61] including PEGDA [62]. Its main advantages
are low cost, short processing times and easy-to-use procedures. However, mi-
crostructures can be deformed or even broken at the demolding step, since the
hydrogels are soft materials. To overcome this limitation, molds can be coated
with anti-sticking layers [63] or sacrificial molds that can be dissolved by water-
based solutions are needed [64, 65]. Therefore, making the full fabrication process
quite complex. Micromolding technique, in combination with laser ablation and
sacrificial molds, was used to produce scaffolds with villus-like geometries for
in vitro models of intestine [66] (Figure 2.4). These models were used in studies
of drug permeability [53] and assessment of therapeutic potential of probiotics
[67]. 3D villus-like architecture was shown to improve the correlation between
in vitro models and native human small intestine [53]. However, these models
were tested with intestinal epithelial cell lines. Recently, there has been some ef-
forts in incorporating intestinal cells obtained from intestinal crypts [54] or from
organoids [68] into these models to better represent the cellular diversity of the
native intestine. The main disadvantage of this fabrication strategy is the need for
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several molding and demolding steps (Figure 2.4). Moreover, these procedures
require complex equipment.

Figure 2.4: Micromolding strategy developed by March and colleagues to fabricate scaffolds with
high aspect ratio villus-like 3D structures from collagen [66] or PLGA [54]. PMMA mold was
fabricated by laser ablation and agarose was used as sacrificial mold. Note that several molding
and demolding steps were required. Adapted from Costello et al. [54].

3D printing is a technique for fabricating scaffolds of complex 3D geometries
by the precise deposition of biomaterials at the desired locations [69]. This tech-
nique also enables printing of the cells that are previously diluted in precursor
polymer solutions to produce well defined cell-laden 3D structures [58]. PEGDA-
based materials can be printed alone [70] or in combination with other types of
biocompatible materials for improved properties [71]. In addition, due to its pho-
tocrosslinkable nature, the microstructuring of the PEGDA hydrogel can be done
using a technique called digital micromirror device projection printing [72]. Al-
though this strategy is ideal to fabricate complex shapes, it is limited in resolution,
and require the use of sacrificial materials for fabricating soft structures [73, 74].

Microfluidics technology aims at the manipulation of fluid flows within mi-
cron scale devices that allows the use of small reagent volumes and miniaturiza-
tion of the fabrication processes. This technology is mainly used for fabricating
micron size tissue building blocks and microfibers that can further by assembled
into more complex 3D hydrogel structures [58]. The advantage of this system is
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that it provides a precise control over the size and the shape of the fabricated mi-
crostructures [57]. For instance, microfluidics can be combined with in situ pho-
topolymerization to obtain monodispersed PEGDA microbeads [75]. Moreover,
microfluidics technology allowed the development of specific devices, called lab
on chip devices, with highly controlled microenvironments for the culturing of
cells. These devices are designed to incorporate in vivo like fluid flows [76–79]
and mechanical signaling [78, 79]. Usually, they are also equipped with inte-
grated sensors that permit online monitoring of the tissue function [76, 80–82].
Specifically, in vitro gut models developed by this technology have proven to be
useful in drug screening and toxicity testing [76, 77, 80], and in the development
of co-cultures including microbial flora [78] or immune cells [81] (Figure 2.5 A,
B). These gut-on-chip devices were tested with intestinal epithelial cell lines (e.g.
Caco-2). However, very recently Kasendra et al. incorporated cells obtained from
intestinal organoids to better represent gut cell populations [83]. These devices
are suitable to be used in high throughput screening of drug molecules or nu-
trients [77, 80, 81, 83]. However, they have limitations in terms of limited space
available for cells to grow and cells being cultured in a monolayer format, simi-
lar to 2D cell culture, without a 3D support matrix. Especially in the case of the
intestinal epithelium where the 3D morphology of the tissue affects its function
[55, 84], use of a mimetic cell support matrix (e.g. microstructured hydrogels) is
desired.



92 Chapter 2. 3D villus-like hydrogels for organoid-derived epithelium

Figure 2.5: Gut-on-chip model composed of two perfusion channels separated by a Caco-2 mono-
layer grown on a flexible, porous ECM-coated membrane (A). Vacuum chambers apply cyclic
mechanical strain mimicking the peristaltic motion. Adapted from Kim et al. [78]. Another ex-
ample of a gut-on-chip device that permits the co-culture of epithelial (Caco-2) and immune cells
(B). Adapted from Ramadan et al. [81].

Photolithography is another technique for microstructuring of materials,
based on patterning of a precursor using photopolymerization, often by UV
light. It can be performed with a digital or a physical photomask. Digital
light projection stereolithography and laser-based stereolithography are the
techniques that do not require the use of a physical photomask [58]. Stereolitho-
graphic methods are based on layer-by-layer irradiation of the material to create
precise 3D shapes [85]. This technique is used to fabricate PEGDA hydrogels with
controlled 3D structures for tissue engineering applications [86–88]. However,
we will focus the review on photomask-based photolithography since it was the
methodology adapted here. Photomask-based conventional photolithography
method is as follows; first a light-sensitive chemical ’photoresist’ is deposited
on top of the material to be microstructured. Then, a photomask consisting of
light transparent and opaque patterns, is placed on top of the photoresist and
it is exposed to UV irradiation. Depending on the type of the photoresist, the
illuminated region becomes either crosslinked (negative photoresist) or degraded
(positive photoresist) and it is further developed with a solvent to reveal the
pattern that will act as a mask. An etching step is then performed to etch the
regions of the underlying material non-protected by the mask and finally the
photoresist is removed [89] (Figure 2.6 A). The photomasks can be fabricated
from glass, metal or high quality acetate sheets (only for microstructures with
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micron scale dimensions). Microstructuring of photocrosslinkable hydrogels
via photolithography is much more straight forward. The photomask is placed
on top of the hydrogel precursor solution and it is exposed to UV. The parts
illuminated with UV get polymerized/crosslinked, replicating the negative of
the pattern of the photomask (Figure 2.6 B).

Figure 2.6: Scheme depicting the conventional photolithography (A). Direct photopolymerization
of a hydrogel using a photomask permitting the formation of microstructure patterns (B).

The simplicity of the photolithography method allows facile fabrication of
microstructured hydrogels. For that the hydrogel material has to have pho-
tocrosslinkable functional groups. Some of the photocrosslinkable hydrogel
materials are: methacrylated hyaluronic acid, gelatin methacrylate, acrylate and
methacrylate derivatives of PEG, e.g. PEGDA [90, 91]. Apart from acrylates, there
are other functional groups (e.g. thiol-ene reactions) that are photocrosslinkable
[92]. Microstructured PEGDA hydrogels have been used in a wide range of
applications; some of which are cell and protein encapsulation studies [38, 93],
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as tissue engineering scaffolds [42, 94], and platforms for cell guidance and
migration [95, 96]. Photolithography is a simple and low-cost technique that can
be easily implemented. It has been proven useful in producing simple forms on
synthetic hydrogels such as poly(2-phenoxyethyl acrylate) and PEGDA [97–99].
However, creating complex 3D geometries with high aspect ratio and curvature
on hydrogels is not straightforward. Shim et al. demonstrated the suitability
of the photolithography technique for producing complex 3D geometries on
hard photocrosslinkable resins that undergo free radical polymerization by
establishing controlled oxygen gradients within the polymerization setup [100,
101]. They have defined a parameter, the Damköhler number (Da), the ratio of
characteristic oxygen diffusion to oxygen depletion times, which was shown
to control the polymerization reaction. It was possible to produce objects with
conical shapes when Da≈ 1, which can be achieved by including a source of oxy-
gen in the polymerization system [100, 101]. Studies in the literature reporting
the fabrication of 3D conical geometries on PEGDA were carried out with pure
or highly concentrated solutions [98, 100, 102]. Yielding microstructures with
hard mechanical properties were used either for microindentation [102] or as
molds [98]. In a very recent work from our group, it has been demonstrated that
scaffolds with self-standing high aspect ratio conical structures could be formed
on soft hydrogels using diluted solutions of PEGDA [103]. These scaffolds were
tested with intestinal epithelial cell lines (e.g. Caco-2). However, they have not
been tried with a cell model that better represents intestinal cell populations.

The advances in microfabrication techniques allow fabricating physiologically
relevant in vitro intestinal models that better mimic the native 3D tissue architec-
ture of the intestine [104].

Wang et al. demonstrated the utility of photolithography in producing sub-
strates with crypt-like microwell topography on PDMS [105] and collagen mem-
branes [106]. Caco-2 cells grown on these substrates showed lower levels of
differentiations marker expression [105] and Transepithelial electrical resistance
(TEER) values [106]. These results suggested that crypt-like topography induced
crypt-like cellular phenotype and tight junction permeability on Caco-2 cells.
Substrates with villus-like architecture have been produced by combining pho-
tolithographic and molding techniques and shown to support successful engraft-
ment of Caco-2 cells [54, 56, 66, 107, 108] (Figure 2.7 A, B, C). 3D villus-like colla-
gen scaffolds, fabricated combining laser ablation and sacrificial molding [66] had
high aspect ratios (close to 5) and were shown to improve the drug permeability
correlation between the Caco-2 cell model and human native small intestine [53]
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(Figure 2.7 B). Moreover, 3D architecture was shown to induce the expression of
differentiation markers in Caco-2 cells [55]. As an alternative to collagen scaffolds
that degrade to almost half of its original size through the course of the cell cul-
ture, which is typically 21 days for Caco-2 cells [66], the same group developed
porous poly-lactic-glycolic acid (PLGA) scaffolds with 3D villi-like structures us-
ing the same fabrication strategy [54, 67] (Figure 2.7 C). The platform supported
successful co-cultures of Caco-2 cells with both commensal and pathogenic bac-
teria [67], and with mucus producing cell line HT29-MTX [54]. As a proof-of-
concept this 3D platform was also shown to support the growth of intestinal cells
derived from mice crypts [54]. The 3D architecture was shown to induce location
differential adhesion for specific types of bacteria [67] and position-specific ex-
pression of differentiation markers (more differentiation at the tips than the base)
[54] (Figure 2.7 C) proving the significance of implementing in vivo-like 3D archi-
tecture in in vitro models. Altogether, these findings emphasizes the idea that 3D
architecture induces changes in the cellular phenotypes better representing in vivo
situation. However, complex fabrication design to obtain villus-like morphology
that require multiple molding and demolding steps and sophisticated equipment
[66, 107], hampers the routine implementation of these models. Moreover, im-
mortalized cancer cell line model used in most of these studies does not faithfully
represent in vivo intestinal cell populations.
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Figure 2.7: Villus-like architecture reproduced on poly(lactic acid) using photolithography and
replica molding (A, left panel), successfully engrafted with Caco-2 cells (A, right panel). Adapted
from Yang et al. [107]. Collagen (green) villus-like scaffolds fabricated by combining laser abla-
tion and sacrificial molds (B, left panel). Caco-2 cells cultured on these scaffolds (B, right panel)
showed improved drug permeability. Adapted from Sung et al. and Yu et al., respectively [53, 66].
Villus-like porous PLGA scaffolds fabricated with the same strategy (C, left panel), successfully
co-cultured with Caco-2 and mucus producing cell line HT29-MTX (C, middle panel). Position-
specific expression of mucin (red) (more at the tips than the base) as induced by the 3D architecture
(C, right panel). Adapted from Costello et al. [54].
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Self-renewal and self-organization abilities of organoid technology made it
possible to culture primary, non-transformed intestinal epithelial cells including
all cell types of the epithelium for prolonged periods of time [19, 20]. Conven-
tionally, organoids are grown embedded in Matrigel R© [19, 109] or collagen [20,
21] hydrogels. These matrices, which are from natural origin, have complex and
variable compositions [26, 110] and their mechanical and biochemical proper-
ties can not be modified in a controlled manner. Moreover, since these mate-
rials are animal-derived they might raise immunogenic reactions, making them
unsuitable for organoid expansion in clinical applications. Synthetic hydrogels
are promising alternatives to the natural ones due to their highly tunable, in-
ert nature. Recently, Gjorevski et al. reported PEG-based mechanically dynamic
hydrogels that supported the growth of organoids embedded in such matrices.
Functinalization of the PEG hydrogels with fibronectin protein was sufficient for
intestinal stem cells (ISCs) survival and proliferation [111]. For ISC differenti-
ation and organoid formation, cells needed to be embedded in hydrolytically
degradable PEG variants functionalized with laminin [111]. This was the first
time that a synthetic material was shown to support organoid growth. Although
the use of PEG-based synthetic hydrogels overcomes the limitations of the use of
animal-derived natural matrices in conventional organoid cultures, the fact that
organoids present a 3D closed geometry embedded in the matrix is a major disad-
vantage. This closed geometry prevents access to the apical region of the epithe-
lium (lumen), making them unsuitable for standard functionality assays that are
typically done on monolayers. Complicated techniques such as microinjection
are required to deliver the drug molecules to the lumen-like regions [112]. There-
fore; it would be ideal culturing the ISCs on synthetic matrices in an opened-up
format, forming monolayers.

Very recently, a couple of studies were published reporting microfabricated
scaffolds with native-like topographical features that supported the growth of in-
testinal epithelial cells derived from organoids [113, 114]. Chen et al. reported
silk-based porous tubular scaffolds with a screw pattern supported the growth
of human intestinal cells derived from organoids [113]. Human intestinal subep-
ithelial myofibroblasts (ISEMFs) were seeded inside the tubes and the organoid-
derived cells were grown on the ISEMFs. The epithelium was shown to have all
major cell types and presented proper microvilli polarization, tight junction for-
mation and digestive enzyme secretion [113]. However, the ridge-like structures
(400 μm in size) do not represent well the 3D morphology of the villi. More-
over, the tubular form of these scaffolds are not suitable for conventional in vitro
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functional assays such as TEER, which requires two distinct compartments sepa-
rated by the tissue construct. In an alternative approach, collagen scaffolds with
crypt-villus architecture were fabricated from PDMS molds [114]. The structures
had realistic dimensions and biomimetic round villus tips, and supported the
growth of intestinal cells derived from spheroids [114]. The in vitro epithelium
with an accessible lumen contained all major intestinal cell types. The system
was adapted to a custom-made cell culture insert, which permitted the access to
both apical and basolateral sides [114]. In addition, the compartmentalization of
stem/progenitor cell and differentiated cell zones were achieved by delivering
the ISC niche factors from the basolateral side [114]. However, the fabrication of
collagen scaffolds with crypt-villus architecture required complicated microfabri-
cation strategies; sequential photolithographic procedures, two step replica mold-
ing in PDMS and a final casting of collagen. Moreover, although the degradation
of the collagen was slowed down by chemical crosslinking, its mechanical and
biochemical properties and porosity can not be modified in a controlled manner.
In addition, collagen-based scaffolds are not suitable for the permeability assays
of rapidly absorbed hydrophobic drugs [53].

Overall, microfabrication techniques have proven useful in recapitulating the
in vivo 3D architecture of the intestine for the development of better in vitro ep-
ithelial models. However, to be of practical use, the fabrication strategy should
be easy to implement, and compatible with conventional cell culture and charac-
terization techniques. On the other hand, the use of synthetic materials, such as
PEG, allows better control over the material properties as oppose to their natural
counterparts.

In this chapter, we describe fabrication of 3D villus-like scaffolds on PEGDA-
based hydrogels using a simple photolithographic approach that doesn’t require
the use of a mold. The mechanical and swelling properties (crosslinking den-
sity) of the hydrogels could be adjusted by changing the PEGDA concentration.
Bioactive hydrogels were obtained by copolymerizing PEGDA with acrylic acid
and further anchoring cell adhesion proteins to the flanking carboxyl groups of
the acrylic acid via carbodiimide-mediated amine coupling reaction. Intestinal
organoid-derived crypts adhered and grew to cover the surface of the 3D villi-
like scaffolds functionalized with collagen. In chapter 1, the beneficial effects of
cell culture medium rich in ISC niche biochemical factors derived from ISEMFs
were demonstrated. The proliferative capacity and surface coverage of the mono-
layers grown on 3D villus-like PEGDA scaffolds were also improved with the
use of cell culture medium derived from ISEMFs. These results demonstrate that



2.1. Introduction 99

3D villus-like biomimetic scaffolds fabricated by a simple, moldless photolitho-
graphic technique successfully supports the engraftment of intestinal cells de-
rived from organoids, providing cells with a more realistic microenvironment,
including proper chemical, mechanical, and topographical signaling.
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2.2 Materials and Methods

2.2.1 Fabrication of 3D villus-like PEGDA scaffolds

The hydrogel formation was based on UV-initiated free radical photopolymeriza-
tion of poly(ethylene glycol) diacrylate (PEGDA). Detailed experimental set-ups
for the hydrogel formation and microstructuring are explained in the following
subsections.

2.2.1.1 PEGDA hydrogel formation set-up

The hydrogel precursor solution was prepared by dissolving 6000 Da molecular
weight PEGDA (P6000) (Sigma) and the photoinitiator, 2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-methyl-1-propanone (I2959) (Sigma), in phosphate
buffered saline (PBS) (Gibco) at pH 7,4. The concentration range of P6000 studied
was 5%-10% w/v. I2959 was used at 1% w/v concentration. The solutions were
mixed in glass vials (VWR), previously cleaned with 96% ethanol (PanReac
Applichem), at 65◦C for 1 hour, filtered by a 0,22 μm filter (Merck-Millipore), and
used immediately. The solutions were protected from light at all times.

The experimental set-up used for PEGDA polymerization was developed by
our group and described elsewhere [46, 103]. Briefly, a chip was designed to fa-
cilitate the formation of the hydrogel. For that, first a container of polydimethyl-
siloxane (PDMS) (Sylgard 184 Silicon Elastomer, Dow Corning) was made. The
PDMS prepolymer was mixed with the curing agent in 10:1 w/w ratio and de-
gassed under vacuum for at least 1 h. Then, it was casted to 4 well culture dishes
(ThermoFisher Scientific) and the weight of prepolymer added was adjusted to
obtain a PDMS slab 1 mm thick (≈ 2,5 g/well). The PDMS prepolymer was cured
overnight at RT and for at least 1 h at 65◦C. A pool of 10 mm in diameter was
made with the help of a 10 mm punch (Acuderm) and two inlets were cut out by
a 1,5 mm punch (Harris Uni-Core, GE Healthcare Life Sciences) to facilitate the
introduction of the hydrogel precursor solution. To be able to recover and further
manipulate the hydrogels, a glass coverslip of 12 mm in diameter (VWR) was
used. The chip was assembled by placing the PDMS container on top of a plastic
microscope slide (ThermoFisher Scientific), covering the pool area with the glass
coverslip, and introducing the hydrogel precursor solution to the pool. All the
pieces were washed with 96% v/v ethanol prior to use. A detailed scheme of the
PDMS chip and the experimental set-up is depicted in figure 2.8.
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Figure 2.8: Detailed scheme of the PDMS chip and the fabrication procedure. The PDMS pool is
filled with the hydrogel precursor solution through the inlets and the chip is exposed to UV light.
The disc shaped hydrogel is recovered on the coverslip.

Even though the hydrogels were sticking to the glass coverslips initially, after
prolonged incubation periods in liquid, they were lifting off of the substrate.
In order to overcome this problem, the glass coverslips were silanized with
3-(Trimethoxysilyl)propyl methacrylate (Sigma), prior to use. Silanization is a
method to coat the surface of a material (usually glass or silicon oxides) with
a thin layer of self-assembling functional alkoxysilane molecules [115]. This
particular silane was chosen because it has a vinyl functional group at its flanking
end, which forms a covalent bond with the PEGDA chains upon UV initiated
free radical polymerization. This assures the covalent attachment of the hyrogel
to the glass coverslip surface. First, the coverslips were cleaned by sonicating 5
minutes in acetone and 5 minutes in 2-propanol (Isopropanol) and dried under
nitrogen air flow. Then, they were placed into a glass petri dish making sure
that they were flat and uncovered, and surface activated by exposing to UV
for 15 minutes by a UV cleaner equipment (UV/ozone ProCleaner, Bioforce
Nanoscience). In the meanwhile, the silane solution was prepared by diluting
2% v/v 3-(Trimethoxysilyl)propyl methacrylate and 3% v/v dilute acetic acid
(10:1 glacial acetic acid:water) in absolute ethanol. The acetic acid was added just
before use. Right after the UV activation of the surface, the silane solution was
added onto the coverslips and incubated for one to two hours at RT. Then, the
coverslips were washed thoroughly with 96% v/v ethanol to remove residual
reagents, dried under nitrogen air flow and stored under vacuum until further
use. All the solvents were purchased from Panreac Applichem unless stated
otherwise.

For the crosslinking of the PEGDA hydrogel, a Mask aligner instrument (SUSS
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MicroTec MJB4) equipped with a mercury short arc lamp (OSR HBO 350 W/S)
present at the IBEC MicroFabSpace, was used. The UV intensity used was 25
mW.cm-2. A plastic petri dish bottom (Fisher scientific) was used as a support
to make sure that the samples were always at the same distance with respect to
the UV light source. The plastic support (petri dish bottom) was covered with
an opaque adhesive tape (Aironfix) to avoid the reflected light interfere with the
reaction. Varying UV exposure times were used depending on the conditions
and given in the corresponding experimental sections. After the UV exposure,
the hydrogels recovered on coverslips (Figure 2.8) were washed thoroughly with
PBS to remove all unreacted PEGDA chains and photoinitiator. Then, they were
placed into a 24-well plate (ThermoFisher Scientific) and swollen in PBS to con-
stant weight (see Section 2.2.4 for swelling studies) during which the PBS was a
changed couple of times to ensure the removal of any unreacted species.

2.2.1.2 Microstructuring of PEGDA hydrogel scaffolds

In order to obtain 3D villus-like forms, a photomask was used during the pho-
topolymerization of the hydrogels. The photomask design was consisted of a 0,8
x 0,8 mm2 array of circular transparent regions with a diameter and a pitch of 100
μm, which had a density of 25 transparent windows.mm-2. These values were
selected to better mimic the anatomical dimensions of the human villi (diameter
≈ 125 μm) at the density (20-40 villi.mm-2) that they are found in native intestine
[116, 117]. The photomasks were designed in AutoCAD software (Autodesk) and
printed on acetate films (CAD/Art Services).

The 3D villus-like structures were formed by a two step UV exposure. In an
initial approach, first exposure was performed without the photomask to form a
thin film of hydrogel that we called the base, and the second exposure was per-
formed with the photomask that allowed the formation of the microstructures
that we called pillars [46]. However, with this strategy partial gelling of the ma-
terial at the unexposed regions was observed. As an improvement, the method
was slightly changed. First, the hydrogel precursor solution was exposed to form
the pillars followed by a washing step both with PBS and the hydrogel precursor
solution. Then, it was exposed again, without the photomask, to form the base
holding pillars together. This step was needed to create a homogeneous hydrogel
surface. Microstructures of varying dimensions were fabricated by using expo-
sure times ranging from 70 s to 170 s for pillar formation and either 10 s or 15 s
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for base formation. A simplified scheme of the optimized fabrication protocol for
microstructuring of PEGDA is given in figure 2.9.

Figure 2.9: Simplified scheme of the optimized fabrication protocol of the 3D villus-like PEGDA
scaffolds. In the first exposure, the pillars are formed using a photomask consisting of an array of
circular transparent windows with a diameter and a pitch of 100 µm. In the second exposure, the
photomask is removed and the base is formed at the size of the diameter of the PDMS pool. This
step is needed to create a homogeneous hydrogel surface.

2.2.1.3 Copolymerization of PEGDA and acrylic acid

Although PEGDA hydrogel is a good candidate as a scaffold because of its high
water uptake capacity and soft tissue like elasticity, due to its bioinert nature
PEGDA alone cannot support cell adhesion and growth [31]. Therefore, its func-
tionalization with bioactive species is essential for cell culture applications. How-
ever, in the PEGDA backbone there are no functional groups that would permit
the addition of peptides and proteins to the structure. For that reason, acrylic acid
was added to the hydrogel precursor solution and allowed to copolymerize with
PEGDA. Acrylic acid (AA) is a molecule that has a vinyl and a carboxylic group.
When copolymerized with PEGDA, it gets incorporated into the structure due to
the presence of its vinyl group (Figure 2.10). The flanking carboxylic groups can
then be further functionalized by a carbodiimide-mediated amine coupling [118]
(Figure 2.10).
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Figure 2.10: Scheme showing the copolymerization reaction of acrylic acid (AA) and PEGDA.
Vinyl groups (carbon-carbon double bonds) take part in the UV initiated free radical polymeriza-
tion in the presence of the photoinitiator, I2959. The resulting PEGDA-AA hydrogel has flanking
carboxylic groups that can further be biofunctionalized by a carbodiimide-mediated amine cou-
pling [118].

The incorporation of acrylic acid into the PEGDA backbone was well charac-
terized in a previous study reported by our group [46, 103]. The hydrogel precur-
sor solutions were prepared as explained in Section 2.2.1.1, acrylic acid was added
to the solutions and they were mixed for 1 h at 65◦C. The solution were filtered by
a 0,22 μm filter, and used immediately. The solutions were protected from light
at all times. The acrylic acid concentrations used in this study were 0,06% w/v
(8,3 mM) and 0,3% w/v (41,6 mM). A wider range of acrylic acid concentrations
(0% to 2,4% w/v) and the effects of their incorporation into the PEGDA backbone,
microstructure morphology, material elasticity, swelling properties, and function-
alization has been well described in a previous study carried out in our laboratory
[46, 103].

2.2.2 Morphological assessment of 3D villus-like hydrogel scaffolds

After the scaffolds were fabricated, they were kept in PBS until equilibrium
swelling (see Section 2.2.4 for the detailed protocol). After swelling they were
visualized by optical microscopy or scanning electron microscopy (SEM) to
assess their morphology and calculate the dimensions of the pillars.
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2.2.2.1 Optical microscopy

The samples at equilibrium swelling were visualized either by a stereo micro-
scope (Leica MZ10) or a bright field microscope (Nikon Eclipse Ts2). The pillars
were cut out of the scaffolds with the help of a surgical blade (Didactic) or a 27
G 3/4 " needle (BD Microlance 3), and tilted horizontally to be able to visualize
the cross-sections. The samples were kept submerged in PBS at all times. The
images were analyzed with ImageJ free software (http://rsb.info.nih.gov/ij, Na-
tional Institutes of Health) and the heights of the pillars were measured as the
distance between the base and the tip of the pillars. At least three samples were
analyzed for each condition (n ≥ 3).

2.2.2.2 Scanning electron microscopy

Alternatively, SEM was also used to assess the morphology and calculate the
heights of the pillars. SEM samples have to be dehydrated, since, this technique
works under vacuum, and water molecules disturb the vacuum and with it the
imaging. Air drying destroys the morphology of the samples as water has a high
surface tension to air. Therefore, to dry the samples, first, they were washed thor-
oughly with MilliQ water to remove the salts, and then, the water was removed
by immersing them sequentially in graded ethanol solutions diluted in MilliQ
water. The steps were: 50% v/v 1 wash, 70% v/v 2 wash, 90% v/v 3 wash, 96%
v/v 3 wash, and 100% 3 wash, each washing step being 10 minutes of incubation
in the ethanol solution indicated. The samples were then, placed into a critical
point dryer equipment (K850, Quorum technologies), sealed and cooled. Critical
point drying is based on the complete replacement of ethanol with liquid CO2

and then heating the CO2 (35◦C) at high pressure (≈ 83 bar) to liquid-gas phase
equilibrium where all the liquid phase eventually disappears. The dried sam-
ples were imaged by ultra high-resolution scanning electron microscopy (NovaTM

NanoSEM 230, FEI Company) under low vacuum conditions (< 2 mbar). No con-
ductive coating was necessary for the imaging of the PEGDA-AA samples. Two
samples were analyzed for the hydrogels fabricated with 5% w/v P6000, 0,06%
w/v (8,3 mM) AA, and at least three images were taken at randomly selected
regions. The sample holder was tilted by an angle (α) of 66◦ during image ac-
quisition to be able to visualize the 3D structures of the pillars. The images were
analyzed with ImageJ free software and the heights of the pillars were calculated
correcting for the tilt angle (α = 66◦) (Eqn. 2.1).
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hreal = hmeasured/cos(α) (2.1)

2.2.3 Characterization of the mechanical properties of the PEGDA-AA
hydrogels

Mechanical properties of the hydrogels were analyzed by a compression test. The
gels were casted as discs, 10 mm in diameter and≈ 1 mm in height, and swollen to
constant weight. The concentrations characterized were: 5%, 7,5%, and 10% w/v
P6000 prepared in PBS with 1% w/v I2959 and 0,06% w/v (8,3 mM) AA. The UV
exposure time used for the fabrication of the hydrogels was 200 s. After swelling,
the hyrogels with increased diameters were punched with a 10 mm punch to
make sure that all the samples had the same diameter. Stress-strain curves were
obtained in compression mode with a dynamic mechanical analyzer equipment
(Q800 Dynamic Mechanical Analyzer, TA Instruments). The samples of 1 mm
height and 10 mm diameter were placed in between the compression clamps (Fig-
ure 2.11 A, B) and deformed by applying a constant strain rate of 1,20%.min-1 un-
der unconfined compression up to a maximum strain of 10%, in agreement with
similar works reported in the literature [119, 120]. A small preload of 100 mN
was used to promote an adequate contact between the hydrogels and the appara-
tus. At the initial testings, the same samples were measured twice to make sure
that no permanent deformation was being caused by the 10% maximum strain.
Certain parameters, such as the cross-sectional area, A, of the hydrogels and the
Poisson ratio had to be introduced to the operational software of the equipment
(TA Instruments) to determine the compression modulus. The Poisson ratio was
selected to be 0,5, in accordance with previously published reports [14, 121, 122].
The stress, σ, was calculated by the normal force applied, F, divided by A; and the
strain, ε, as the ratio of the change in the hydrogel height to the original height,
all of which was automatically calculated by the software from the empirical data
recorded by the apparatus. Then, the stress-strain curves were plotted and from
the slope of the linear part of the curves, where samples showed elastic behavior,
Young’s modulus (E) was calculated (Figure 2.11 C). At least three different sam-
ples were analyzed for each condition. The data were plotted as mean± standard
deviation with OriginPro 8.5 software. The statistical comparison was performed
using two tailed, unequal variances Student’s t-test and p<0,05 was considered
significant.
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Figure 2.11: Image showing the compression clamp of the Q800 Dynamic Mechanical Analyzer
equipment and a disc-shaped hydrogel sample placed at the center of the compression plates (A).
Drawing showing the dimensions of the disc-shaped hydrogel samples used in the compression
tests (B). Typical stress-strain curve, where stress and strain are defined by σ and ε, respectively
(C). The Young’s modulus (E) is determined from the slope of the linear part of the curve, where
the samples show elastic behavior.

2.2.4 Characterization of the swelling properties of the PEGDA-AA hy-
drogels

The swelling behavior of the PEGDA-AA hydrogels was characterized as an indi-
cator of their degree of crosslinking and also to determine the time of equilibrium
swelling, the point after which the hydrogels do not imbibe more water. Deter-
mining the time of equilibrium swelling was important in designing the exper-
iments following the hydrogel fabrication since during swelling, the properties
of the material were changing. For example, their dimensions and mechanical
properties vary. All the experiments, including morphological assessments, func-
tionalization, mechanical characterization, and cell culture were done after letting
the hydrogels swell to constant weight in PBS.

The hydrogels were casted as discs, 10 mm in diameter and ≈ 1 mm in height,
at 5%, and 10% w/v P6000 concentrations in PBS with 1% w/v I2959 and 0,06%
w/v (8,3 mM) AA. Hydrogels were fabricated either by 150 s or 200 s of UV expo-
sure. The polymer concentrations were chosen to mark the lower and the upper
limits of the working range. The equilibrium volume swelling ratios (Q) were
calculated from the weights measured at three different time points i.e. after
fabrication, at equilibrium swelling and at dry state, following well established
protocols [14, 30, 123, 124]. The PEGDA-AA hydrogels were weighed right after
fabrication (also called after curing), and the value was referred as mc. Then, the
hydrogels were swollen in a petri dish submerged in PBS and weighed at differ-
ent time points: 15 min, 30 min, 1 h, 2 h, 1 day, 2 day, 3 day, and 4 day, 5 day and
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7 day after fabrication. The weight of the hydrogel was increasing until a certain
point after which it was maintaining constant. This is the weight at equilibrium
swelling and it was referred as ms. In order to avoid contamination, after each
measurement the petri dish was changed and fresh, filtered PBS was added, and
the swelling was performed at 4◦C. Otherwise, the hydrogels were getting con-
taminated by microorganisms. The time required to reach the constant weight
was also noted and it was ensured that in the following experiments, the gels
were swollen sufficiently before further use. After swelling, the gels were dried
overnight at RT and the next day in the oven at 65◦C to constant weight to make
sure that all the remaining water was eliminated. The weight of the hydrogel at
dry state was referred as md. Once these values were obtained, weight fractions
of the hydrogels after fabrication (qF) and at equilibrium swelling (qW) were cal-
culated by the following equations 2.2 and 2.3, respectively.

qF =
mc

md
(2.2)

qW =
ms

md
(2.3)

Then, the polymer volume fraction of the hydrogel in swollen state (V2,s) and
the volume fraction in the relaxed state (V2,r) were calculated by the following
equations 2.4 and 2.5, respectively.

V2,s = [1 +
(qW − 1) ∗ ρp

ρswel
]−1 (2.4)

V2,r = [1 +
(qF − 1) ∗ ρp

ρsol
]−1 (2.5)

where ρp is the density the PEG (1,12 g.cm-3) [14, 125], ρswel is the density of
swelling agent used and ρsol is the density of the solvent used in the fabrication
of hydrogel. In our set-up, both the swelling agent and the solvent were PBS and
its density was taken as 1,01 g.cm-3 (calculated from the product datasheet). With
the previous data, the volume swelling ratio (Q) of the hydrogels was calculated
by the following equation 2.6.

Q =
V2,r
V2,s

(2.6)

These calculations were based on previously published reports [14, 124,
126]. Four different samples were analyzed for each condition. The data were
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plotted as mean ± standard deviation with OriginPro 8.5 software. Calculations
of weight and volume fractions and volume swelling ratios were done with
MATLAB R2015a software. The statistical comparison was performed using two
tailed, unequal variances Student’s t-test and p<0,05 was considered significant.

Hydrogel network parameters, such as, molecular weight between crosslinks
(Mc), and the mesh size (ξ), were also estimated using volume swelling ratios.
Detailed methods and the results are presented in the following chapter 3, as we
consider these data to be more relevant in the context of chapter 3.

2.2.4.1 Determination of the gel fraction of the PEGDA-AA hydrogels

In order to determine the percentage of the PEGDA chains reacted to form the
hydrogel, gel fraction values were determined following previously published
protocols [14, 127]. For that, disc shaped hydrogels with a diameter of 10 mm
and a thickness of ≈ 1 mm were fabricated. After manufacturing the hydrogels,
they were dried overnight at RT and the next day in the oven at 65◦C to constant
weight to make sure that all the remaining water was eliminated. This constant
weight obtained in this step is known as M. In this step, all the unreacted species
and reaction residues were contributing to the dry weight of the hydrogel since
they weren’t swollen in an aqueous solution allowing the unreacted components
to diffuse out. Then, the hydrogels were submerged into MilliQ water and were
washed several times by refreshing the MilliQ water at various time points (1 h,
2 h, 3 h, 4 h, 5 h, 1 day, 2 days, 3 days and 4 days) until the time of equilibrium
swelling was reached. Then, the gels were dried to constant weight as explained
above. The constant weight obtained in this second step is called M’. Once the
weights of the hydrogels before and after removing all the unreacted components
were obtained, the percentage of gel fractions were calculated by the formula
given in equation 2.7.

Gel fraction =
M ′

M
∗ 100 (2.7)

PEGDA solutions prepared in MilliQ at 5%, and 10% w/v P6000 with 1% w/v
I2959 and 0,06% w/v (8,3 mM) AA were used, and the UV exposure times tested
were 150 s and 200 s. MilliQ water was used to avoid the salt crystals adding up
to the polymer mass. Four different samples were analyzed for each condition.
The data were plotted as mean± standard deviation with OriginPro 8.5 software.
The statistical comparison was performed using two tailed, unequal variances
Student’s t-test and p<0,05 was considered significant.
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2.2.5 Protein functionalization of the PEGDA-AA hydrogels

In order to render the scaffolds bioactive, ECM proteins were coupled to the
PEGDA-AA hydrogels taking the advantage of the exposed carboxylic groups, by
using N-(3-Dimethylaminopropyl)-N’ -ethylcarbodiimide (EDC) (Sigma) and N-
Hydroxysuccinimide (NHS) (Sigma) as activators [118]. Carbodiimide-mediated
protein coupling is a method commonly used in conjugating proteins to hydro-
gels for their functionalization [128–130]. The reaction is depicted in the figure
2.12.

Figure 2.12: Scheme showing the EDC/NHS mediated protein coupling to the PEGDA-AA hy-
drogels. First, the carboxyl groups of the hydrogel are activated with EDC, which is displaced by
NHS forming a semi-stable NHS-ester. Subsequently, it is replaced by a primary amine (protein)
forming a covalent bond (amide bond) between the PEGDA-AA hydrogel and the protein.

Briefly, the hydrogels were swollen in PBS to the equilibrium swelling,
during which the PBS was changed couple of times to make sure that all the
non-reacted species were removed. EDC and NHS were dissolved in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (0,1 M, pH 4,7) (ThermoFisher
Scientific) at 25 mM and 50 mM, respectively. The hydrogels were submerged
in EDC/NHS solutions and incubated for 30 min shaking at RT. After that, the
hydrogels were washed three times with PBS and incubated with the protein
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solution prepared in PBS. Several proteins or protein mixtures, e.g. Matrigel R©

were tested. To validate the successful incorporation of the proteins to the struc-
ture, Streptavidin Texas Red R© (SA_TxRED) (Life Technologies) was used. As
controls, samples that were not activated by EDC/NHS and hydrogels formed by
P6000 homopolymer (without AA) were also incubated with SA_TxRED. For cell
culture experiments, laminin (Sigma), Matrigel R© (BD Biosciences), and collagen
type I (Sigma) were used to functionalize the PEGDA-AA hydrogels. Matrigel R©

and collagen type I were used 10% diluted and laminin and SA_TxRED were
used at 100 μg.mL-1 and 50 μg.mL-1 concentrations, respectively. For streptavidin
functionalization, 1-2 hours of incubation at RT was enough. The scaffolds
prepared for cell culture experiments were incubated with the protein solutions
overnight at 4◦C in order to avoid possible gelling of Matrigel R© and collagen,
which happens at RT and the incubation time was increased to maximize cou-
pling efficiency. After that, the scaffolds were washed with PBS and kept in 10%
v/v Penicillin/streptomycin until further use. To confirm the efficiency of the
functionalization, immunostaining for collagen and laminin (major component
of Matrigel R©) was performed. The immunostaining protocol is given in the fol-
lowing section 2.2.7. As a comparison, direct physical adsorption of a Matrigel R©

drop to the 3D villus-like scaffold surfaces, another strategy reported [54], was
also tested. A 10 μL drop of Matrigel R© was added onto the scaffolds and they
were briefly (<1 minute) centrifuged at 700 rpm. Then, they were incubated at
37◦C for at least 15 minutes. This process was repeated 1-2 times to increase the
amount of the Matrigel R© layer deposited on top of the hydrogel. The protocol
followed to visualize the deposited Matrigel R© layer, is explained in the section
2.2.7.

2.2.6 Intestinal organoid-derived crypt seeding onto 3D villus-like
PEGDA-AA scaffolds

Organoid-derived crypt suspension was prepared as explained in chapter 1 sec-
tion 1.2.2. The total crypt number in the suspension was estimated by counting
the number of crypts in a sample volume (see Chapter 1 Section 1.2.3.2 for details).
After fabrication, PEGDA-AA hydrogels were swollen to equilibrium weight and
functionalized with cell adhesion proteins as explained in Section 2.2.5. Later, the
hydrogels were sterilized by storing them in 10% v/v penicillin/streptomycin in
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PBS until use. UV sterilization was not suitable as it could damage the cell adhe-
sion proteins. Before use, the scaffolds were transferred to a new sterile 24 well-
plate (ThermoFisher Scientific). Two cell culture media were used to grow the in-
testinal epithelial cells on PEGDA-AA hydrogel scaffolds: 1) ENR_CV medium,
and 2) ISEMF_CM supplemented with ENR_CV (see Chapter 1 Sections 1.2.2 and
1.2.4.1).

2.2.6.1 Cell seeding strategies

Two strategies were explored for the seeding of the PEGDA-AA hydrogel scaf-
folds: 1) with a drop of crypt suspension (Figure 2.13 A), and 2) using a pipette
tip bottom as a container (Figure 2.13 B, C).

Figure 2.13: Scheme showing the seeding of the hydrogel scaffolds with a drop of organoid-derived
crypt suspension (A), or by using a pipette tip as a container (B). Image showing the pipette tip
placed on top of a hydrogel scaffold (C). The pipette tip was filled with an ink to show that it could
carry increased volumes of liquid without leakage.

In the first case, the hydrogels were left to slightly dry for about 30 minutes
under the cell culture hood just prior seeding, paying attention that they weren’t
drying out totally. This step was necessary to let evaporate the excess water, so
that the crypt suspension drop would stay on top of the scaffold. After that, ≈
30 μL of crypt suspension was added on top of the scaffolds and then the plates
were carefully placed into the cell culture incubator to let the cells adhere. After
1-2 hours, 300 μL of organoid growth media or ISEMF_CM supplemented with
ENR_CV was added. However, sometimes the drop was spreading out to the
whole surface of the well causing an inhomogeneous seeding. In the second strat-
egy, a sterile pipette tip bottom was used as a container. This permitted the use of
increased crypt suspension volumes (up to 100 μL) and also assured that the sus-
pension would stay on top of the scaffold. As in the first strategy, after 1-2 hours
of seeding, culture medium was added but the pipette tip bottom wasn’t removed
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until the other day to ensure maximum cell adhesion. The seeding area of a 30 μL
drop was estimated to be 0,79 cm2 (the area of a 10 mm diameter disc dictated by
the PDMS pool dimension). On the other hand, the seeding area was reduced to
0,31 cm2 when the pipette tip was used (calculated using the dimensions of the
inner diameter of the pipette tip). The seeding densities were calculated taking
into account this variation in the area depending on which strategy was used.
Approximately, the seeding densities used were 2500, and 3500 crypts.cm-2 for
drop and pipette tip seeding, respectively. Pipette tip seeding allowed to have
higher seeding densities for similar total crypt numbers. After seeding, cell cul-
turing times differed from 6 to 9 days and are indicated in the figure captions of
the corresponding experiments.

2.2.7 Immunofluorescence characterization

The cells were fixed with 10% neutralized formalin (Sigma), permeabilized with
0,5% v/v Triton X-100 (Sigma), and blocked with a blocking buffer containing 1%
w/v BSA (Sigma), 3% v/v donkey serum (Millipore), and 0,2% v/v Triton X-100
in PBS for at least two hours. The primary antibodies used were: rabbit anti-Ki67
(1:100, abcam), and mouse anti-cytokeratin 20 (CK20) (1:100, Dako). Ki67 marks
the proliferative and CK20 the differentiated intestinal epithelial cells. All sam-
ples were incubated with the primary antibody overnight at 4◦C followed by 1
h incubation at RT with secondary antibodies: Alexa Fluor R© 488 donkey anti-
mouse, and Alexa Fluor R© 647 donkey anti-rabbit (Jackson ImmunoResearch),
diluted at 1:500. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (1:1000). Alexa Fluor R© 568 phalloidin was used to stain filamentous actin
(F-actin). The samples were mounted with Fluoromount-G R© (SoutherBiotech).
For the visualization of collagen and Matrigel R© functionalization, primary anti-
bodies of mouse anti-collagen type I (1:200, ThermoFisher Scientific), and rabbit
anti-laminin (1:500, abcam) were used, respectively. The secondary antibodies
used were Alexa Fluor R© 488 donkey anti-mouse, and Alexa Fluor R© 488 donkey
anti-rabbit diluted at 1:500. The immunostaining protocol was as explained above
except the permeabilization step, which was not needed. All the reagents were
obtained from Invitrogen unless stated otherwise.

2.2.8 Image acquisition, analysis and statistics

The fluorescence images were acquired using confocal laser scanning microscopy
(CLSM) (TCS SP5, Leica) with 10x dry (N.A. = 0,40), and 20x dry (N.A. = 0,70)
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objectives at randomly selected locations. The laser excitation and emission light
spectral collection were optimized for each fluorophore. For the four color scans
the emission bands were adjusted to avoid overlapping of the channels. The pin
hole diameter was set to 1 Airy Unit (AU). For images acquired at 10x and 20x,
z-steps of 1,5 μm and 5 μm were used for stacks of epithelial monolayers and
bare scaffolds functionalized with collagen, respectively. Bright field microscopy
images were obtained by an inverted microscope (Eclipse Ts2, Nikon) equipped
with a low N.A. 4x objective to ensure an extended field and depth of view. The
surface coverage of the epithelial monolayers on the PEGDA-AA scaffolds was
estimated from the bright field microscopy images either by manually delimiting
the areas or by running a trained WEKA pixel classifier (Trainable WEKA seg-
mentation plugin from ImageJ) using ImageJ free software. The area covered with
tissue was normalized to the total area of the image and expressed as percentage.
The base and the pillars were homogeneously covered at the regions where there
was monolayer, making it possible to estimate the percent surface coverage of
the 3D surface from 2D projected bright field microscopy images. The quantifi-
cation of the Ki67 marker, to determine the amount of proliferative cells with
respect to the total cell number was estimated by a custom ImageJ macro pro-
vided by the Advanced Digital Microscopy (ADM) Unit of Institute for Research
in Biomedicine (IRB) (See Appendix B for the macro code). 4 to 5 randomly se-
lected regions of each sample were analyzed for surface coverage determination
and CLSM stacks were obtained at 5 different positions among the areas cov-
ered with cells for Ki67 quantification. The error bars in the figures represent
the standard deviations of at least three independent experiments. The statistical
comparison was performed using two tailed, unequal variances Student’s t-test
and p<0,05 was considered significant. The data were processed and plotted with
OriginPro 8.5 software.
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2.3 Results

2.3.1 Morphological assessment of the 3D villus-like microstructured
hydrogels

3D villus-like microstructured hydrogels can be obtained by free-radical poly-
merization of PEGDA using a 2D photomask as demonstrated previously [46].
PEGDA solution is introduced into a container made out of PDMS (PDMS pool),
the photomask is placed on top of the pool and the solution is exposed to UV.
Photomasks with transparent windows of 100 μm in diameter were used to fab-
ricate microstructures with dimensions close to those of native intestinal villi. A
PDMS container of 1 mm in height was used not to limit the polymerization in the
vertical axis. A working range of 5% w/v to 10% w/v P6000 concentration was
chosen in order to obtain a soft material. Mechanical characterization of P6000
revealed that the Young’s modulus (E) of the material was ranging between 3 kPa
to 11 kPa (see Section 2.3.2 for results) in agreement with previously published
data (20% w/v P6000 ≈ 15 kPa) [49]. The use of high concentrations of PEGDA
lead to very hard materials (E in the range of MPa [18, 50]) poorly mimicking
in vivo mechanical properties of soft epithelial tissues. PEGDA photopolymer-
ization is initiated by the activation of the photoinitiator (I2959) under UV light.
Fractional monomer conversion is mainly controlled by photoinitiator related pa-
rameters, such as its concentration [41]. Meanwhile, its solubility is limited to 1%
w/v in aqueous media (as reported in the datasheet). In order to obtain an op-
timal monomer conversion the maximum possible I2959 concentration, 1% w/v,
was chosen. Figure 2.14 A and B show representative stereo microscopy images
of the microstructures obtained from 5% w/v P6000 with two different UV expo-
sure times: 150 s and 170 s. The hydrogel base was formed by a previous flood
exposure of 15 s. The heights of the pillars were estimated from stereo micro-
scope images and were found to be 600,6 ± 51,3 μm and 591,3 ± 27,6 μm for 150 s
and 170 s, respectively. The pillars had an aspect ratio (height:diameter) of ≈ 4,5.
SEM image in figure 2.14 C shows the array of individial, high aspect ratio pillars
formed on a hydrogel base. The microstructures displayed biomimetic rounded
tips (Figure 2.14 D) like those found in the small intestine. The heights of the
microstructures were estimated from the SEM images, taking into account the tilt
angle (see Section 2.2.2.2 for the calculation method), and found to be 348,3± 17,1
μm. This value is lower than the heights calculated from the stereo microscope
images. This might be explained by a shrinkage that might have occurred dur-
ing sample dehydration. SEM is an effective technique to assess the morphology
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but the final dimensions seem to be affected by sample preparation; therefore, in
what follows the heights of the pillars were estimated from the stereo microscope
analysis.

Figure 2.14: Stereo microscope images of microstructured 5% w/v P6000 hydrogels fabricated
with 150 s (A), and 170 s (B) of UV exposure. A flood exposure of 15 s was performed to create
a hydrogel base that holds the microstructures together. Black dashed lines mark the border of the
microstructures. Scale bars: 150 µm. SEM images of microstructured 5% w/v P6000 hydrogels
fabricated with 150 s of UV exposure at low (C) and high magnification (D). Scale bars (C): 200
µm, D: 50 µm

.

The heights of in vivo villi vary from 0,2 mm to 1 mm [117, 131]. The heights of
the microstructures obtained are within this range. This assessment of the mor-
phology demonstrates that with our fabrication protocol it is possible to produce
microstructured hydrogels mimicking the shape and dimensions of the small in-
testine villi. There are some examples of high aspect ratio structures produced
from PEGDA reported in the literature [98, 100, 102]. Dang et al. fabricated
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PEGDA pillars of 1 mm height and 500 μm in diameter to be used as molds [98],
Dardano et al. produced PEGDA microneedle arrays with heights larger than 1
mm for potential applications in microelectronic devices [102]. However, in these
works 100% w/v or highly concentrated solutions of PEGDA were used, leading
to microstructures with elastic modulus values in the range of MPa [50] far from
the mechanical requirements of soft tissue models. Here, we demonstrate that it is
possible to fabricate self-standing pillars with high aspect ratio on soft hydrogels,
using diluted PEGDA solutions (5%-10% w/v), compatible with the requirements
of epithelial tissues. It is remarkable that these microstructures with a complex 3D
geometry (bullet-like) can be formed with a simple photolithographic technique
without the need of a mold.

It is possible to obtain these complex bullet-like structures due to the inter-
play between the free-radical photopolymerization reaction dynamics and the
formation of oxygen gradients within the fabrication setup [99, 100]. Molecular
oxygen diffused in the solution scavenges the free-radicals and inhibits the poly-
merization reaction [47]. Therefore, the polymerization takes place only when
the oxygen is depleted locally. When timescale of oxygen diffusion is comparable
with that of oxygen depletion the polymerization is very sensititive to the oxygen
concentration and can be controlled spatially by creating oxygen gradients [47,
132]. Shim et al. described the so-called Damköhler number, Da, which is a ra-
tio between the timescales of oxygen diffusion and oxygen depletion processes to
account for the relevance of the oxygen diffusion [100]. Damköhler number, Da,
can be calculated as:

Da =
τdiff
τdepl

=
R2/D0

[O2]0/φε[PI]I
(2.8)

Where R is the radius of the transparent windows of the 2D photomask, D0 is
the diffusion coefficient of oxygen in the polymer solution, [O2]0 is the molar con-
centration of oxygen initially dissolved in the polymer solution, φ is the quantum
yield of the photoinitiator, ε is the molar extinction coefficient of the photoinitia-
tor, [PI] is the molar concentration of the photoinitiator and I is the intensity of
the UV light. According to Da values, three polymerization regimes are defined.
When Da » 1 oxygen diffusion is slow and polymerization can occur. When Da «
1 oxygen diffusion is fast and it never depleted enough from the system so poly-
merization is inhibited. When Da≈ 1, and the experimental setup is permissive to
oxygen, microstructures were shown to grow in conical forms [100]. In our exper-
imental setup, on top of the oxygen present in the prepolymer solution, oxygen
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can diffuse through the walls of the PDMS pool [133] and through the air-liquid
interface of the inlets. Therefore, oxygen diffusion has a role in the dynamics of
the microstructure fabrication. Detailed characterization of the growth dynamics
of the bullet-like microstructures has been previously reported in a work done in
our group [46, 103]. Garcia Castaño et al. computed Da taking into account the
features of our experimental setup: the radius of the transparent windows of the
2D photomask (d = 100 μm, R = 50 μm) and the light absorbance by the photoini-
tiator along the vertical axis of UV irradiation, z, which can be estimated by the
Beer-Lambert law (Equation 2.9).

Da =
τdiff
τdepl

=
R2/D0

[O2]0/φε[PI]I.exp(−2, 303ε[PI]z)
(2.9)

They found that Da was significantly changing with z. The diameter of the
microstructures obtained was consistent with the dimensions of the photomask
windows and heights could be controlled with the UV exposure time. Neverthe-
less, the microstructure heights were never reaching the full height of the PDMS
pools, probably because for z greater than 800 μm Da was lower than 1 [46]. The
findings of Garcia Castaño et al. broadly describe the mechanisms governing the
fabrication process used here.

Once we showed that in our experimental setup fabrication of villus-like mi-
crostructures was possible, we have tested the effect of varying concentrations of
the PEGDA macromer solution on the morphology of the microstructures. The
P6000 concentrations tested were 5% w/v, 7,5% w/v and 10% w/v and the mi-
crostructures were fabricated with two different exposure times: 150 s and 170 s.
The main observation was that with increased polymer concentrations, polymer-
ization was also occuring at the unexposed regions (Figure 2.15 A-C). At higher
PEGDA concentrations, unexposed regions fully polymerized. Because of this
uncontrolled polymerization, the effective heights of the microstructures were re-
duced dramatically (Figure 2.15 D). Regarding the effects of UV exposure time,
for 5% w/v P6000 increasing the UV exposure from 150 s to 170 s decreased the ef-
fective heights from 657,0 ± 24,0 μm to 368,5 ± 30,2 μm, showing that increasing
the exposure time was also increasing the uncontrolled polymerization. Over-
all, these findings suggested that PEGDA concentration and UV exposure time
both affect the shape and dimensions of the microstructures and both parameters
should be tuned to obtain the proper morphologies.
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Figure 2.15: Bright field microscopy images of microstructured P6000 hydrogels at 5% (A), 7,5%
(B), and 10% (C) w/v concentrations fabricated with 150 s UV exposure. A second exposure of
15 s was performed to create a hydrogel base that holds the microstructures together. Black dashed
lines mark the border of the microstructures. Graph showing the change in the effective height of
the pillars with increased concentrations, fabricated with 150 s and 170 s of UV exposure (D).
4 samples were measured for each condition and the data were presented as mean ± standard
deviation. Scale bars (A, B): 500 µm, C: 400 µm.

The interstitial polymerization at the unexposed regions might have numer-
ous explanations and reviewed in detail by Garcia Castaño et al. [46]. It is mainly
attributed to the diffusion of radicals and monomers causing irregular polymer-
ization at the illumination interface resulting in structures not faithfully reproduc-
ing the photomask pattern [134, 135]. Moreover, diffusion is a time and concentra-
tion dependent process, meaning with increasing exposure times and monomer
(or building block) concentrations, the amplitude of interstitial polymerization
should be more pronounced. This is in accordance with the results presented in
figure 2.15. Viswanathan et al. also reported structural deviations compared to
the photomask pattern with increasing UV exposure time [135]. In addition, the
polymerized material (crosslinked hydrogel) produces scattering effects [136]. In
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our fabrication protocol, the hydrogel base formed initially might have caused the
scattering of the UV light in the following exposure performed for the formation
of the pillars.

As an improvement, the fabrication protocol was revised [103]. In the mod-
ified protocol, first, the microstructures were formed (first exposure), then the
pillars were washed with PBS and PEGDA macromer solution in order to remove
any unreacted species. Finally, a short second exposure was performed to form
the base that connected the microstructures. Microstructures with a variety of
dimensions and P6000 concentrations were fabricated with the improved proto-
col (Figure 2.16). In all the conditions villus-like rounded forms were obtained.
Longer exposure time yielded higher structures. Even with the more concen-
trated solutions, 6,5% and 10% w/v, with 120 s and 100 s exposure time, respec-
tively, large high aspect ratio structures and a base holding them together could
be obtained without any polymerization at the unexposed regions.

Figure 2.16: Bright field microscopy images of microstructured hydrogel samples fabricated under
different conditions; 5% w/v P6000 at 150 s of UV exposure with 0,06% w/v AA (A), or 0,3%
w/v AA (B), 6,5% w/v P6000 with 0,3% w/v AA at 120 s (C) or 70 s (D) of UV exposure, 10%
w/v P6000 with 0,3% w/v AA at 100 s (C) or 70 s (D) of UV exposure. A second exposure of 15
s (A, B, C) and 10 s (D, E, F) was performed to create the hydrogel base. Scale bars: 200 µm.

With this configuration, the heights of the microstructures can be controlled
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with a single parameter, the exposure time. The effective heights of the mi-
crostructures were estimated from bright field microscopy images and are given
in figure 2.16. Microstructures with villus-like realistic dimensions [117, 131]
could be obtained by exposure times 100 s or above and with different PEGDA
concentrations (5% w/v, 6,5% w/v and 10% w/v). Overall, these results show
that complex 3D microstructures of high aspect ratio and roundish geometries
can be obtained by a moldless, simple photolithography-based process in an ex-
perimental setup permissive to oxygen. The dimensions of the microstructures
can be easily tuned by modifying the UV exposure time.

2.3.2 Mechanical properties of the PEGDA-AA hydrogels

The Young’s modulus of PEGDA-AA hydrogels prepared at different concentra-
tions after swelling were determined with a compression test. Disc-shaped P6000
hydrogels at concentrations 5% w/v, 7,5% w/v, and 10% w/v were studied. The
concentration range selected is the same range used for microstructured hydrogel
fabrication. The acrylic acid concentration used in the prepolymer solution was
0,06% w/v and the time of polymerization was 200 s. The effect of the PEGDA
concentration was studied.

Figure 2.17 A shows a representative stress-strain curve of 5% w/v P6000 hy-
drogel obtained by a compression test. The Young’s modulus (E) was calculated
from the slope of the linear region of the curve, as indicated by the red line. In
a similar fashion, E was determined for all the samples analyzed. The Young’s
modulus of the PEGDA hydrogels significantly increased with increasing con-
centrations (p<0,05) (Figure 2.17 B). This result suggests that the E can be tuned
by changing the total amount of PEGDA macromers. Bryant et al. showed that
the compression modulus of the poly (ethylene glycol) dimethacrylate gels were
increased with increasing concentration [38]. Other studies also adopted a sim-
ilar strategy, changing PEG concentration in the hydrogel precursor solution, to
obtain gels of varying stiffnessess [137, 138]. It is important to note that the me-
chanical characterizations were done with PEGDA hydrogels containing 0,06%
w/v AA concentration; nevertheless, Garcia Castaño et al. showed that increas-
ing AA concentrations up to 1,2% w/v did not significantly altered the Young’s
modulus of the PEGDA-AA hydrogels [46, 103].
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Figure 2.17: Stress-strain curve of a 5% w/v P6000 hydrogel obtained by a compression test
(A). The Young’s modulus (E) was calculated from the slope of the linear part of the stress-strain
curves. Graph showing the Young’s modulus of P6000 hydrogel at different concentrations (mean
± standard deviation, Student’s t-test, *p<0,05) measured after swelling (B). The concentration of
AA used was 0,06% w/v. At least three different discs were characterized for each condition (n =
3). Scale showing soft tissue elasticity ranging from brain [139], fat [140], muscle [141], intestine
[142, 143] to nascent bone [141] (C). Adapted from Discher et al. and Huang et al. [144, 145].

The Young’s modulus values determined varied from 2,5 ± 1,1 kPa to 10,9 ±
1,7 kPa, comparable with the values published in a previous study, where E of
20% P6000 was calculated to be ≈ 15 kPa [49]. In another work, Munoz-Pinto et
al. reported a modulus value of 31 kPa for 10% P6000; however, the gels were
crosslinked for 6 minutes [44], as oppose to 200 sec of exposure that was used
in our experimental setup. Overall, the E values we have obtained are in accor-
dance with the values reported in the literature, the variations observed can be
attributed to the differences in the fabrications conditions. The mechanical prop-
erties of ex vivo small intestine tissue has also been characterized in some works.
In one study, the elastic modulus of whole small intestinal segments from rats
were found in the range of 20-30 kPa [142] (Figure 2.17 C). In another study, Sotres
et al. reported the elasticity of freshly sectioned small intestine from adult pigs to
be in the range of 14–22 kPa [143] (Figure 2.17 C). The Young’s modulus values
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obtained here were in the range of 3-11 kPa, similar to the findings of Sotres et
al., suggesting that the mechanical properties of our material were comparable to
that of native small intestine.

2.3.3 Swelling properties of the PEGDA-AA hydrogels

To swell the hydrogels to equilibrium before performing further experiments
is relevant, as swelling affects pore size and mechanical properties. We tested
PEGDA concentrations of 5% and 10% w/v P6000, fabricating hydrogels with
both 150 s and 200 s UV exposure times to determine the equilibrium volume
swelling ratio (Q) depending on the PEGDA concentration and the exposure time.
First, the change in hydrogel weight was followed by a gravimetric method, then
from the weight values the Q was calculated (see Section 2.2.4 for the calcula-
tions). To calculate Q it was necessary to know the weight of the hydrogels right
after fabrication (mc), at the equilibrium swollen state (ms) and at the dry state
(md). Figure 2.18 A-C show the images of 5% w/v P6000 hydrogels fabricated
with 200 s of UV exposure right after fabrication (A), at the equilibrium swollen
state (B), and at the dry state (C). The hydrogel images show significant changes
in the water content and, consequently, in the dimensions of the hydrogel. The
graphs given in figure 2.18 D-G show how the weight of the hydrogels increases
with time due to swelling for several replicas (hydrogel 1 to 4). The swelling of the
hydrogels occurred more steeply during the first hours and subsequently, started
to stabilize until it reached a point where it didn’t show significant changes. For
5% w/v P6000 hydrogels fabricated with 150 s of UV exposure, swelling was per-
formed up to 7 days to provide sufficient amount of time for swelling but it was
found that 4 days were enough to reach the equilibrium swelling (Figure 2.18
D). For 5% w/v P6000 hydrogels fabricated with 200 s of UV exposure 4 days
was also sufficient to reach the equilibrium swelling (Figure 2.18 E). Before any
further use, 5% w/v P6000 hydrogels were assured to be swollen 4 days. The hy-
drogels fabricated with 10% w/v have shown a similar swelling behavior but the
time to reach the equilibrium state was shorter (Figure 2.18 F, G). In fact, about 30
h was enough to reach the equilibrium swelling for the gels prepared with both
150 s and 200 s. However, for the sake of convenience 10% w/v P6000 hydrogels
were assured to be swollen 48 h (2 days) before any further use. As an initial
qualitative assessment, no difference was observed in equilibrium swelling times
of hydrogels fabricated with different exposure times (150 s vs. 200 s).



124 Chapter 2. 3D villus-like hydrogels for organoid-derived epithelium

Figure 2.18: Images of disc-shaped 5% w/v P6000 hydrogel fabricated with 200 s of UV exposure
right after fabrication (A), at the equilibrium swollen state (B), and at the dry state (C). Graphs
showing the change in weight of the hydrogels with time for 5% w/v P6000 (D, E) and for 10%
w/v P6000 hydrogels (F, G) fabricated at 150 s (D, F) and 200 s (E, G) of UV exposure. The
concentration of AA used was 0,06% w/v. The mc, and ms are indicated in the graphs.

Table 2.1 lists mc and ms values for all the hydrogels together with the weight
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of the dry hydrogels (md), which were obtained after drying the gels until con-
stant weight. The average increase in weight ((ms-mc)/mc*100) was calculated
to be 174,5% ± 6,6% and 123,4% ± 6,0% for 5% w/v and 10% w/v P6000, re-
spectively. It is important to mention that we have done the calculations for each
hydrogel and then averaged the values, in order to eliminate initial weight varia-
tions coming from the fabrication step. These might be the break of the hydrogel
when it was unmolded, pipetting variations or any other external factors.

Exposure
time (s)

150 200

Measured weights of 5% w/v P6000

Hydrogels 1 2 3 4 1 2 3 4

mc (g) 0,062 0,054 0,062 0,054 0,060 0,054 0,062 0,061
ms (g) 0,163 0,152 0,171 0,152 0,164 0,151 0,166 0,167
md (g) 0,004 0,004 NA 0,004 0,004 0,003 0,004 0,004

Measured weights of 10% w/v P6000

Hydrogels 1 2 3 4 1 2 3 4

mc (g) 0,062 0,056 0,064 0,056 0,061 0,061 0,064 0,063
ms (g) 0,140 0,127 0,140 0,122 0,131 0,135 0,148 0,145
md (g) 0,006 0,006 0,006 0,006 0,007 0,007 0,007 0,007

Table 2.1: The weights of the hydrogels after fabrication (mc), at the equilibrium swollen state
(ms), and at the dry state (md). These values were used to calculate the polymer volume fraction
in the swollen state (V2,s) and the equilibrium volume swelling ratio (Q). The md of one of the 5%
w/v P6000 hydrogels is not available (NA) because it was broken during handling.

From the swelling data presented above, the polymer volume fractions in the
swollen state (V2,s) and the volume swelling ratio (Q) values were calculated for
all the fabrication conditions and listed in Table 2.2 (see Section 2.2.4 for the cal-
culations). V2,s values were significantly higher (Student’s t-test, p<0,001) and Q
values were significantly lower (Student’s t-test, p<0,01) for 10% w/v P6000 than
for 5% w/v P6000 in a pairwise comparison for the same exposure times. V2,s

and Q parameters are inversely related as given in equation 2.6 and it is well es-
tablished that the Q decreases with increasing polymer concentrations [146–148],
in accordance with our findings. The solution with higher PEGDA macromer
concentration has more diacrylate reactive groups, which produces an increase in
crosslinking density. This increase in crosslinking density hinders the mobility of
the polymer chains and thereby decreases swelling (measured by the Q), which
in turn also limits particle diffusivity [3, 149]. Overall, these results demonstrate
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that the swelling of the hydrogels can be controlled by increasing PEGDA con-
centrations in the hydrogel precursor solution. It is important to note that the
swelling characterizations were done with PEGDA hydrogels containing 0,06%
w/v AA concentration; nevertheless, Garcia Castaño et al. showed that AA con-
centrations up to 0,6% w/v did not significantly influenced the swelling ratio of
the PEGDA-AA hydrogels [46, 103].

5% w/v P6000 10% w/v P6000
Exposure
time (s)

150 200 150 200

V2,s 0,021 ± 0,001 0,021 ± 0,000 0,043 ± 0,001 0,044 ± 0,002

Q 2,76 ± 0,11 2,75 ± 0,05 2,23 ± 0,05 2,26 ± 0,08

Table 2.2: The polymer volume fraction in the swollen state (V2,s) and the volume swelling ratio
(Q) calculated for all the different conditions studied. The data are represented as mean± standard
deviation (n = 4).

On the other hand, there was no statistically significant differences (Student’s
t-test, p>0,05) between the Q values of the gels prepared with 150 s and 200 s of
UV exposure. We can, therefore, conclude that the UV exposure time range we
had chosen does not affect the crosslinking density of the hydrogels. This sug-
gests that in our experimental fabrication conditions the crosslinking is saturated
and the hydrogel network cannot incorporate more chains into the structure even
though exposure time is increased. To test this hypothesis, we have also deter-
mined the gel fraction of the hydrogels for the all the conditions studied.

2.3.3.1 Gel fraction determination

In order to evaluate the amount of PEGDA chains crosslinked depending on the
initial PEGDA concentration and the UV exposure time, the gel fraction was de-
termined. Dry hydrogels were weighted right after fabrication (M), and after
the removal of the unreacted species and reactional residues (M’), and the corre-
sponding gel fractions were calculated (see Section 2.2.4.1 for calculations). Table
2.3 lists the percentage gel fraction values calculated.
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5% w/v P6000 10% w/v P6000
Exposure time (s) 150 200 150 200

Gel fraction (%) 74,3 ± 1,2 73,9 ± 2,0 83,4 ± 1,4 83,5 ± 0,9

Table 2.3: The average gel fraction values calculated for all conditions studied. The data are
represented as mean ± standard deviation (n = 4).

The gel fraction percentages ranged from 74% to 84% for the conditions tested.
As it can be seen from these values, the polymerization efficiency wasn’t maximal.
Submaximal final double bond conversions of multi-acrylates have been reported
in numerous studies [150–152]. This phenomenon is attributed to autoaccelera-
tion kinetics and formation of a glassy polymer leading to an attainment of a
maximum conversion after which no significant reaction can occur even though
there remain unreacted initiator and polymer chains and for extended times [150,
151]. In addition, gel fractions were not significantly changed (Student’s t-test,
p>0,05) with increased exposure times for a given concentration, suggesting that
at the time points chosen, the maximum possible conversion had already been
achieved. This also explains the insignificance of increasing UV exposure time
on volume swelling ratios (Q). Overall, these results suggest that after 150 s no
more PEGDA chains are incorporated to the hydrogel network and consequently
the crosslinking density stays unaffected. On the other hand, gel fraction was
significantly higher (p<0,001) for 10% w/v than for 5% w/v P6000 hydrogels.
This shows that the amount of material affects the reaction percentage, which is
in agreement with the previous finding that, with increased PEGDA macromer
concentrations, the crosslinking density increases and the swelling ratio (Q) de-
creases. Altogether, the results of gel fraction determination support the findings
of the swelling characterizations.

2.3.4 Characterization of protein functionalization of PEGDA-AA scaf-
folds

PEGDA-AA hydrogels present flanking carboxylic groups in their network
structure that can further be used to attach biomolecules for cell adhesion, such
as extracellular matrix proteins and peptides. Carbodiimide mediated reaction
couples amino group bearing biomolecules to the carboxylic groups of the
PEGDA-AA hydrogels. The EDC/NHS mediated bioactive functionalization
reaction and associated protocol were explained in detail in figure 2.12 and
section 2.2.5, respectively. Briefly, first, PEGDA and AA are copolymerized.
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Then, the AA carboxylic groups are activated by EDC/NHS and, lastly, the
functional biomolecules (e.g. cell adhesion proteins) are incorporated into the
hydrogel structure. In order to test successful protein binding, microstructured
5% w/v P6000 hydrogels were fabricated either by copolymerizing it with AA
or homopolymerization without AA. The hydrogels were all activated with
EDC/NHS and incubated with a fluorescent protein Streptavidin_TexasRED
(SA_TxRED). As a control, microstructured hydrogels that weren’t activated with
EDC/NHS were also incubated with SA_TxRED. Figure 2.19 shows confocal
microscopy images of P6000 microstructures functionalized with the protein,
fabricated by either P6000 homopolymerization (A, B) or copolymerizing it with
AA (C, D). Both the hydrogels that were previously activated by EDC/NHS
(Figure 2.19 A, C) and that were not (Figure 2.19 B, D), were tested. Only the
P6000 hydrogels copolymerized with AA and activated with EDC/NHS showed
a red SA_TxRED signal (Figure 2.19 C). The fluorescent intensity was found
to be significantly higher (p<0,001) in the P6000-AA hydrogels activated with
EDC/NHS (Figure 2.19 E) compared to the other negative controls. The low
fluorescence signal in the negative controls can be explained by the trapping of
some of the SA_TxRED molecules within the pores of the hydrogels. This result,
already pointed out by Garcia Castaño et al. [46], proves the selectivity of the
addition and EDC/NHS activation for the successful incorporation of proteins
to the hydrogel structure. Moreover, the covalent nature of this protein binding
strategy results in its resistance to washing steps and storage time as demon-
strated by Garcia Castaño et al. [46]. It is noteworthy that the incorporation was
homogeneous.
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Figure 2.19: Fluorescence images of the microstructured 5% w/v P6000 hydrogels functionalized
with SA_TxRED, fabricated without (A,B) or with (C,D) AA, and with (A,C) or without (B,D)
previous activation with EDC/NHS. The microstructures were fabricated with 150 s of UV ex-
posure and the concentration of AA used was 0,06% w/v. The graph showing the fluorescence
intensities quantified for each condition, within a selected circular area of 60 µm in diameter at
10 different regions (E). The regions were selected within the pillars for the condition C, and for
the rest of the conditions at random locations. The fluorescent intensity was found to be signifi-
cantly higher (Student’s t-test, *p<0,001) for the condition C (green). For each condition, images
acquired from two technical replicas were analyzed. Scale bars: 100 µm.
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The most common support matrix for primary intestinal epithelial cell cul-
ture is a laminin and collagen rich protein mixture, called Matrigel R© [19, 109,
153]. Therefore, as an initial approach, the microstructured hydrogels were co-
valently functionalized with 3% and 10% diluted Matrigel R© solutions. Alter-
natively, a drop of undiluted Matrigel R© was physically adsorbed in a modifi-
cation of a previously reported protocol [54] (see Section 2.2.5). In both cases,
the Matrigel R© functionalization was visualized by immunofluorescence using an
antibody against laminin. Figure 2.20 shows the top views (A-C) and the 3D re-
constructed views (A’-C’) acquired by confocal microscopy. In the case of physical
adsorption, the proteins were accumulated at the valleys of the microstructured
hydrogels creating an unhomogeneous distribution (Figure 2.20 A, A’). Whereas,
in the case of covalent attachment, the proteins were anchored more homoge-
neously to the microstructure surface (Figure 2.20 B-C’). The surface of the pillars
was entirely covered with the proteins in the case of high Matrigel R© concentration
(Figure 2.20 C, C’). As this would be desired in order to present cells with a homo-
geneous coating of cell adhesion proteins. However, the stacks acquired did not
reach the base of the microstructures as the effective height of the microstructures
(657,0 ± 24,0 μm) was greater than the working distance of the lowest magnifica-
tion objective available in confocal equipment.
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Figure 2.20: Immunoflourescence for laminin showing the microstructured 5% w/v P6000 hy-
drogels functionalized with physical adsorption of a Matrigel R© drop (A, A’) and with covalent
attachment by EDC/NHS amine coupling of 3% diluted (dil.) (B, B’), and 10% diluted (dil.)
Matrigel R© (C, C’). The images show the top (A, B, C) and 3D reconstructed views (A’, B’, C’)
of the microstructured hydrogels. The UV exposure times used were 150 s and 15 s for the mi-
crostructure and base formation, respectively. The concentration of AA used was 0,06% w/v.
Scale bars: 200 µm.

Collagen type I is one of the most predominant protein found in the extra-
cellular matrix and can be used as support matrix in intestinal organoid cultures
as an alternative to Matrigel R© [20, 22]. The microstructured hydrogels were also
functionalized with collagen type I (10% diluted) to demonstrate the versatility of
the functionalization technique and to be further used in cell culture experiments
alongside the hydrogels functionalized with Matrigel R©. Figure 2.21 showing top
and 3D reconstructed view of collagen type I functionalized microstructured hy-
drogels reveals that the pillar surfaces were homogeneously covered. However,
as above, the stacks acquired did not reach the base of the microstructures that
had an effective height of 418,4 ± 11,0 μm due to working distance limitations
of the objective available in confocal equipment. Protein anchorage to the base
could not be visualized by using the equipments that were available due to the
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microstructure height. Nevertheless, the vertical sections (obtained by a proto-
col that we developed and presented in Appendix A) of the microstructured hy-
drogels functionalized with a fluorescent protein (SA_TxRED) revealed homoge-
neous protein anchorage both to the pillars and to the base region (Appendix A
Figure A.2).

Figure 2.21: Immunofluorescence for collagen type I functionalized microstructured hydrogels.
The images show the top (left panel) and 3D reconstructed views (right panel) of the functionalized
microstructured hydrogels. The UV exposure times used were 150 s and 15 s for the microstruc-
ture and base formation, respectively. The concentration of AA used was 0,3% w/v. Scale bars:
200 µm.

These evaluations demonstrate that PEGDA-AA hydrogels can be bioactive
functionalized with the protein of interest (depending on the application), prov-
ing the versatility of the material. It also shows the relevance of the right protein
concentrations to be used. As oppose the epithelial cell lines (e.g. MDCK, Caco-
2) that can grow on these microstructured PEGDA hydrogels functionalized with
laminin [46], intestinal organoid-derived cells might require a different type of
ligand for attachment and growth. Matrigel R© and collagen type I are good can-
didates since they are used as support matrices for the organoid cultures. For the
cell culture experiments regarding the ligand type, 10% diluted Matrigel R© and
10% diluted collagen type I were used to functionalize the hydrogels. The selec-
tion of the ligand type optimal for the growth of intestinal organoid-derived cells
is reported in the following section 2.3.5.1.
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2.3.5 Screening for optimal conditions for intestinal organoid-derived
cell growth on 3D villus-like PEGDA-AA scaffolds

PEGDA-AA hydrogels with villus-like 3D architecture biomimicking the native
tissue were tested as scaffolds to culture the organoid-derived crypts. In a pre-
vious work performed in our group, these scaffolds, functionalized with base-
ment membrane protein laminin, were shown to support the growth of colorec-
tal adenocarcinoma (Caco-2) cells [103]. We studied parameters to optimize the
PEGDA-AA material for the growth of intestinal epithelial cells such as cell ad-
hesion ligand type, effects of pillar morphology, mechanical properties and cell
culture medium composition.

2.3.5.1 Selecting the cell adhesion ligand type

To determine which ligand promoted better the intestinal epithelial cell growth,
laminin, Matrigel R©, and collagen type I were selected to functionalize the villus-
like hydrogels. Laminin is the major non-collagenous component of the basement
membrane of epithelial tissue [4] and a key protein in cell anchorage to the extra-
cellular matrix [154]. Matrigel R©, mainly composed of laminin and collagen, was
selected as it is the most commonly used 3D support matrix for organoid growth
[19, 109, 155]. Collagen type I was also tested as a potential cell adhesion ligand
since it is the major component of the extracellular matrix and has been shown
to support intestinal stem cell growth [20, 22, 114]. Microstructured PEGDA-AA
hydrogels were prepared using two different AA concentrations: 0,06% and 0,3%
w/v. The concentration of AA added to the prepolymer solution modulates the
amount of proteins anchored to the hydrogel following a linear relationship [46,
103]. However, AA also has a major effect on the morphology of the microstruc-
tures; increased concentrations (values above 0,3%) causing smaller total heights
and tip diameters; hence not desired [103]. The microstructures fabricated with
0,3% w/v AA concentration were shown to have realistic sizes and support the
growth of Caco-2 cells [46, 103]. Therefore, microstructured hydrogels prepared
with 0,3% w/v AA were tested to see if they allowed intestinal organoid-derived
cell growth, along with hydrogels prepared with a much lower AA concentra-
tion (0,06% w/v) as an extreme condition to better illustrate the effect of very low
ligand amounts, while minimally affecting the morphology. The different scaf-
folds were then functionalized with laminin, Matrigel R© (10% diluted), and colla-
gen type I (10% diluted) and organoid-derived crypts were cultured for 5 days.
Among the conditions studied, intestinal organoid-derived cells grew to form
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a monolayer only on collagen type I functionalized microstructured hydrogels
that were fabricated with 0,3% w/v AA (Figure 2.22). However, neither laminin
nor Matrigel R© functionalization allowed intestinal cell adhesion (Figure 2.22).
Laminin is extensively used for cultures of epithelial cell lines [156–158]. In fact,
Caco-2 cells were successfully grown on these microstructured PEGDA hydro-
gels functionalized with laminin [46, 103]. Moreover, Gjorevski et al. showed that
Lgr5+ stem cells grew to form organoids when embedded into PEG hydrogels
functionalized with laminin [111]. However, with the AA and laminin concentra-
tions tested in this work, it was not sufficient to promote organoid-derived cell
adhesion presumably due to sub-optimal ligand densities. Similarly, although
Matrigel R© is extensively used for organoid growth, Matrigel R© functionalized mi-
crostructured hydrogels failed to support organoid-derived cell adhesion. This
can be explained by the differences in the amounts of ligands presented to the
cells. In our material, only the surface is functionalized with Matrigel R© (Figure
2.21) and the amount added is limited by the AA concentration, as oppose to the
undiluted material used for organoid growth. Collagen type I, however, success-
fully promoted organoid cell adhesion when the AA used was 0,3% w/v. There-
fore, collagen type I was chosen to functionalize the microstructured hydrogels,
fabricated with 0,3% w/v AA, for further cell culture experiments.
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Figure 2.22: Bright field microscopy images of intestinal organoid-derived crypts cultured on
the microstructured PEGDA hydrogels fabricated with 0,06% or 0,3% AA w/v, functionalized
with laminin, Matrigel R© or collagen type I (COL Type I) after 5 days of culture. The seeding
density used was 2500 crypts.cm-2. Note that only when the AA concentration was 0,3% and the
hydrogels were functionalized with collagen type I, the intestinal cells grew to form a monolayer.
The white dashed line marks the epithelial border.

2.3.5.2 Effects of seeding density

The seeding density is an important factor to be considered in cell-based assays,
and the use of high seeding densities has shown to improve in vitro cell viabil-
ity [159] and even affect stem cell lineage commitment [160]. However, seed-
ing density is limited when working with primary cells. In the case of intestinal
epithelial cells derived from organoids, the availability of the organoid stocks
is limited since the maintenance and expansion of these cultures are expensive.
Therefore, there is a trade off between the cell viability and the cost. To address
this problem, we thought of decreasing the seeding area from 0,79 cm2 for the
entire microstructured hydrogel to 0,31 cm2 (see Section 2.2.6.1). We did that by
confining cells at the seeding with the use of a pipette tip (see Figure 2.13). In
this manner, it was possible to increase seeding densities from 1400 crypts.cm-2

to 3500 crypts.cm-2 while using the same total organoid-derived crypt number.
Figure 2.23 shows the growth of organoid-derived cells on microstructured hy-
drogels seeded at different seeding densities. In fact, when the seeding density
was low (≈ 1400 crypts.cm-2) (Figure 2.23 A) the intestinal cells didn’t grow on
the material surface. Whereas, when the seeding density was ≈ 2500 crypts.cm-2
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and higher, the intestinal cells successfully colonized the surface (Figure 2.23 B,
C). The total amount of crypts used in figure 2.23 A and C were the same, nev-
ertheless, the seeding density was increased by decreasing the seeding area. This
qualitative assessment demonstrates that high seeding densities are necessary for
intestinal epithelial monolayer growth and there appears to be a critical density
threshold below which the cells do not grow.

Figure 2.23: Bright field microscopy images of intestinal organoid-derived crypts cultured on the
microstructured PEGDA hydrogels at ≈ 1400 crypts.cm-2 (A), ≈ 2500 crypts.cm-2 (B), and ≈
3500 crypts.cm-2 (C) seeding densities. The fabrication conditions of the microstructured hydro-
gels were: 6,5% w/v P6000 and 120 s of UV exposure for A and C and 5% w/v P6000 and 150 s
of UV exposure for B (a second exposure 15 s was used to hold the microstructures together). The
images were taken at day 6 of the cultures. Scale bars: 200 µm.

2.3.5.3 Effects of microstructure height and mechanical properties on the
growth of intestinal epithelial monolayers

A screening of organoid-derived epithelial cell growth on villus-like microstruc-
tured PEGDA-AA hydrogels with different heights and mechanical properties
was performed by assessing the surface coverage. For that, microstructures with
two very different heights, 418,4 ± 11,0 μm and 137,1 ± 15,9 μm were used for the
assessment of the effect of the microstructure height. Also, microstructures with
the same height were fabricated using the same exposure time (70 s) at different
P6000 concentrations (6,5% w/v and 10% w/v) to assess the effect of the mechan-
ical properties, which depend on the P6000 concentration as we have demon-
strated in section 2.3.2 (E values ranging 3 kPa to 11 kPa). The morphologies and
the fabrication conditions of the hydrogels are given in figure 2.24 (reproduced
from Figure 2.16 for visualization purposes). The hydrogels fabricated in the first
condition (Figure 2.24 A) have realistic sized villus-like features (in vivo villus
heights range between 0,2 to 1 mm [117, 131]); however, scaffolds with much
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shorter microstructures can also be useful in in vitro modeling of diseases such as
celiac disease, in which the size of the villi are severely reduced [161, 162].

Figure 2.24: Bright field microscopy images of the microstructured hydrogels fabricated under
different conditions; 5% w/v P6000 and 150 s of UV exposure (A), 6,5% w/v P6000 and 70 s of
UV exposure (B), and 10% w/v P6000 and 70 s of UV exposure (C). The base of the hydrogels
were formed by a second exposure of 15 s (A) and 10 s (B,C). Images (A-C) are reproduced from
Figure 2.16 for visualization purposes. Scale bars: 200 µm.

The microstructured hydrogels were functionalized with collagen type I and
cultured with organoid-derived crypts for 9 days. In all of the conditions studied,
the intestinal crypts colonized the surface of the material suggesting that once the
right cell adhesion ligand (collagen type I) and AA amount (0,3% w/v) were de-
termined, the intestinal cells adhere and spread to form a monolayer on the mate-
rial surface independent of microstructure heights and varying mechanical prop-
erties by varying P6000 concentration (6,5% w/v to 10% w/v) (Figure 2.25 A-C).
The surface coverage was quantified for each condition from bright field images
acquired as an indication of the monolayer growth (Figure 2.25 D). The surface
coverage was ranged between 60% to 69% and there was no statistically signif-
icant difference (Student’s t-test, p>0,05) among the conditions studied. These
findings suggest that the microstructure height and the varying mechanical prop-
erties within the range studied do not have a significant effect on the growth of
the monolayers on the hydrogel surface.
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Figure 2.25: Bright field microscopy images of the intestinal organoid-derived crypts cultured
on the microstructured P6000 hydrogels characterized in Figure 2.24 at day 7 of culture (A-C).
White asterisk marks accumulated cell clumps, presumably death cells coming from the non-viable
organoid pieces that were present at the initial seeding. Scale bars: 200 µm. Graph showing the
% surface coverage of the monolayers after 9 days of culture (D). The images were acquired at 4
different locations for each condition (n = 4). The data are presented as mean ± standard deviation.
The error bars represent intra-sample variations.

2.3.5.4 Effects of conditioned cell culture medium (ISEMF_CM) on the growth
of intestinal epithelial monolayers

Intestinal subepithelial myofibroblasts (ISEMFs) produce biochemical factors that
promote the stem and transit-amplifying cells’ proliferation in the intestinal ep-
ithelium [163–165]. Here, we studied the effects of the factors secreted by ISEMFs
on the epithelial monolayer surface coverage and the amount of proliferative cells
by using conditioned cell culture medium produced by ISEMFs (ISEMF_CM) (see
Chapter 1 section 1.2.4.1 for methods). The microstructured hydrogels (given in
Figure 2.24) were functionalized with collagen type I and cultured with organoid-
derived crypts for 9 days with either ISEMF_CM (supplemented with ENR_CV)
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or standard ENR_CV medium. The surface coverage was estimated from bright
field microscopy images (Figure 2.26 A) and found to range between 42% to 69%.
Among the conditions tested (cell culture media and microstructure type), no sta-
tistically significant difference (Student’s t-test, p>0,05) was observed.
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Figure 2.26: Bright field microscopy images of the intestinal organoid-derived crypts cultured
on the microstructured P6000 hydrogels either with ENR_CV medium or ISEMF_CM (supple-
mented with ENR_CV) at day 7 of culture (A). White asterisk marks accumulated cell clumps,
presumably death cells coming from the non-viable organoid pieces that were present at the initial
seeding. Scale bars: 100 µm. Immunofluorescence for Ki67 of the intestinal monolayers grown
on microstructured P6000 either with ENR_CV medium or ISEMF_CM after 9 of culture (B).
Counterstaining was performed for F-actin and nucleus. Scale bars (left panel): 200 µm, (middle
and right panel): 100 µm.
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% Ki67+ cells/Total cell #
5% w/v P6000 6,5% w/v P6000 10% w/v P6000

ENR_CV 5,0 ± 2,8 9,3 ± 6,1 7,5 ± 3,5

ISEMF_CM 16,5 ± 0,7 19,7 ± 4,4 14,6 ± 3,0

Table 2.4: The % Ki67+ cells, normalized to the total cell number, calculated for all the conditions
studied that were presented in figure 2.26. The images were acquired at 4 different locations for
each condition (n = 4). The data are presented as mean ± standard deviation. The error bars
represent intra-sample variations.

The immunofluorescence for Ki67 revealed that the Ki67+ proliferative cells
were found both at the base region and along the pillars. Occasionally, we ob-
served spheroid-like formation on the monolayer as seen in figure 2.26 (right
panel). This can be due to a crypt piece growing as a spheroid instead of spread-
ing as monolayer on the material surface. We have also observed that in some
regions the tips of the pillars were joined (Figure 2.26, left panel) and this was
more pronounced in the case of hydrogels with larger pillars (5% w/v P6000, 150
s UV exposure). One possible explanation for this observation is that the cells at
the tips join to form tubular structures, presumably due to the proximity. In a
study by Sachs et al., it was shown that the intestinal organoids embedded in col-
lagen gels were contracting the gel and self-organizing to form tubular structures
[166]. In a previous study, it was also shown that in close proximity, organoids
were fusing to form larger structures [22]. Occasionally, similar observation were
made in the cultures of Caco-2 cells grown on the microstructured PEGDA-AA
hydrogels [46]. On the other hand, one can appreciate the cobblestone morphol-
ogy characteristic of the epithelial cells.

The % Ki67+ cells, normalized to the total cell number, were estimated for all
the conditions studied and listed in table 2.4. The amount of proliferative cells
was significantly higher (Student’s t-test, p>0,05) in the monolayers culture with
ISEMF_CM compared to ENR_CV on the same type of microstructure. ISEMFs
secrete ISC niche factors that drive the proliferation of the Lgr5+ stem cells [163–
165]. Therefore, increased amounts of Ki67+ proliferative cells found in the mono-
layers grown with ISEMF_CM (supplemented with ENR_CV) can be explained
by these ISC niche factors found in the conditioned medium. Among these two
culture media, ISEMF_CM was selected as it improves the proliferative capacity
of the monolayers. Since we haven’t observed any preference over the polymer
concentration, previously established optimal condition for Caco-2 model [46] i.e.
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6,5% w/v P6000 was selected. However, microstructured 6,5% w/v P6000 fabri-
cated with 70 s of UV exposure was not enough to obtain villus-like features with
anatomically realistic heights. For that reason, the exposure time was increased
to 120 s. The morphology of the microstructures used in the following cell culture
experiments can be seen in figure 2.27. The height of the pillars was estimated
to be 272,3 ± 19,0 μm. On these samples, organoid-derived crypts were then cul-
tured using ISEMF_CM as cell culture medium.

Figure 2.27: Bright field microscopy image of the microstructured P6000 hydrogel fabricated with
the selected fabrication conditions. A second exposure of 15 s was performed to create the hydrogel
base. Scale bar: 400 µm.

2.3.6 Growth of organoid-derived intestinal epithelial monolayers on
3D PEGDA-AA scaffolds

After the initial screening reported in section 2.3.5, the following conditions were
selected: 6,5% w/v P6000 with 0,3% w/v AA fabricated by 120 s (pillar forma-
tion) + 15 s (base formation) UV exposure times. The scaffolds were functional-
ized with collagen type I and seeded with intestinal organoid-derived crypts at a
density of 3500 crypts.cm-2. The cells were cultured for 6 days with a cell culture
medium composed of ISEMF_CM (supplemented with ENR_CV), as it was found
beneficial in improving proliferative capacity of the intestinal cells. For compari-
son, standard ENR_CV medium was also studied as control. The monolayer was
more continuous when the culture media was composed of ISEMF_CM supple-
mented with ENR_CV as oppose to only ENR_CV (Figure 2.28 A, B). The surface
coverage was quantified and found to be 55,3% ± 3,8% and 40,7% ± 6,6% for
ISEMF_CM and ENR_CV, respectively. The surface coverage of the monolayer



2.3. Results 143

was significantly higher (Student’s t-test, *p<0,01) when the organoid-derived
crypts cultured with ISEMF_CM (Figure 2.28 C). Lei et al. reported similar en-
hancing effects of ISEMF_CM on the growth of intestinal organoids [167]. How-
ever, in none of the conditions studied 100% surface coverage was attained. We
believe that sub-optimal surface coverage can be improved by increasing the
seeding density, or seeding single sorted Lgr5+ stem cells to assure homogeneous
cell population. The committed progeny of the stem cells have a life span of 4-5
days. Depending on the composition of the cell pool, the efficiency of the sur-
face coverage can vary. Figure 2.28 D and E shows the immunofluorescence for
Ki67 for ENR_CV and ISEMF_CM, respectively. In accordance with the previ-
ous findings, the Ki67+ proliferative cells were found both at the base region and
along the pillars suggesting that there was no in vivo like cellular organization.
The percent Ki67+ cells were quantified and found to be 4,3% ± 3,3% and 7,5% ±
3,1% for ENR_CV and ISEMF_CM, respectively. The percentage of Ki67+ cells
was significantly higher (Student’s t-test, *p<0,01) in the monolayers cultured
with ISEMF_CM (Figure 2.28 F). Increased surface coverage for the cultures of
ISEMF_CM can be explained by the presence of increased amounts of Ki67+ pro-
liferative cells promoting the monolayer expansion, while increased amounts of
Ki67+ cells for cultures of ISEMF_CM can be explained by the Wnt pathway acti-
vators and enhancers found in the medium [164, 167].
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Figure 2.28: Bright field microscopy images of intestinal organoid-derived crypts cultured on mi-
crostructured P6000 hydrogels after 6 days of culture, grown with standard ENR_CV medium
(A), and ISEMF_CM supplemented with ENR_CV (B). White dashed line marks the epithelial
border. Graph showing the % surface coverage of the monolayers (C). Co-immunofluorescence for
Ki67 (D, E) and CK20 (G, H) grown with ENR_CV medium (D, G), and ISEMF_CM supple-
mented with ENR_CV (E, H). Graph showing % Ki67+ cells normalized to the total cell number
(F). The data are presented as mean ± standard deviation (Student’s t-test, *p<0,01) of three
independent experiments (n = 3). Scale bars (A-B): 400 µm, (D, E, G, H): 200 µm.

Immunofluorescence for CK20 showed that terminally differentiated cells
were found both at the epithelial border and the pillar tips for ENR_CV and
ISEMF_CM, respectively. In vivo, terminally differentiated cells are found at the
villi while the proliferative cells (Lgr5+ stem and transit-amplifying cells) are
at the crypts. Co-immunofluorescence for Ki67 and CK20 shows that on our
3D villus-like microstructured hydrogels in vivo like compartmentalization of
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proliferative and differentiated cells was not present. This might be explained
by the apical delivery of the intestinal stem cell niche factors (ENR_CV and
ISEMF_CM) as oppose to in vivo, where the epithelial cells receive most of the
niche factors from the underlying mesenchyme [168, 169]. Cell culture medium
containing Wnt pathway activator, Wnt3a, (apical delivery in 2D tissue culture
plate setup) was shown to cause the proliferative cells to scatter throughout the
entire monolayer [170], disrupting the characteristic crypt-villus organization
of the in vitro intestinal epithelial monolayers. To overcome this, Transwell R©

setup, which permits the physical separation between the apical and basolateral
compartments of the culture, can be adopted. In the next chapter, we will report
the strategies we have developed to adapt our 3D villus-like scaffolds to cell
culture setups (Transwell R©) permitting the basolateral delivery of intestinal stem
cell niche factors.

Altogether, these results suggests that 3D villus-like PEGDA-AA hydrogels
appear to be a good candidate to support the growth of intestinal organoid-
derived cells that form a monolayer. Photolithography-based simple, moldless
fabrication strategy can be easily implemented in in vitro models of organoid-
derived intestinal epithelium. Moreover, PEGDA hydrogels can be easily tailored
to have desired mechanical and swelling properties and bioactive functionality.
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2.4 Discussion

It is well established that engineered in vitro tissue models that provide cells
with a more physiologically representative microenvironment including cell-to-
cell and cell-to-matrix interactions together with proper biochemical and mechan-
ical signaling, improve the functionality of such tissue equivalents [171, 172].
Specifically, the functionality of many in vitro epithelial tissue is related to their
complex 3D forms including cyts, folds, and invaginations [52], one of which is
the small intestinal epithelium. Small intestinal epithelium has a complex 3D ar-
chitecture, formed of finger-like protrusions called villi and invaginations called
crypts. This architecture not only increases the absorptive surface area but also is
important in the spatial distribution of different cell populations present in the in-
testinal epithelium. Intestinal stem cells (ISCs) and proliferative progeny resides
within the crypt domains, while differentiated absorptive and secretory cells are
found in the villus domains. ISC proliferation, migration and differentiation are
tightly regulated by biochemical gradients along the crypt-villus axis [168]. In
correlation these findings, the tight junction leakiness [173] and the distribution
of laminin isoforms [174] vary along the crypt-villus axis. Therefore, mimicking
the 3D architecture of the native tissue is expected to be important in the in vitro
models of the intestinal epithelium. Most of the existing models neglect the char-
acteristic 3D structure of the intestinal epithelium and based on the use of colon
cancer cell lines (Caco-2), which fail to recapitulate normal small intestine cell
populations and function.

Organoid technology made it possible to culture primary, non-transformed
intestinal epithelial cell for prolonged periods of time [19, 20]. Conventionally,
organoids are grown embedded in Matrigel R© [19, 109] or collagen [20, 21]. These
matrices have complex and variable compositions [26, 110], their mechanical and
biochemical properties can not be modified in a controlled manner and their mi-
crostructuring is not straightforward. Moreover, the closed 3D geometry of the
organoids do not allow access to the lumen, hampering their potential applica-
tions. In the previous chapter 1, we have developed 2D intestinal epithelium
derived from organoids with in vivo-like crypt-villus cellular organization and
tissue barrier function. In the effort of developing a more complex in vitro model
of intestinal epithelium we used a photolithographic approach to produce syn-
thetic hydrogel based scaffolds with 3D villus-like architecture and optimized
the conditions to permit the growth of primary intestinal epithelial cells derived
from organoids.
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PEG-based hydrogels have been extensively used as synthetic scaffolds in
in vitro tissue equivalents due to their highly tunable nature [32]. Gjorevski
et al. showed its utility as support matrix, as an alternative to Matrigel R©, in
the organoid cultures [111]. Acrylate derivatives of PEG, e.g. PEGDA, pho-
tocrosslink in aqueous solutions, forming hydrogels. The photocrosslinkable
nature of PEGDA allows the use of photolithographic techniques for the mi-
crostructuring of it. Because of these desirable properties, PEGDA was chosen as
the scaffold material.

The formation of 3D bullet-like complex shapes was achieved by photolitho-
graphy based dynamic polymerization of PEGDA in the presence of oxygen gra-
dients, as previously established in our laboratory [46, 103]. The use of diluted
solutions of PEGDA led to soft tissue like mechanical properties (E = 3-11 kPa).
Methods such as 3D printing and micromolding can also be used to produce these
complex geometries on hydrogels. However, 3D printing are limited in resolu-
tion, and require the use of sacrificial materials for manufacturing soft structures
[74], while micromolding also requires the use of sacrificial molds and multi-
ple fabrication steps to avoid destruction of the soft hydrogels at the demolding
step [54, 66]. Photolithography, on the other hand, is a simple, low cost fabri-
cation technique which only requires a UV lamp and inexpensive acetate pho-
tomasks, making it easily implementable in any laboratory. Through this process
microstructures with heights similar to that of the small intestine villi could be
obtained.

The material to be used as the basement membrane substitute must have the
appropriate mechanical properties that resemble those of the basement mem-
brane (3-30 kPa [142, 175]), especially when considering the relevance of the sub-
strate stiffness on the epithelial cell phenotype [176]. Here, we show that the
elastic modulus (E) can be easily tailored by changing the PEGDA concentration
and the Young’s modulus values of the PEGDA-AA hydrogels used (3-11 kPa),
presented mechanical properties in the physiological range of the native small
intestine [143]. The microstructured PEGDA-AA hydrogels favored the forma-
tion of intestinal epithelial monolayers, as oppose to the much softer Matrigel R©

matrix (having an E ranging from tens to hundreds of Pa [177]) that promoted
formation of organoids as we have demonstrated in chapter 1.

The water content (the swelling ratio) of the basement membrane substitute is
also crucial as it determines the diffusivity of metabolites, biomolecules and waste
products across the synthetic construct. The diffusivity of molecules within the
hydrogel is particularly relevant in in vitro models of intestinal epithelium as the



148 Chapter 2. 3D villus-like hydrogels for organoid-derived epithelium

substrate should not interfere with the permeability and TEER measurements.
Models with villus-like architecture that were successfully engrafted with intesti-
nal epithelial cells, were obtained with materials such as PDMS, and poly(lactic
acid) [107, 108]; however, these materials do not allow the diffusion of molecules.
Here, we show that the PEGDA-AA hydrogels contained a high amount of wa-
ter and the swelling ratio (Q) can also be tailored easily by changing the PEGDA
concentration. It is well known that the hydrogel stiffness (E) and Q are inversely
related [178]. In accordance with this fact, we demonstrated that increasing E by
increasing the PEGDA concentration, led to a decrease in Q.

PEG-based hydrogels are naturally inert, so they are functionalized with ex-
tracellular matrix proteins or their peptide derivatives to allow for cell adhesion
and growth. Copolymerizing PEGDA with AA to produce PEGDA hydrogels
with flanking carboxyl groups is an easy route to introduce cell adhesion pro-
teins via EDC/NHS mediated amine coupling [179–181]. Using this method, we
have shown successful functionalization of the 3D villus-like PEGDA-AA hydro-
gels with different proteins demonstrating its versatility. Among the ligand types
screened, laminin, Matrigel R© and collagen type I, only collagen type I supported
the growth of organoid-derived intestinal epithelial cell monolayers. The AA
amount was also important. The density of protein ligands incorporated to the
hydrogel can be controlled by the acrylic acid amount as we demonstrated previ-
ously [46, 103]. Here, we showed that the use of 0,3% w/v AA was necessary for
intestinal cell growth and lower AA concentration was not enough to provide the
cells with sufficient amount of protein ligands.

In vitro models of the human small intestinal epithelium are useful in many
applications such as in vitro drug screening, studies of intestinal epithelial physi-
ology and host/pathogen interactions, and disease modeling. Most of the current
models lack either the characteristic 3D architecture of the tissue or native intesti-
nal cell populations and function due to the use of cell lines. Lately, these has
been some efforts in combining microfabrication techniques and the use of pri-
mary intestinal stem cells. Porous poly(lactic-co-glycolic) acid (PLGA) scaffolds
have been micromolded into 3D villus-like geometries [54, 67]. These scaffolds
have been shown to support the growth of cells derived from mouse intestinal
crypts [54]. However, PLGA is a much harder substrate (E≈ 1-2 GPa) than the na-
tive basement membrane. Silk-based porous tubular scaffolds with a screw pat-
tern (ridge-like structures of 400 μm in size) were produced using PDMS replica
molding [113]. These scaffolds were engrafted with organoid-derived intestinal
epithelial cells, which formed epithelial tissue with all major epithelial cell types.
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However, the tubular form of these scaffolds are not suitable for standard in vitro
functional assays; therefore, can not be implemented easily. Moreover, the ridge-
like forms do not represent the characteristic finger-like forms of the intestinal
villi. In addition, mechanical properties of the silk material is out of the physi-
ological range (E in the range of GPa) [182]. On the other hand, softer collagen
hydrogels with realistic villus dimensions and biomimetic round tips were pro-
duced by combining photolithography and molding techniques [114]. The scaf-
folds were incorporated into custom-made cell culture inserts permiting access to
both apical and basolateral sides. With the basolateral delivery of ISC niche fac-
tors, an in vitro epithelium all major cell types and their correct positioning was
achieved. However, the fabrication method requires several photolithographic
procudures and replica molding; therefore, it is not straightforward. The me-
chanical and biochemical properties and porosity can not be tailored in an easy,
controlled way. In addition, collagen-based scaffolds interferes with the rapidly
absorbed hydrophobic drugs [53], hampering their use in the permeability assays
of such molecules. We overcome these limitations by using synthetic PEGDA-
AA hydrogels that are inert in nature and their mechanical and swelling prop-
erties (porosity) can be tuned easily. Besides, due to the photocrosslinkable na-
ture of PEGDA-AA, the formation of 3D villus-like anatomical models can be
done by a simple photolithographic approach without the need of a mold. More-
over, carboxylic groups of acrylic acid can be used to attach desired extracellular
matrix protein such as collagen type I, to promote cell adhesion. With all these
good properties, PEGDA-AA hydrogels offer great versatility to match the cel-
lular requirements of different epithelial tissues. Indeed, we demonstrated that
PEGDA-based hydrogels (functionalized with collagen type I) successfully sup-
ported the growth of intestinal cells derived from organoids. In addition, we
showed that cell culture medium enriched for ISC niche biochemical factors se-
creted by intestinal subepithelial myofibroblasts (ISEMFs) improved the prolif-
erative capacity and the surface coverage of the epithelial monolayers. ISEMFs
are found in the stroma of the intestinal epithelium and shown to play a criti-
cal role in the epithelial homeostasis by secreting key factors of the Lgr5+ stem
cell niche [169]. ISEMFs are included in numerous in vitro models to improve the
functionality of the tissue construct [113, 167, 183, 184]. Here, we demonstrated to
effect of the media containing the niche factors secreted by ISEMFs (ISEMF_CM)
on the monolayer growth. Altogether, microstructured PEGDA-AA hydrogels
appear as excellent basement membrane substitute for the growth primary in-
testinal cell monolayers providing cells with a more realistic microenvironment,
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including proper biochemical, mechanical, and topographical signaling. The ep-
ithelial monolayer growth can be improved by using a cell culture medium rich
in ISC niche biochemical factors.
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2.5 Conclusions

Here, we have described the fabrication of 3D villus-like scaffolds on soft
PEGDA-based hydrogels using a simple photolithographic approach that
doesn’t require the use of a mold. For the bioactive functionalization of other-
wise inert PEGDA, hydrogels were fabricated by copolymerizing PEGDA with
acrylic acid (AA). Microstructures with varying heights could be fabricated by
controlling the UV exposure time. It was demonstrated that the mechanical and
swelling properties (crosslinking density) of the PEGDA-AA hydrogels could
be tuned by changing the PEGDA concentration. The Young’s modulus of the
PEGDA-AA hydrogels were similar to that of native small intestine. Calculation
of volume swelling ratio (as an indicator of crosslinking density) and gel fraction
showed that the within the fabrication times assayed crosslinking density was
corresponding to the maximum monomer conversion. Cell adhesion proteins
were anchored to the flanking carboxyl groups of the PEGDA-AA hydrogels
via carbodiimide-mediated amine coupling reaction. Among the cell adhesion
ligands tested, collagen type I at relatively high surface densities (controlled by
the AA amount) supported the growth of intestinal organoid-derived crypts.
On collagen type I functionalized materials, organoid-derived intestinal cells
colonized the villus-like hydrogel surface independently of the microstructure
heights and PEGDA concentrations (5%-10%) used to fabricate them. Medium
derived from intestinal subepithelial myofibroblasts improved the proliferative
capacity and surface coverage of the cultures. However, in vivo like cellular
organization was absent. This can be improved by the basolateral delivery of
the media containing stem cell niche factors, which will be addressed in the
following chapter. The 3D villus-like scaffold model reported here, developed
using a simple photolithographic approach with biomimetic material properties
can have a great potential to routinely incorporate 3D architectures in cell culture
systems of primary intestinal epithelial cells.
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Chapter 3

Development and characterization
of spatio-chemical gradients on
3D villus-like PEGDA hydrogels
to modulate ISC behavior

3.1 Introduction

Biomolecular gradients control many important biological processes such as tis-
sue development [1], migration of immune cells [2], and cancer metastasis [3].
Biomolecular gradients are key in biological processes that take place in the in-
testinal epithelium. The intestinal epithelium is continuously renewed due to the
presence of intestinal stem cells (ISCs) [4]. ISCs reside within the crypts of the
crypt-villus units of the intestinal epithelium [4]. ISCs divide every 24 h and give
rise to all other cell types. The transit amplifying daughter (TA) cells migrate up
along the villi, differentiate, and eventually shed off at the villi tips [4, 5]. The
major cell types that derive from the stem cells are: terminally differentiated ab-
sorptive cells (enterocytes) and secretory cells (Goblet and enteroendocrine cells)
that are found in the villi, and neigboring Paneth cells that provide ISCs with es-
sential niche signaling [6]. This homeostasis is regulated by the tightly controlled
spatio-chemical gradients of well-characterized signaling pathways: epidermal
growth factor (EGF), Wingless/Int (Wnt) and bone morphogenetic protein (BMP)
signaling [5]. These factors create biochemical gradients along the vertical axis of
the intestinal villi and control the growth, migration and differentiation of the in-
testinal stem cells [5] (Figure 3.1). While EGF and Wnt are essential for the stem-
ness state (proliferation of the cells without reaching the differentiation), BMP
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negatively regulates this process [5].

Figure 3.1: Gradients of factors reported to be related to ISC maintanence, migration and differ-
entiation. Adopted from Carulli et al.[7].

Wnt pathway is the main pathway controling ISC proliferation. The activa-
tors of Wnt pathway are secreted by Paneth cells that reside side by side with the
ISCs in the crypts [8] and the mesenchymal cells such as intestinal subepithelial
myofibroblasts that are found beneath the crypts [9–11]. The subepithelial my-
ofibroblasts were also shown to produce the enhancers of the Wnt pathway, e.g.
R-Spondins [11, 12]. EGF signals exert strong mitogenic effects on ISCs. Finally,
BMP signals are active in the villus compartment (Figure 3.1), but its inhibitor
Noggin is routinely used in ISC cultures. Another necessary signaling for the ISC
maintenance is the Notch lateral inhibition provided by the Paneth cells through
membrane bound proteins [5]. However, there are no soluble factors involved in
this pathway.

In an ideal in vitro model of intestinal epithelium derived from ISCs, in vivo-
like spatio-chemical gradients of key niche factors should be considered.

Synthetic hydrogels are 3D hydrophilic matrices which are extensively used
in regenerative medicine applications due to their unique biocompatibility, flexi-
ble methods of synthesis, range of constituents, and tunable physicochemical and
mechanical properties [13]. They can serve as tissue engineering scaffolds, drug
and protein delivery constructs, and adhesives or barriers between tissue and ma-
terial surfaces [13]. These 3D matrices are capable of imbibing large amounts of
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water and biological fluids without dissolving due to their chemically or physi-
cally crosslinked networks [14]. The network structure of the hydrogels is deter-
minant in solute transport within the hydrogel; therefore, has to be considered
as one of the most important design parameters. The network properties of the
hydrogels, such as their degree of crosslinking, directly influence their water con-
tent and pore (mesh) size (Figure 3.2). These, in turn, dictate the diffusivity of
molecules through their networks, and their mechanical properties [15]. As a
rule of thumb, as the crosslinking density increases, the water content and the
molecule diffusivity within the hydrogel decrease, while the stiffness of the hy-
drogel increases [15]. The most important parameters used to characterize the
network structure of hydrogels are the polymer volume fraction in the swollen
state (V2,s), the molecular weight of the polymer chains between two neighboring
crosslinking points (Mc), and the corresponding mesh size (ξ) [14].

Figure 3.2: Schematic representation of the mesh size (ξ) and the average molecular weight be-
tween two adjacent crosslinks (Mc).

The V2,s is the amount of polymer in the gel, in other words, is a measure of
the amount of liquid imbibed and retained by the hydrogel. The Mc is a measure
of the degree of crosslinking of the polymer and the ξ is the distance between two
adjacent crosslinks, which provides a measure of the space available between the
macromolecular chains (e.g. relevant for diffusion studies). It is important to note
that only average values of Mc and ξ can be calculated due to the random nature
of the polymerization [14]. All these parameters are related to one another, and
can be determined by various theoretical models and experimental techniques,
all of which assume that the polymer network parameters follow a Gaussian dis-
tribution.
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The two most common theories used to describe the network structure of hy-
drogels and to determine network parameters are rubber elasticity theory and
equilibrium swelling theory [13, 14]. Rubber elasticity theory calculates theMc by
taking advantage of the description of the elastic properties of hydrogels. When
hydrogels are subjected to tensions, they respond elastically if the deformation is
usually less than 20% [14, 16]. To be able to analyze the structure and properties
of hydrogels using this theory, it is necessary to know their shear modulus (G)
[17]. Subsequently, the average molecular weight between crosslinks Mc, will be
calculated with the following equation:

1

Mc
=

GQ1/3

RT ′C2,r
+

2

Mn
(3.1)

where Q is the volume swelling ratio of hydrogel, R is the ideal gas constant, T’
is the absolute temperature at which the shear modulus was measured, C2,r is the
polymer concentration in the solution before crosslinking and Mn is the average
molecular weight of the polymer [17].

Equilibrium swelling theory, on the other hand, is based on the swelling be-
havior of hydrogels. The principle of swelling is characterized by a thermody-
namic balance between the internal energy changes of the extending polymer
chains and the entropy change due to the diffusing solvent molecules. Hydrogels
imbibe the solvent until reaching the equilibrium point when the potential dif-
ference is 0 [18]. Flory-Rehner equilibrium swelling model [19] calculates Mc by
using the following equation:

1

Mc
=

2

Mn
−

v

V1
∗ [ln(1− V2,s) + V2,s + χ ∗ V 2

2,s]

(V2,s)1/3 −
V2,s
2

(3.2)

where v is the specific volume of the polymer, V1 is the molar volume of the sol-
vent and finally, χ is the value of the polymer-solvent interaction parameter [20].

The mesh size (ξ) is a function of Mc and V2,s [21] (Eqn. 3.3) and once Mc is
determined using either of the theories, ξ can be calculated using this relation (see
Section 3.2.1 for detailed calculations).

ξ = f(Mc ∗ V2,s) (3.3)

Both equilibrium swelling theory and rubber elasticity theory rely on exper-
imentally determined gel properties to estimate Mc. However, hydrogels used
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in regenerative medicine can also be formed by physical crosslinks, hydrogen-
bonded structures or physical entanglements, in addition to chemical crosslinks.
Moreover, due to the random nature of polymerization, network imperfections,
such as loops and entanglements, can be formed. Though, these theories treat all
types of junctions as tie points with equivalent behavior as the covalent crosslinks
[13].

Due to the fact that hydrogels are very good in facilitating solute diffusion,
they are good candidates as bioactive scaffolds that deliver critical biological fac-
tors in controlled fashion [22, 23]. Moreover, as their mechanical properties re-
semble that of the soft tissue, and their chemical structure can be functionalized
to resemble the extracellular matrix, they have been increasingly used as in vitro
microenvironments mimicking in vivo stem cell niches [24]. However, to recapit-
ulate the spatial and temporal characteristics of the complex stem cell niches it
is crucial to incorporate the gradients of key biomolecular factors in the design
of such systems [25]. For the creation of such gradients, the microfluidic tech-
nology, which permits manipulation of nanoliters and picoliters of liquid with
precise control over the deposition of the biomolecules, has been widely used
[25]. Such gradients can be generated either by flow-based or by free-diffusion
based approaches, and can be formed both in two-dimensional (2D) and three-
dimensional (3D) cellular microenvironments [26].

Flow-based gradient generators produce biomolecular concentration gradi-
ents by bringing together streams of fluids composed of different chemical species
or different concentrations of the same species in a microfluidic channel where
the solutes are allowed to diffuse across the interface as they flow down the mi-
crochannel [2, 26, 27]. Embryonic stem cell colonies grown on gelatin films stim-
ulated by spatially controlled gradients generated in this fashion were differenti-
ated successfully [27]. In other studies, PEG hydrogel films were patterned with
gradients of cell adhesion proteins using a flow-based gradient generator and
they were used in single-cell migration studies [28, 29]. Although these 2D ap-
proaches were proven to be useful they omit the third dimension, an important
factor of the stem cell fate.

The biomolecular gradients can also be generated in 3D artificial niches to
better mimic the cellular microenvironments. In most of these approaches, the
gradients were generated by the free-diffusion of soluble molecules through the
hydrogel network [26]. Typically, hydrogel precursors are loaded and crosslinked
between two parallel fluidic channels, which are perfused to act as a source and a
sink of biomolecules diffusing through the hydrogel to establish a stable gradient
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[25, 26, 30–32]. In the free-diffusion based gradient generators there is a compo-
nent with high fluidic resistance such as porous or semi-permeable membranes,
or hydrogels (e.g. collagen, agarose or Matrigel R©). These obstacles provide phys-
ical barriers to avoid convective flows and gradient formation is solely based on
diffusion [26]. Saadi et al. described a ’Ladder Chamber’ to create gradients in
collagen gels (Figure 3.3) and demonstrated its utility in the study of migration
behavior of netrophils [30]. Using the same setup, Kunze et al. demonstrated that
B27 (neuronal cell culture supplement) concentration gradients created within
agarose-alginate gels enhanced neurite outgrowth of primary cortical neurons
[32]. In another study, a similar diffusion-based gradient device was used to gen-
erate stable gradients of morphogen concentrations across a 3D collagen matrix
to stimulate embryoid bodies towards neural differentiation [33].

Figure 3.3: Scheme depicting the design of the ’Ladder Chamber’ for generating concentration
gradients across microgrooves (A). Phase microscopy image and scheme showing cross-sectional
view of the chamber, indicating where the collagen gel is loaded (B). Adapted from Saadi et al.
[30].

In free-diffusion based gradient generators since the transport of molecules
occurs only by diffusion, the concentration gradient evolves over time until a
steady state is achieved when influx and outflux transport are balanced [26]. To
maintain constant concentrations at the source and the sink (infinite source/sink
concept), continuous perfusion at the boundaries is needed [2, 30, 32]. Abhyankar
et al. demonstrated that it is also possible to approximate infinite sources/sinks
by using finite volume reservoirs that are periodically replenished [34, 35]. In
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this way, linear gradients of biological factors were generated within a 3 mm long
straight microchannel filled with 3D collagen matrix and these gradients could
be maintained up to ten days. This device was used to study the invasion and
migration of metastatic rat mammary adenocarcinoma as a response to a stable
gradient of EGF [35].

In a study published by Cosson and Lutolf, diffusion-based gradients
were created within agarose and gelatin-based hydrogel chips by delivering
biomolecules from microchannels embedded in the hydrogel [36] (Figure 3.4
A). The biomolecules diffusing out radially formed gradients on the hydrogel
surface. Long-term stable gradients were generated by dispensing biomolecules
periodically in accordance with the findings of Abhyankar et al. (Figure 3.4 B).
This platform was validated in the spatially controlled induction of neurogenic
differentiation of the embryonic stem cell aggregates seeded on the hydrogel
surface with a controlled gradient of retinoic acid [36] (Figure 3.4 C).
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Figure 3.4: Scheme depicting hydrogel chip for cell-based assay applications. Adherent culture
on flat or spheroid-based culture on topographically structured gels can be performed. The deliv-
ery of biomolecules is achieved by molding microchannels at the bottom of the hydrogel chip for
diffusion through the gel (A). Scheme depicting hydrogel chip and the gradient generation with
a syringe pump (top). Characterization of stable fluorescently labelled BSA gradient generated
by intermittent perfusion (periodic replenishment) (bottom) (B). Bright field microscopy and GFP
fluorescence images of the embryonic stem cell aggregates exposed to retinoic acid gradients after
four days of culture (C). GFP probes Sox1, neural differentiation marker. Scale bar: 400 µm.
Adapted from Cosson and Lutolf [36].
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Although there are number of studies using hydrogels with biomolecular gra-
dients to modulate stem cell behavior [25, 26, 33, 36], the applications of such sys-
tems to intestinal stem cell cultures are limited to a couple of articles. Allbritton
and colleagues reported a simple linear gradient-generating device to screen for
the optimal concentrations of Wnt3a and R-Spondin 1 on the growth of organoids
derived from colon tissue [37]. The device consisted of a source and a sink cham-
bers, similar in design to previously published reports [30, 35], separated by a
Matrigel R© loaded microchannel (Figure 3.5 A). Crypts isolated from colon tis-
sue were mixed with Matrigel R© prior to loading. The source and the sink were
filled with standard organoid growth media. However, Wnt3a and R-Spondin 1
were only added to the source chamber. These proteins diffused through the gel
towards the sink generating the gradients. The growth of colonic organoids in
response to the varying concentrations of Wnt3a and R-Spondin 1 led to the de-
termination of minimum necessary concentrations of these proteins for stem cell
renewal and colonic expansion [37] (Figure 3.5 B). In a follow-up study, this de-
vice was used to study the organization of colonic organoids [38]. They showed
that the colonic organoids cultured under Wnt3a and R-Spondin 1 gradients were
highly polarized with proliferative cells localized at the region of the highest mor-
phogen concentrations (Figure 3.5 C). These findings suggested that a linear gra-
dient of Wnt signaling factors was sufficient to direct patterning of the prolifera-
tive units of the organoids in culture [38]. This simple gradient generating device
provided useful information demonstrating that biochemical gradients generated
in vitro can actually be used to guide self-organization in organoids. Indeed, in a
very recent study, basolateral delivery of ISC niche factors was shown to lead to
in vivo-like crypt-villus cellular distribution along microstructured collagen scaf-
folds [39].
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Figure 3.5: Photograph of the gradient-generating device (top) and the characterization of the
gradient by the diffusion of 40 kDa FITC-dextran through the channel (bottom) (A). Culture of
colonic organoids in the presence of a combined R-Spondin 1 and Wnt-3a gradient (top). Green
fluorescence marks the proliferative and Red fluorescence marks all of the cells. Quantification of
the GFP fluorescence (bottom) per colonic organoid within different regions of the gradient (B).
Adopted from Ahmad et al. [37]. Bright field and overlaid red/green fluorescence images of colonic
organoids cultured under a Wnt3a and R-Spondin 1 gradient in the microchannel (top left). Scale
bar: 250 µm. Colonic organoids pulse-labeled with EdU (red) for 2 h for proliferative cells after
5 days in culture (top right). Scale bar: 50 µm. Compass plots displaying the GFP (bottom left)
and EdU polarization (bottom right) magnitude and angle for individual colonic organoids (blue)
cultured under the Wnt3a and R-Spondin 1 gradient. The average vector can be seen in red.
Adopted from Attayek et al.[38].
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In this context, we hypothesized that it is possible to modulate organoid-
derived ISC behavior through gradients of ISC niche biochemical factors gen-
erated along the vertical axis of our PEGDA-based 3D villus-like hydrogel scaf-
folds. The 3D architecture would not only provide native tissue-like topography,
but also a template to create spatio-chemical gradients as in vivo.

In this chapter, we describe the strategies adopted for the generation and char-
acterization of spatio-chemical gradients of ISC niche biochemical factors within
PEGDA-based 3D villus-like hydrogel scaffolds. First, the network properties of
PEGDA hydrogels were experimentally determined to assess their suitability for
the diffusion of the relevant biochemical factors and could be further adjusted by
changing the PEGDA concentration. Finite element method was used to simu-
late the spatio-chemical gradients of ISC niche biochemical factors formed within
the hydrogels and determine the characteristics of the gradients formed on the
vertical axis of the microstructures with dimensions corresponding to villus in
vivo. Then, the gradients were aimed to be characterized experimentally by mi-
croscopic techniques. For that, custom-made PEGDA hydrogel incorporated flu-
idic device was designed and fabricated. The chip was designed such that it al-
lowed physical access to the hydrogel from the sides and the top for imaging. The
gradient of fluorescently labelled model protein was visualized with light-sheet
fluorescence microscopy (LSFM). Stable profiles were observed as predicted by
the in silico model demonstrating that the gradients could be formed and main-
tained within PEGDA hydrogels in the experimental setup designed. Then, it was
aimed to generate such gradients in standard cell culture platforms that permit-
ted access to both sides of the hydrogel that can be used as the source and sink.
PEGDA-based microstructured hydrogel platforms were succesfully adapted to
Transwell R© setup. Spatio-chemical gradients created in this setup were shown to
compartmentalize the differentiated epithelial cells derived from organoid pieces
preferentially at the tips of the villus-like microstructures. Here, we have suc-
cessfully developed methods to generate spatio-chemical gradients of ISC niche
factors within the PEGDA hydrogels. Finally, we have shown that these gradients
influence cellular distribution on the microstructured hydrogels.
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3.2 Materials and Methods

3.2.1 Estimation of the mesh size of PEGDA-AA hydrogels

In order to have a better insight into the diffusion properties of the proteins of
interest within the PEGDA-AA hydrogels fabricated as explained in chapter 2,
the mesh size (ξ) of the hydrogels was estimated using Flory-Rehner equilibrium
swelling theory [16, 17, 19]. Peppas and Merrill modified the original Flory-
Rehner model for hydrogels prepared in the presence of water [22, 40]. Since the
presence of water modifies the thermodynamic balance of swelling, a term must
be introduced that accounts for the volume fraction of the chains after crosslink-
ing. This term is referred as volume fraction at the relaxed state (V2,r). To estimate
the mesh size first the molecular weight between crosslinks (Mc) has to be com-
puted with the following equation.

1

Mc
=

2

Mn
−

v

V1
∗ [ln(1− V2,s) + V2,s + χ ∗ V 2

2,s]

V2,r ∗ [(
V2,s
V2,r

)1/3 − V2,s
2V2,r

]

(3.4)

where Mn is the average molecular weight of the polymer, which is 6000 Da
(P6000) in our case, v is the specific volume of bulk PEGDA (0,893 cm3.g-1) [41],
V1 is the molar volume of the solvent which is approximated to the molar vol-
ume of water (18 cm3.mol-1) [41] and finally, χ is the value of the polymer-solvent
interaction parameter (0,426 as determined by Merill et al.) [20]. The values ob-
tained in the swelling studies performed and reported in chapter 2 section 2.3.3
were used to calculate the weight fractions of the hydrogels after fabrication (qF)
and at equilibrium swelling (qW), as explained in section 2.2.4. The polymer vol-
ume fraction of the hydrogel in swollen state (V2,s) and the volume fraction in the
relaxed gel (V2,r) were calculated using these values (see chapter 2 section 2.2.4
for the calculations). After finding Mc, the mesh size (ξ) of the hydrogel network
was determined by the equation that was described by Canal and Peppas [21]. In
order to use this equation, first, we needed to obtain the root mean square of the
end to end distance of the unperturbed state ((r−20 )1/2) of the PEGDA chain:

(r−20 )1/2 = l ∗ Cn
1/2 ∗ n1/2 (3.5)

where Cn, the characteristic ratio for PEG, is 4 [16], l, the weighed average bond
length of the PEG backbone, is 0,15 nm [41], and n is the number of repeating
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units in the crosslink. It depends on Mc and on Mr, the molecular weight of the
PEG repeating unit (44 g.mol-1) [41]. The equation for calculating n is:

n = 2
Mc

Mr
(3.6)

Finally, the mesh size (ξ) can be calculated by using the following equation:

ξ = (r−20 )1/2 ∗ V −1/32,s (3.7)

PEGDA concentrations and UV exposure times studied were: 5% w/v and
10% w/v P6000, and 150 s and 200 s, respectively, as established in chapter 2.
The AA content was 0,6% w/v. Four different samples were analyzed for each
condition. MATLAB software was used for the calculations and the data was
plotted as mean± standard deviation with OriginPro 8.5 software. The statistical
comparison was performed using two tailed, unequal variances Student’s t-test
and p<0,05 was considered significant.

3.2.2 Determination of the protein diffusion coefficients in PEGDA-
AA hydrogels

With the purpose of calculating the diffusion coefficients (Dg) of the proteins
within the swollen hydrogels, a simple diffusion chip was designed and fabri-
cated taking as an example the experimental setups described in previously pub-
lished reports [42, 43]. Bovine serum albumin (BSA) (Thermo scientific) was se-
lected as model protein, as its diffusion behavior and properties are extensively
studied and reported in the literature. Also, its hydrodynamic diameter, 7,2 nm
[44], is smaller than the mesh size estimated for both 5% w/v and 10% w/v P6000
hydrogels considered (see following section 3.3.1 for mesh size values); therefore,
making diffusion possible. The designed diffusion chip consisted of a completely
sealed donor (source) and a receiver (sink) chambers separated by the hydro-
gel (Figure 3.6 A). The chip was made of three layers of polydimethylsiloxane
(PDMS) (Dow Corning) cut in 20 mm (width) x 30 mm (length) rectangles. The
first and the third layers were ≈ 4 mm in thickness and had a central pool of
6 mm in diameter. The second layer was 1 mm in thickness and had a central
pool of 10 mm in diameter (Figure 3.6 B). The pools were made by cutting PDMS
out by punches of respective diameters (Harris Uni-Core, GE Healthcare Life).
The PDMS preparation and curing was performed as explained in Section 2.2.1.1.
The second layer was designed to include the hydrogel sandwiched between two
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PDMS layers with central pools, creating a donor chamber both at the bottom and
a sink chamber at the top of the hydrogel.

Figure 3.6: Scheme of the hydrogel incorporated PDMS chip with a donor chamber (source) below
and a receiver chamber (sink) above the hydrogel (A). V1 and V2 are the volumes of the two
chambers, C1 and C2 are the concentrations of protein in the two chambers and A is the area of the
aperture. Scheme showing the side view of the chip with its real dimensions denoted (B).

The chip fabrication steps were as follows: 1) PDMS layers were cut into above
mentioned diameters and washed with ethanol; 2) the first and the second layers
were plasma bonded by activating the surface with a plasma cleaner (PDC-002,
Harrick Scientific) for 30 s at high RF (18 W); 3) 10% w/v disc-shaped P6000 hy-
drogels fabricated with 165 s UV exposure (the concentration was chosen for the
ease of manipulation) swollen to equilibrium were cut into discs of 10 mm in di-
ameter right before use; 4) the surface of the bonded first and the second layer, 10
mm pool facing up, and the third layer were activated by plasma as above; 5) right
after plasma exposure, the 10 mm diameter hydrogel was placed into the 10 mm
PDMS pool and the activated third layer was placed onto the hydrogel, this step
had to be performed as quickly as possible; 6) to completely seal the upper and
lower chambers a glass slide was plasma bonded to both sides. The glass slides
were perforated by a drill to have a hole of 2 mm in diameter right below the
chambers to allow the delivery of the solutions. During the time course of the ex-
periment these holes were plugged by a piece of PDMS. After the assembly of the
chip, it was let sit for a few minutes to allow complete bonding, and the chambers
were filled with PBS to re-swell the hydrogel that was partially dehydrated. Once
the hydrogel was re-swollen, it completely occupied the 10 mm central pool and
the transport of protein occured only across the hydrogel from the source to the
sink. Particular attention was paid during filling of the chambers to avoid intro-
ducing air bubbles, which would impede the flow of the liquid and consequently
the diffusion of the solute. The volume added to each chamber was 114,8 μL. The
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diffusion experiments were started by replacing the PBS in the source chamber
with 5 mg.ml-1 BSA and, immediately the first sampling was done by taking 10
μL of volume from the sink chamber. The removed volume was replaced by an
equal amount of PBS to keep the total solution volume constant. The sampling
was done at different time points: 0 h, 0,5 h, 24 h, 48 h, and 120 h for BSA and 0
h, 1 h, 2 h, 3 h, 28 h, 48 h, 72 h, and 96 h for laminin. The chip was maintained in
a humidified chamber at 37◦C throughout the experiment to avoid evaporation.
As a control, a protein with a much larger diameter than the mesh size of the 10%
w/v P6000 hydrogel network was tested. Laminin, high molecular weight pro-
tein of extracellular matrix with a hydrodynamic diameter of ≈ 40 nm [45], was
chosen for that purpose. Laminin (Sigma) concentration used was 0,5 mg.ml-1. In
order to quantify the total amount of the proteins in the solution, a commercial
BCATM Protein Assay Kit (Thermo Scientific) was used. The mechanism of action
of this commercial kit is based on the reduction of the Cu+2 ion by proteins, which
gives a unique color to the compound called bicinchonic acid (BCA). This color
is then detected by absorbance at 562 nm [46]. For absorbance measurements, an
Infinite M200 Pro multimode microplate reader (Tecan) was used. For the quan-
tification of the unknown amounts of proteins, a calibration curve for BSA was
constructed (Figure 3.7). A linear fit was made to relate the known concentrations
of the total protein to their corresponding absorbance values.

Figure 3.7: Calibration curve for BSA.
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Total mass released at a given time point (Mi) was calculated by the following
equation [42, 47].

Mi = Ci ∗ V +
∑

Ci−1 ∗ Vs (3.8)

where Ci is the concentration of protein released in the solution at time i, V is the
total volume of the solution in the sink (receiver) chamber and Vs is the sampled
volume.

The diffusion coefficient of BSA, on the other hand, was calculated using a
previously published method [42, 43]. Several assumptions were made to apply
this method: 1) the solutions are well mixed (no concentration gradients in the
wells), 2) the time it takes for the concentration in the hydrogel to stabilize to a
linear profile is much shorter than the diffusion time (quasi-steady state), 3) no
protein accumulation occurs at the hydrogel interfaces, and 4) radial diffusion
is negligible (protein diffusion is one-dimensional through the gel). All of these
assumptions apply to the geometric configuration and measurement timescales
of our system. The initial condition at the sink (receiver) chamber was C2,0 = 0
mg.ml-1 at t0 = 0, hence the diffusion can be evaluated in the following form and
Dg can be extracted [42, 43]. The detailed derivation of the following equation is
given by Lee et al. [42].

− ln(1− C2

N

V

) =
Dg

h
(
t

τ
) (3.9)

where N is the total solute mass in the system (0,57 mg), h is the hydrogel thick-
ness (1 mm) and V and τ describe the geometric parameters of the system and
can be computed by the following equations:

V = V1 +Ah+ V2 (3.10)

τ =
(V1 +

Ah

2
)(V2 +

Ah

2
)

AV
(3.11)

where V1 and V2 are the volumes of the source and the sink chambers (both 114,8
μL), respectively, and A is the area of the aperture (0,28 cm2) over which diffu-
sion occurs. C2 values were experimentally determined at each time point as
explained above. Then, equation 3.9 was used to determine Dg since it is the



3.2. Materials and Methods 181

only unknown variable. The Dg was calculated for each experimental point and
averaged.

This setup was used to validate the chip fabrication, but not to systematically
compute Dg of all proteins due to the technical challenges in the fabrication. The
Dg of a variety of model proteins, in similar PEG-based hydrogel networks, are
available in the literature [44, 48]. Also, there are commercially available blind-
well chambers (NeuroProbe, Inc.) that can be possibly used instead of the diffu-
sion chip developed here. And finally, spectroscopic techniques such as fluores-
cence correlation spectroscopy (FCS) can be used for the same purpose [49].

3.2.3 In silico modeling of protein diffusion on PEGDA-AA hydrogels

In order to be able to modulate the growth and differentiation of ISCs, it was
aimed to form spatio-chemical gradients of EGF, R-Spondin 1, Noggin, Wnt3a
biomolecules on 3D microstructured PEGDA hydrogels. For that, we decided to
model these gradients on hydrogels using finite element method (FEM) through
COMSOL Multiphysics R© software.

The diffusion of proteins can be described by Fick’s second law:

∂c

∂t
= D∇2c (3.12)

where c is the protein concentration as a function of time and space, and D is the
diffusion coefficient. By using this equation we are making some assumptions:
D is a constant value, there are no chemical reactions, there is no convection, the
specie c is diluted and there is mass conservation.

The diffusion coefficient of the proteins in aqueous solution, D0, can be calcu-
lated using Stokes-Einstein equation for diffusion of a spherical particle through
a liquid:

D0 =
kBT

3πηdH
(3.13)

where kB is the Boltzmann’s constant (1,38.10-23 J.K-1), T is the absolute tempera-
ture (37◦C = 310 K), η is the viscosity of the solvent (6,915.10-4 N.m.s-2 for water
at 37◦C [48]) and dH is the protein hydrodynamic diameter. Calculated D0 values
represent the diffusion coefficients of spheres with equivalent sizes.

For FEM simulations, model proteins with sizes similar to each of the ISC
niche factors were selected (Table 3.1), since the values for hydrodynamic radius
and Dg of these model proteins in similar PEG-based hydrogel networks can be
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easily found in the literature. Dg of these proteins could be experimentally deter-
mined using the chip reported in the previous section 3.2.2. However, due to the
technical difficulties in its fabrication, it was not used.

Stemness factor Molecular mass Model protein Molecular mass Diameter
(kDa) (kDa) (nm)

EGF 6,0 Insulin 5,7 3,00 [48]
R-Spondin 1 25,6 CA 28,0 4,80 [48]

Wnt3a 37,0 Ovalbumin 42,7 6,96 [48]
Noggin 46,4 BSA 66,5 7,20 [44]

Table 3.1: ISC niche biochemical factors and their corresponding model proteins with their molec-
ular mass and the hydrodynamic diameters of the model proteins.

For simulations, the ’Transport of diluted species’ module of COMSOL
Multiphysics R© software was used. We assumed axial symmetry and that made it
possible to reduce the 3D forms to 2D geometries. The geometry was composed
of two media: the PEGDA hydrogel and the aqueous solution. For each medium
the corresponding diffusion coefficient values of each species (i.e. D0 for aqueous
solution, Dg for PEGDA hydrogel) was used (Table 3.2). D0 values for each
of the diffusing biomolecule were calculated using Stokes-Einstein equation
(Eqn. 3.13). Dg values of model proteins were obtained from literature in which
PEGDA hydrogels with similar network structures (mainly determined by
PEGDA concentration and chain length) were used.

Protein D0 Dg Concentration Molarity
x10-10 (m2.s-1) x10-10 (m2.s-1) (ng.mL-1) x10-6 (mol.m-3)

Insulin 2,19 1,27 [48] 100 17,50
CA 1,37 0,16 [48] 200 3,45

Ovalbumin 1,09 0,20 [48] 50 1,17
BSA 0,91 0,13 [50] 100 1,50

Table 3.2: Values for the diffusion coefficients in the aqueous solution at 37◦C, D0, calculated
using Stokes-Einstein equation for each of diffusing species; diffusion coefficients in the PEGDA
gel, Dg; and the source concentrations for each protein.

In the experimental setup the gradients are created using a source chamber
located below the hydrogels and a sink chamber over the hydrogels. Therefore,
the model geometry was designed accordingly. Initially, in a simplified approach,
constant source concentrations (assuming infinite source condition) at the bottom
boundary of the hydrogel and an open boundary at the hydrogel - sink interface
was designed. No flux boundary was selected for the rest of the boundaries found
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at the edges of the geometry. The initial concentration was set to zero in the entire
geometry except the bottom boundary of the hydrogel. The source concentrations
selected were the typical concentrations used in a standard organoid culture and
given in table 3.2. Note that, even though the mass concentrations are the same
or similar, the molarities are different due to differences in protein size.

We developed models with two different geometries: a rectangle model and
a microstructure model (Figure 3.8 A). The aim of doing these two models was
to characterize the diffusion profiles within the two hydrogel geometries with
which we were working. In the rectangle model, PEGDA hydrogel height was
set to 1 mm, corresponding to the experimental height of disc-shaped hydrogels.
In the microstructure model, we implemented the villus-like microstructure ge-
ometry with a base height of 150 μm, and the villus-like microstructures with a
semi-major axis of 75 μm (half-width) and a semi-minor axis of 300 μm (height)
being considered as semi ellipses. The center-to-center spacing was set to 250
μm and an array of microstructures were constructed. In both of these models,
the sink medium was represented as a rectangular form. The FEM mesh for the
aqueous medium was set to "finer" in both models (1.10-2 mm < FEsize < 1 mm)
and the "extra fine" mesh (1.10-3 mm < FEsize < 2.10-2 mm) was selected for the gel
medium. The objective of the simulation was to determine the gradient profiles
along the 2D cross-sections in the rectangle model and the concentrations along
the curve contouring microstructure surface as a function of the vertical position
(z) in the microstructure model (Figure 3.8 A). The simulations were performed
up to 24 h of diffusion time, which is a convenient cell culture medium change
frequency.
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Figure 3.8: Scheme showing the rectangle and microstructure geometries and the initial condi-
tions used in the FEM simulations (A). Constant source concentrations are set at the bottom
boundary of the hydrogel. The concentration gradients along a vertical axis in the 2D cross-
sections (Cx) and along the surface of the microstructure (Cs) were determined in the rectangle
and microstructure model, respectively. Also, the change in concentration as a function of time at
the hydrogel-sink interface were determined (Cs in the rectangle model, CA-tip and CB-base in the
microstructure model). Scheme showing the geometries of the improved model with a rectangular
source compartment added to the bottom boundary of the hydrogel, simulating the finite source
condition (B). The initial conditions are indicated. The sink and source sizes are not to scale for
visualization purposes.

In an improved simulation to be closer to experimental conditions, certain
revisions were made to the in silico model. First, another rectangular geometry
was added to the bottom boundary of the hydrogel as the source and the ini-
tial concentration within the entire source geometry was set to the values used
in the experimental setup (Figure 3.8 B). This change simulated a finite source
condition instead of the infinite source condition used in the initial approach (by
setting the source concentration constant). Then, the medium change cycles were
implemented to the model by running sequential simulations each time keeping
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the hydrogel gradient profiles from the last time point and using them as the ini-
tial condition for the hydrogel in the following simulation; while resetting the
source and the sink to their initial values. The aim of doing this was to simulate
the effect of the medium change on the gradient profiles. Finally, the initially ne-
glected material accumulation at the interfaces was simulated by adding a thin
diffusion barrier. Nominal values for the diffusion barrier were selected taking
into account the experiments performed (Section 3.3.3.2). Also, to better simulate
the experimental conditions, D0 and Dg values for BSA at 25◦C were used. Again,
D0 at 25◦C (6,8.10-11 m2.s-1) was calculated using Stokes-Einstein equation (Equa-
tion 3.13) and Dg at 25◦C (1,0.10-11 m2.s-1) was taken from a previously published
work [50].

3.2.4 Characterization of the protein gradients on PEGDA-AA hydro-
gels by using light-sheet fluorescence microscopy

3.2.4.1 Fabrication of a microfluidic chip allocating a hydrogel sample for dif-
fusion studies

A PDMS chip with a microfluidic channel and a chamber allocating a hydro-
gel sample for the generation and visualization of gradients was designed. For
the fabrication of the microfluidic channel a SU-8 resist master mold on silicon
wafer (Si(111), 1-side polished, n-type) (MicroChemicals) was prepared using
photolithography (Figure 3.9 A). Silicon wafers were cut into required sizes (30 x
40 mm) with a diamond tip cutter paying attention to the crystal orientation and
the polished side facing down. The wafer pieces were rubbed with acetone and
rinsed with acetone and isopropanol. The wafer surfaces were further cleaned
by an expanded plasma cleaner (PDC-002, Harrick Scientific) for 20 min at low
RF (6.8 W). Then, they were placed onto a hot plate at 95◦C to remove the excess
of humidity and were cooled down under nitrogen air flow. SU-8 2100 nega-
tive photoresist (Microchem) was selected to create the master mold. A 100 μm
thick layer of SU-8 was produced by spin-coating SU-8 resist on silicon wafers.
Briefly, the substrates were placed onto the stage of the spin coater (WS-650MZ-
23NPP/LITE, Laurell Technologies) and immobilized by the vacuum applied.
Approximately 1 mL of the resist was dispensed onto the wafer and spun first
at 500 rpm for 5 sec with an acceleration of 100 rpm/sec, and then at 3000 rpm
for 30 sec with an acceleration of 300 rpm/sec. The velocity of the second spin
cycle was selected to be 3000 rpm to be able to obtain a layer of 100 μm, following
the instructions provided in the manufacturer’s datasheet. The film was baked
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for 5 min at 65◦C and 20 min at 95◦C to evaporate the solvent. To produce the mi-
crochannel shape, the SU-8 film was exposed to UV light (25 mW.cm-2) through
a photomask using a mask aligner instrument (MJB4, SUSS MicroTec). The pho-
tomask used consisted of a single rectangular transparent window, 200 μm in
width and 20 mm in length. It was designed using Inkscape software and printed
on acetate films (CAD/Art Services) (Figure 3.9 A).

Figure 3.9: Scheme depicting photolithographic procedure used to fabricate PDMS layer with a
single channel (A). The dimensions of the transparent rectangular window in the photomask were
200 µm in width and 20 mm in length. A representative profile obtained by a profilometer showing
the dimensions of the SU-8 master fabricated by photolithography (B).

The exposure time necessary to obtain a structure of specific height is calcu-
lated by dividing the exposure energy needed to the power density of the mask
aligner equipment. For structures of 100 μm in height the exposure energy needed
was 240 mJ.cm-2 as provided in the manufacturer’s datasheet. The power density
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of the UV lamp being 25 mW.cm-2 (25 mJ.s-1.cm-2), the exposure time for proper
crosslinking was calculated to be 9,6 sec. After the exposure, the film was baked
for 5 min at 65◦C and 10 min at 95◦C and was developed until there was no un-
crosslinked residue left using the SU-8 developer provided by the manufacturer
(Microchem). The efficiency of the development was checked by inspection after
rinsing with isopropanol after 8 min, and development was extended up to 12
min. Finally, the masters were rinsed with the developer and isopropanol and
dried under nitrogen air flow. Right after fabrication, the dimensions of the chan-
nel were confirmed using a profilometer (DEKTAK 6M, Veeco Instruments) (Fig-
ure 3.9 B). The height and width (calculated from the top portion) of the channel
were calculated to be 104,3 ± 0,1 μm and 258,1 ± 4,8 μm, respectively.

The surface of the SU-8 masters was silanized with an anti-sticking silane,
(Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (ABCR GmbH & Co. KG),
in vapor phase. The silanization helps with demolding and extends the master
molds lifespan. A couple of drops of the silane solution were added into a con-
tainer, and the container together with the masters were placed into a vacuum
chamber. For proper silanization, the masters were left under vacuum for at least
1 h. These master molds were then used to produce PDMS negative replicas (Fig-
ure 3.9 A).

The fabrication protocol designed to produce a microfluidic chip allocating a
hydrogel sample is depicted in figure 3.10. The steps are as follows: 1) A thin
membrane of PDMS (250 μm thick) with a central opening of 5 mm in diameter
was stamped onto a very thin layer of uncured PDMS and, immediately after, a
silanized porous polycarbonate membrane (Tracketch R©, 5 μm pore size and 13
mm diameter, Nuclepore) was stuck on it. Then, this assembly was cured at 65◦C
for at least two hours to assure the total adherence of the porous membrane to
the PDMS layer. 2) Disc-shaped hydrogels were fabricated (see Chapter 2 Section
2.2.1.1) on top of the PDMS-membrane assembly with a PDMS pool of 4 mm
in diameter, so that there was enough margin for the hydrogel to swell. 3) The
PDMS layer containing the microfluidic channel (Figure 3.9 A) was punched with
a 0,75 mm punch (Harris Uni-Core, GE Healthcare Life Sciences) at each end of
the channel, and with a 4 mm punch at the center to form the chamber below the
hydrogel. Then the PDMS layer with the microfluidic channel is plasma bonded
to a 1 mm thick PDMS slab. 4) The hydrogel-PDMS-membrane assembly was
bonded to the construct with the microfluidic channel by a thin layer of uncured
PDMS, which is cured overnight at room temperature. Then, the channel and the
bottom chamber were filled with PBS and the hydrogel is let swollen in PBS. Prior
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to use, PBS was exchanged with protein solution.

Figure 3.10: Scheme showing the protocol for fabrication of a hydrogel disc incorporated PDMS
chip. 1. Formation of PDMS-membrane assembly. 2. Fabricating disc-shaped hydrogels on
PDMS-membrane assembly. 3. Preparation of PDMS layer with the channel e.g. inlet, outlet and
chamber carving and then sealing the bottom with a PDMS slab. 4. Assembly of the whole chip.
Then, channel filling and hydrogel swelling.

3.2.4.2 In-chip diffusion studies on PEGDA hydrogels using light-sheet fluo-
rescence microscopy

Light sheet fluorescence microscopy (LSFM) is a technique that uses a plane of
light for optical sectioning and visualization of tissues with subcellular resolu-
tion (Figure 3.11 A) [51]. LSFM technique has intermediate to high optical res-
olution, but good optical sectioning capabilities and high speed [52, 53]. The
photobleaching is minimized compared to wide-field fluorescence, confocal, or
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multiphoton microscopy, since the samples are exposed to only a thin sheet of
light and scanned fast [51]. It allows flexible sample access and mounting as it
decouples the illumination and detection light paths, with an angle of 90◦ (Figure
3.11 A) [52, 53]. This permits the visualization of large-size samples requiring spe-
cial mounting setup that would otherwise not be possible with other fluorescence
microscopy techniques.

Figure 3.11: Scheme depicting the light-sheet fluorescence microscopy concept (A). Adapted from
Gualda et al. [54]. Scheme showing the setup we used where detection was performed in an
up-right configuration (B).

The hydrogel samples used in this study had large dimensions, discs of 1
mm thick and 5 mm in diameter, and the hydrogel allocated microfluidic chip
had to be mounted in upright position, submerged in a chamber filled with liq-
uid (PBS) to allow diffusion. For that reason, we have decided to use LSFM for
the characterization of in-chip protein diffusion. LSFM analysis was performed
in collaboration with Dr. Emilio Gualda at Super-resolution Light Microscopy
& Nanoscopy Facility at The Institute of Photonic Sciences (ICFO). A custom-
made light-sheet microscope developed at ICFO was used for these experiments.
Continuous-wave (CW) laser with a wavelength of 561 nm (DPL 100mW, Cobolt)
was used for excitation. The light sheet was created by a pair of galvanometric
mirrors (GVSM002, Thorlabs), conjugated with the illumination objectives (Plan-
Fluor 4x, NA 0,13, Nikon), through a pair of achromatic doublets (AC254-050-A-
ML (f= 50 mm) and AC254-200-A-ML (f= 200 mm), Thorlabs), creating a flat top
Gaussian beam profile to assure the homogeniety of the light-sheet [55]. Detec-
tion was performed in an up-right configuration, using water dipping objectives
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(PlanFluor 10x, NA 0,3, Nikon) (Figure 3.11 B). An achromatic doublet (AC254-
200-A-ML, Thorlabs) formed an image onto a Hamamatsu Orca Flash 4.0 CMOS
camera chip. Emission filter of 620/ 52 (Texas red) (Semrock) was selected using
a motorized filter wheel (FW102C, Thorlabs). A special sample holder (Figure
3.12 A) was designed using FreeCAD software and 3D printed (Hephestos 2, BQ)
using poly(lactic acid) (PLA) as printing material (Figure 3.12 B). It consisted of
a square swimming pool with open access on the top for sample insertion and
imaging, and glass windows on the sides for proper light-sheet illumination. The
chamber included a glass covered pedestal (oriented 25◦ from the optical table)
where the microfluidic chip allocating the hydrogel was glued (Loctite), which
also allowed bright-field illumination with a LED for sample positioning. With
this inclination, the sample was illuminated and imaged transversally, to avoid
any barrier on the path of the light-sheet illumination. Laser scanning for imag-
ing of the chips was performed by vertical translation of the sample holder using
a motorized vertical stage (PI M-501.1DG, Physik Instrumente), through a fixed
horizontal light sheet plane. All the components of the microscope were con-
trolled using a custom-made software (LabView).
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Figure 3.12: Schemes showing the perspective, side and bottom view of the LSFM holder design
(A). It’s dimensions and the tilt angle of the pedestal are denoted in the schemes. Images showing
the 3D printed LSFM holder (B).

We imaged the stable gradients formed by the diffusion of BSA fluorescently
labelled with Texas Red (BSA_TxRED) within PEGDA-based hydrogel, by per-
forming a time-lapse acquisition of a 3D volume of 1,33 x 1,33 x 2,3 mm, over
two hours with a frame interval of 5 min, and a stack step of 5 μm. The hydrogel
was loaded 43 h prior to visualization with BSA_TxRED at a concentration of 10
μg.mL-1 and the source and the sink chambers were replenished 24 h after load-
ing and before acquisition. In order to reduce the data load, we binned the image
by a factor of 4. Then, the overall lateral pixel size was 2,6 μm. The image pro-
cessing was carried using ImageJ software. First, the stacks were resliced (ImageJ
function) to obtain a vertical view of the source, the hydrogel and the sink. Then,
a plane in the middle of the stack was chosen where the radial diffusion could
be neglected. A linear ROI of 10 pixels in size was drawn on the perpendicular
axis of the hydrogel (Figure 3.13). The relative fluorescence intensity (RFI) values
along that line were obtained for all the time points acquired.
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Figure 3.13: Scheme depicting the LSFM holder with the PDMS chip placed inside. Illumination
(with a horizontal light-sheet) and detection light paths are shown. Source and sink chambers
as well as the linear ROI used for image analysis, taken perpendicular to the hydrogel axis, are
indicated.

The measured RFI values of the profiles along the perpendicular axis of the
hydrogel were converted to concentrations by, first, constructing a calibration
curve. For that, the fluorescence intensity of solutions with different BSA_TxRED
concentrations were measured using the LSFM equipment. For each concentra-
tions 21 measurements were made. The ROIs of 200 x 150 pixels in size were
selected at the center of the stacks acquired in each measurement and the mean
fluorescence intensity values were calculated. The background intensity value
was determined from blank PBS. A calibration curve was plotted and fitted with
a second degree polynomial function to relate measured RFI values to known
concentrations using MATLAB software (Figure 3.14).
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Figure 3.14: Calibration curve constructed with the known concentrations of BSA_TxRED. 21
measurements were made for each concentration (n = 21).

3.2.5 Experimental setup allowing protein diffusion in PEGDA-AA
hydrogels with 3D villus-like microstructures

Standard Transwell R© cell culture setup can also be used to form gradients as it
separates the cell culture well into two compartments: apical (upper) and baso-
lateral (bottom). These compartments can then be used as the source (bottom)
and the sink (upper). As creating gradients in this standard cell culture setup
is quite straightforward, we utilized this strategy. Note that the volumes of the
source and the sink in Transwell R© setup is different than those of the microfluidic
chip; therefore can not be compared directly. For that, the microstructured hy-
drogels had to be fabricated on porous membranes to allow the diffusion of the
biomolecules from the basolateral side and also to facilitate the mounting of the
scaffolds onto the Transwell R© inserts. In what follows, we explain experimental
protocols used to achieve that.

3D villus-like microstructured hydrogels were fabricated on porous
Tracketch R© PET membranes following the method explained in section 2.2.1 with
slight modifications. PDMS pools of 8 mm in diameter were used to have the
whole surface of the hydrogel covered with microstructures (the photomask used
had dimensions of 0,8 cm x 0,8 cm). The PET membranes were reduced in size by
a 10 mm punch (Harris Uni-Core, GE Healthcare Life Sciences). The porous PET
membranes were placed on top of the PDMS pools and glass coverslips of 12 mm
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in diameter (VWR) were placed on top of the membrane as protective layer. The
hydrogel precursor solution was introduced to the pool through the inlets and
the photomask was placed on top of the pool. After the first exposure to form the
villus-like microstructures, the hydrogels were washed with PBS and then with
the hydrogel precursor solution. Afterwards, the above steps were repeated but
this time without a photomask to form the base. Hydrogel precursor solution
used had the following composition: 6,5% w/v P6000, 0,3% w/v AA, and 1%
w/v I2959, as it was selected in the previous chapter. The exposure time ranges
tested were 120-200 s and 0-10 s for the first (microstructures) and second (base)
exposure, respectively. Hydrogels were swollen in PBS for at least 3 days and
kept in 10% w/v Penicillin/streptomycin (in PBS) until further use.

Even though the hydrogels were sticking to the Tracketch R© porous polyethy-
lene terephthalate (PET) membranes initially, after prolonged incubation periods
in liquid, they were lifting off of the substrate. To overcome this problem, the
membranes, like the coverslips, were silanized with 3-(Trimethoxysilyl)propyl
methacrylate (Sigma), prior to use. This particular silane was chosen because it
has a vinyl functional group at its flanking end, which forms a covalent bond with
the PEGDA chains upon UV initiated free radical polymerization. This assures
the covalent attachment of the hydrogel to the membrane surface. The silaniza-
tion protocol was optimized by modifying the silane manufacturer’s protocol in
the light of a previously published work reporting the silanization of polycarbon-
ate membranes [56].

First, the Tracketch R© PET membranes of 5 μm pore size and 13 mm diameter
(Sabeu GmbH & Co) were dried in an oven at 65◦C for 30 min. Then, they were
placed into a glass petri dish making sure that they were flat, and were surface
activated by exposing them to UV cleaner for 15 minutes (UV/ozone ProCleaner,
Bioforce Nanoscience). In the meanwhile, the silane solution was prepared by di-
luting 2% v/v 3-(Trimethoxysilyl)propyl methacrylate and 3% v/v dilute acetic
acid (10:1 glacial acetic acid:water) in absolute ethanol. The acetic acid was added
just before use. Right after UV activation, the silane solution was added onto the
membranes and incubated for one to two hours at RT. Then, the membranes were
washed thoroughly with 96% v/v ethanol to remove residual reagents, dried un-
der nitrogen air flow and in an oven at 65◦C for 30 min. They were stored under
vacuum until further use. All the solvents were purchased from Panreac Ap-
plichem unless stated otherwise.

To confirm their proper silanization, XPS analysis was performed by a
Perkin-Elmer PHI 5500 Multitechnique System (Physical Electronics Inc.) with a
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monochromatic X-ray source (Aluminium K α line of 1486,6 eV energy and 350
W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line
of Ag with a full width at half-maximum of 0,8 eV. The sampling area was 0,8
mm in diameter, and each sample was analyzed at several locations. C1s, O1s,
N1s, Si1s and Si2p core level scan spectra were recorded for each location. The
resolution selected for the spectra was 187,85 eV of pass energy and 0,8 eV/step
for the general spectra and 23,5 eV of pass energy and 0,1 eV/step for the spectra
of the different elements. A low energy electron gun (less than 10 eV) was
used in order to discharge the surface when necessary. All measurements were
made in a ultra-high vacuum chamber with a pressure between 5.10-9 and 2.10-8

torr. No sample degradation due to UH vacuum or X-rays was observed. Data
processing was performed using MultiPak V6.0A software (Physical Electronics,
Inc.) and the spectra were plotted with OriginPro 8.5 software. Figure 3.15 shows
the survey spectra (A) and the high resolution spectra for Si1s and Si2p (B) of
silanized and non-silanized PET membranes. PET molecule does not contain
silicon atoms. Therefore, the presence of Si1s and Si2p peaks in the silanized
samples demonstrated successful silanization of the PET membranes.

Figure 3.15: Surface chemical composition characterization of silanized and non-silanized PET
membranes by XPS analysis: survey spectra (A), and high resolution spectra for -Si2p and -Si2s
peaks (B).

The use of porous membranes as supports onto which microstructured hy-
drogels are fabricated causes light to scatter and induces morphological changes
(the membrane effect) as oppose to the microstructures fabricated on glass cov-
erslips. For the morphological assessment of the microstructures fabricated on
membranes, another set of samples were fabricated on coverslips simulating "the
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membrane effect" by placing the membrane between the coverslip and the pho-
tomask (Figure 3.16 A). In this way, the hydrogels were recovered on the cov-
erslips and easily cut and visualized under an inverted bright field microscope
(Nikon Eclipse Ts2). Different exposure times for the microstructure and base
formation were tested and the morphology of the structures were assessed by
a bright field microscope. The dimensions of the microstructures were mea-
sured using ImageJ free software (http://rsb.info.nih.gov/ij, National Institutes
of Health). The effective microstructure height was taken as the distance from the
hydrogel base to tip and the diameters were measured at a position closer to the
base of the microstructures. The diameters of the microstructures were measured
close to the base. At least three samples were analyzed for each condition (n ≥ 3).

Figure 3.16: Scheme showing the fabrication of microstructured hydrogels on porous PET mem-
branes and on coverslips with membrane effect for morphological analysis (A). Scheme showing
how microstructured hydrogels fabricated on porous PET membranes are mounted on Transwell R©

inserts for cell culture experiments (B). Image showing a mounted Transwell R© insert (C). Note
that it sustains the cell culture medium suggesting good sealing.

For cell culture experiments, hydrogels fabricated on porous PET membranes
were mounted on standard 24-well Transwell R© filter inserts (Corning Costar) by
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the following protocol (Figure 3.16 B). First, the polycarbonate membranes of the
commercial Transwell R© inserts were removed completely. Then, the inserts were
cleaned with bleach and 70% ethanol and rinsed with distilled water. The inserts
were further sterilized with UV irradiation for 15 min under the cell culture hood.
The hydrogels fabricated on the silanized PET membranes were removed from
the swelling solution in which they were kept and left out to let the excess liq-
uid evaporate under the cell culture hood. In the meanwhile, a very thin layer of
PDMS prepolymer mixture was spread onto a standard plastic petri dish. The in-
serts were stamped onto the PDMS prepolymer, and immediately, the PET mem-
brane with the hydrogel on were placed on top of the stamped PDMS prepolymer.
Mild pressure was applied at the ridges to assure contact between the membrane
and the insert walls. Then, the inserts were let rest upside down to allow the cur-
ing of PDMS. As an initial approach, the mounted inserts were let dry overnight
to allow the curing of the PDMS. However, the microstructures were drastically
deformed due to this drying procedure. The morphological changes caused by
drying was assessed by dehydrating and then rehydrating the microstructures
and visualizing by a bright field microscope. As an improvement, the inserts
were mounted and after 10-15 minutes, 10 μL of PBS was added on top of the
microstructure region, just enough to keep the scaffolds wet but not to interfere
with the curing of PDMS. Every couple of hours PBS was replenished and before
overnight incubation, a 10 μL pipette tip bottom (matching the dimensions of the
transwell insert walls) was cut and placed on top of the mounted inserts. The
pipette tip bottom allowed the addition of more volume of PBS for the overnight
incubation. The following day, 200 μL of PBS was added to the inserts to test the
efficiency of the bonding by assessing the liquid leakage visually (Figure 3.16 C).
All the manipulations explained above were performed under sterile conditions.

3.2.6 Organoid-derived crypt culture on 3D villus-like PEGDA-AA hy-
drogels allowing protein diffusion

To allow protein diffusion along the vertical axis of the villus-like microstructures,
we adopted Transwell R© setup as explained in the previous section. Organoid-
derived crypt suspensions were prepared as explained in Section 1.2.2. The total
crypt number in the suspension was estimated by proportioning the number of
crypts counted in 5 μL to the total crypt suspension volume. PEGDA hydrogels
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were fabricated, swollen to equilibrium weight, and mounted on Transwell R© in-
serts as explained in the previous section 3.2.5. Later, the hydrogels were steril-
ized by storing them in 10% v/v penicillin/streptomycin in PBS until use. Before
use, the hydrogels were functionalized with collagen type I as explained in sec-
tion 2.2.5. The hydrogels were seeded with a density of 1500 crypts/sample and
the cells were cultured for 6 days. Two conditions of cell culture were studied;
only basolateral delivery (asymmetric administration) of ISC niche biochemical
factors and both basolateral and apical delivery (uniform administration) of such
factors. As ISC niche biochemical factors to be diffused through the hydrogel,
EGF, Noggin, R-Spondin 1, Wnt3a and conditioned medium obtained from the
culture of intestinal subepithelial myofibroblasts were used. These cell culture
conditions were determined as the optimal to promote the growth of intestinal
cells in previous chapters 1 and 2. In asymmetric administration condition, this
cell culture medium was added only to the bottom compartment (source) and
standard organoid growth medium without the ISC niche biochemical factors
was added to the upper compartment (sink). For the uniform administration,
the same ISC niche biochemical factors were added to both chambers. The gra-
dient generation was started 24 h before seeding and both of the compartments
were replenished with fresh media daily (approximately every 24 h) during cell
culture in order to maintain the gradient profiles formed.

3.2.6.1 Immunofluorescence characterization

After 6 days of culture, the cells were fixed with 10% neutralized formalin
(Sigma), permeabilized with 0,5% v/v Triton X-100 (Sigma), and blocked with
a blocking buffer containing 1% w/v BSA (Sigma), 3% v/v donkey serum
(Millipore), and 0,2% v/v Triton X-100 in PBS for at least two hours. Primary an-
tibodies used were; rabbit anti-Ki67 (1:100, abcam), and mouse anti-cytokeratin
20 (CK20) (1:100, Dako). All samples were incubated with the primary antibody
overnight at 4 ◦C followed by 1 h incubation at RT with secondary antibodies;
Alexa Fluor R© 488 donkey anti-mouse (invitrogen), and Alexa Fluor R© 647 donkey
anti-rabbit (Jackson ImmunoResearch), diluted at 1:500. Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI) (1:1000). Rhodamine phalloidin
(Cytoskeleton) was used to stain filamentous actin (F-actin). The samples were
mounted with Fluoromount-G R© (SoutherBiotech).
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3.2.6.2 Image acquisition, analysis and statistics

Fluorescence microscopy images of the immunostained cell samples were ac-
quired using confocal laser scanning microscopy (TCS SP5, Leica) with 20x dry
(N.A. = 0,70) objective at randomly selected locations. The laser excitation and
emission light spectral collection were optimized for each fluorophore. For the
four color scans the emission bands were adjusted to avoid overlap of the chan-
nels. The pin hole diameter was set to 1 Airy Unit (AU). A z-step of 2 μm was
used for the stacks. Tile scans of the entire surface of the samples were acquired
by Axio Observer 7 epifluorescence inverted microscope (Zeiss) with a low N.A.
5x objective. Rhodamine channel was used to acquire F-actin fluorescence im-
ages. The 3D reconstructions of the images were done using IMARIS software.
The percentage of surface coverage could be calculated from the 2D projected
areas only when the microstructure and the base regions were homogeneously
covered. This is the situation in most of the cases, as reported in the previous
chapter. However, in one of the samples, uniform administration condition, we
have observed the otherwise. To be able to calculate the surface coverage cor-
rectly, we have performed necessary calculations to obtain true surface area. For
that, first the surface area of one microstructure was estimated using the area of
a truncated cone (ATC), which is equal to the sum of the lateral surface and the
area of the upper circle as given in equation 3.14.

ATC = π(r +R)
√

(R− r)2 + h2 + πr2 (3.14)

where r is the upper and R is the lower radius of the cone, as shown in figure 3.17
A. Afterwards, the total number of microstructures in a given area was estimated.
For that, first the area occupied by a given number of microstructures (1 entire, 4
half, and 4 quarter microstructures: 4 in total) was calculated by selecting a square
ROI in F-actin fluorescence images (Figure 3.17 B).
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Figure 3.17: Drawing of a truncated cone used to estimate the true surface area of one microstruc-
ture (A). Corresponding dimensions are indicated in both images. A rectangular ROI, crossing 9
microstructures to a total of 4 entire microstructures, as shown in the scheme and in the fluores-
cence image was used to calculate the area occupied by 4 microstructures, which then proportioned
to the total surface area (B).

Then, this number was proportioned to the 2D projected surface area of the
microstructured hydrogels to obtain the total number of microstructures, p, in
that given area. The true surface area (TSA) can then be calculated as follows;

TSA = 2D projected area − p(πR2) + p ∗ATC (3.15)

For the calculation of the true surface coverage, first the 2D projected surface
area covered was measured using thresholding function of ImageJ free software.
For the sample of uniform administration, uncovered parts were determined sub-
tracting this value from the total area (Transwell R© area). Then, the total TSA (for
the entire sample surface) was calculated as explained above and the area of un-
covered regions (as calculated by ImageJ thresholding function) was subtracted.
For the sample of asymmetric administration, the coverage was estimated directly
from the 2D projected covered surface area normalized to the total sample area
(Transwell R© area) by thresholding function of ImageJ software.

The quantification of Ki67 marker, used to determine the amount of prolif-
erative cells, with respect to the total cell number was done by a custom-made
ImageJ macro provided by the Advanced Digital Microscopy (ADM) Unit of In-
stitute for Research in Biomedicine (IRB) (See Appendix B for the source code).
Confocal microscopy stacks were obtained at least at 4 different positions among
the areas covered with cell monolayer for Ki67 quantification. The statistical com-
parison was performed using two tailed, unequal variances Student’s t-test and
p<0,05 was considered significant.

The spatial distribution of CK20 signal along the surface of the microstruc-
tures was estimated by another custom-made ImageJ macro developed by the
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ADM Unit of IRB (See Appendix C for the source code). The script quantifies the
mean fluorescence intensity in the corresponding reporter channel within a bi-
nary mask limiting the measurements to the extension of the monolayer (F-actin
signal). The measurements are performed slice by slice in the z-stacks to capture
the intensity profile along the height of the microstructures (oriented perpendic-
ularly to the image acquisition plane). The binary mask limiting the extension
of the measurements is estimated by filtering (3D Gaussian filter) and threshold-
ing (user defined level) the actin channel. In each slice, 2D connected particles
smaller than 500 pixels were removed from the binary mask to discard spurious
bits and only keep relevant sections. The accuracy of the segmentation was vali-
dated from summary images overlaying the masks over the original image stacks.
As a complementary measurement, the integrated fluorescence intensity was also
estimated within the same regions. For each sample, at least 4 stacks were ac-
quired at randomly selected locations within the monolayer and quantified for
spatial distribution of CK20 along the microstructures. To account for slight vari-
ations in microstructures heights (due to monolayers joining at the tips of the
microstructures and sample preparation for imaging) and since some microstruc-
tures were not covered completely from tip to base, we limited the quantification
to the first 175 μm from the microstructure tips. Maximum mean CK20 signal
intensity and their corresponding positions along the microstructures were esti-
mated from the profiles. As a measure of CK20 signal spread for each condition,
widths at 50% of the maximum mean intensity were estimated from the profiles.
Also, the cumulative sum of CK20 integrated intensity was computed and the
height cut-off (from tip) at 75% of the total CK20 signal was determined for each
condition from the cumulative profiles. The error bars in the figures represent the
intra-sample variations. The data was processed and plotted with OriginPro 8.5
software.
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3.3 Results

3.3.1 Mesh size of the PEGDA-AA hydrogels

In order to have a better insight into the network properties of the PEGDA hy-
drogels and consequently, the protein diffusivity through them, their mesh size
(ξ) was using Flory-Rehner equilibrium swelling theory [16, 17, 19] as modified
by Peppas and Merrill for hydrogels prepared in the presence of water [22, 40].
For that, the polymer volume fractions of the hydrogels in swollen and in re-
laxed states calculated from the swelling data presented in section 2.3.3 were used
to first calculate the average molecular weight between crosslinks (Mc) (Section
3.2.1 Eqn. 3.4) and, then, the mesh size (Section 3.2.1 Eqn. 3.7) (Figure 3.18 A).
To understand the dependence of the hydrogel network characteristics with the
polymer concentration and UV exposure time two concentrations, 5% and 10%
w/v P6000, and two UV exposure times, 150 s and 200 s, were selected. The con-
centrations tested mark the lower and upper limits of the range used to fabricate
microstructured P6000 hydrogels (see Chapter 2 Section 2.2.1.1).

Figure 3.18: Scheme of the network structure of a hydrogel showing crosslinks (red stars), mesh
size (ξ), and molecular weight between crosslinks (Mc). Graphs showing estimated Mc (B) and
mesh size (ξ) (C) for 5% and 10% w/v P6000 fabricated with 150 s and 200 s of UV exposure.
Data are represented as mean ± standard deviation (Student’s t-test, *p<0,001) of four technical
replicas (n = 4).
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Mc values of hydrogel discs varied with PEGDA concentration and they
ranged between 2030 g.mol-1 to 2560 g.mol-1 (Figure 3.18 B). Although one can
expect the Mc values to be similar to the molecular weight of a single chain of
PEGDA, that is 6000 g.mol-1, since crosslinking is an end-linked reaction, we
found that this is not the case. For all the conditions studied, Mc was by 58%-66%
lower than 6000 (Figure 3.18 B). Similar findings, estimated Mc being less than
molecular weight of single PEGDA chains, have been reported in number of
studies [16, 41, 57]. It is well known that hydrogel networks are far from being
ideal. They might contain number of defects, such as intra-chain cyclizations,
chain entanglements, physical junctions and dangling ends (Figure 3.19). This is
particularly true in poorly controllable chain growth polymerization processes
such as free-radical polymerization of bifunctional acrylate derivatives like
PEGDA [13, 50]. These imperfections that can occur during crosslinking cause
a decrease in the apparent average molecular weight between crosslinks and
consequently, in calculated Mc values. The Mc values depended on PEGDA
concentration with 10% w/v hydrogels having significantly lower Mc than 5%
w/v hydrogels (Student’s t-test, p<0,001). The solution with higher concentration
of PEGDA has more diacrylate reactive groups, which produces an increase in
crosslinking density (see Section 2.3.3 for swelling ratios). Also, the likelihood
that loops or imperfections occuring increases with higher PEGDA macromer
concentrations, decreasing Mc.

Figure 3.19: Scheme depicting possible network defects. Adopted from Nafea et al. and Slaughter
et al. [13, 58].

As expected, a similar trend is observed in the mesh sizes. The mesh sizes of
5% w/v hydrogels were estimated to be 11,7 ± 0,2 nm and 11,8 ± 0,1 nm for 150
s and 200 s of UV exposure, respectively (Figure 3.18 C). Meanwhile, the mesh
sizes of 10% w/v hydrogels were computed as 8,3 ± 0,1 nm and 8,2 ± 0,2 nm for
150 s and 200 s of UV exposure, respectively (Figure 3.18 C). In literature, com-
parable values were reported for PEGDA hydrogels, confirming the accuracy of
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our results. Durst et al. obtained a mesh of 14 nm and 10 nm for 5% and 10%
w/v P6000 hydrogels, respectively [57]. Al-Ameen et al. reported mesh sizes of
10% w/v P6000 hydrogels to be 7 nm [59]. As with Mc, the mesh of 10% w/v hy-
drogels was significantly lower than that of 5% w/v hydrogels (Student’s t-test,
p<0,001), indicating higher crosslinking densities. That is, higher the concentra-
tion, lower the Mc and therefore, lower the mesh size. This demonstrates that in
our system the structural properties of the hydrogel can be regulated by varying
the polymer concentration.

On the other hand, there was no statistically significant differences (Student’s
t-test, p>0,05) between the Mc and ξ of the hydrogels prepared with 150 s and
200 s of UV exposure. We can conclude that the UV exposure time range (150-
200 s) we had chosen does not affect the crosslinking density of the hydrogels.
This suggests that within our experimental setup and range of exposure time,
the hydrogel network is saturated and cannot incorporate more chains into the
structure even though the exposure times were increased from 150 s to 200 s.
The results of gel fraction determination, reported in section 2.3.3.1, supported
the hypothesis that in this time range (150-200 s) the maximum possible PEGDA
macromer conversion (74%-84%) had already been achieved.

Our results clearly demonstrate that the network parameters (Mc and ξ) of
the PEGDA hydrogels, depends on the PEGDA concentration. Regulating the
network properties of hydrogels by altering the concentration of polymer pre-
cursors is well established [15, 41, 50, 57, 59]. Depending on the application of
interest; e.g. tissue engineering scaffolds, drug delivery vehicles, tissue barriers,
cell encapsulation medium, network properties (appropriate polymer concentra-
tions) have to be adjusted [13]. For diffusion studies, it is relevant to remem-
ber that a decrease in the average mesh size hinders the mobility of the polymer
chains, and thereby decreases swelling, limiting the transport of substances (dif-
fusivity) through the hydrogel [58]. For proper diffusion of the biomolecules, the
mesh of the hydrogel network has to be equal to or greater than the diameter of
the biomolecules. Taking into account that most biomolecules such as proteins,
growth factors and others that allow cell survival have a diameter of 5-15 nm
[60], both 5% and 10% w/v P6000 hydrogels would allow the diffusion of these
biomolecules. More importantly, the hydrodynamic diameters of main ISC niche
biochemical factors (EGF, R-Spondin 1, Noggin, Wnt3a) range from 3 to 7,2 nm
(see Section 3.2.3 Table 3.1). Therefore, both 5% and 10% P6000 hydrogels are
suitable for the diffusion of these proteins through their network.
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3.3.2 Determination of the diffusion coefficient of BSA protein in
PEGDA-AA hydrogels

We have designed and fabricated a simple diffusion chip, on the bases of previ-
ously published reports [42, 43], to calculate the diffusion coefficients of proteins
within the swollen P6000 hydrogel network (Dg). The diffusion chip consisted
of a hydrogel sandwiched between a completely sealed source and sink chamber
(Figure 3.20 A). The protein solution was introduced to the source chamber and
the total mass diffused with time was quantified as explained in section 3.2.2. A
protein with a hydrodynamic diameter smaller than the mesh estimated for P6000
hydrogels, BSA [44], and a protein much larger than the mesh, laminin [45], were
selected for the diffusion studies. A proof-of-concept study was performed to
validate the functionality of the fabricated diffusion chip.

Figure 3.20: Image of the hydrogel incorporated diffusion chip (A). Scheme indicated correspond-
ing components. Graph showing the total mass of BSA and laminin diffused as a function of time
(B).

The successful fabrication of completely sealed chip suitable for the diffusion
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studies was achieved (Figure 3.20 A). Nevertheless, the fabrication had some chal-
lenges, especially at the bonding step of the glass slides to PDMS to seal the donor
and the receiver chambers, which required plasma activation of the PDMS sur-
faces with the hydrogel sandwiched in between. Although, we covered the open-
ings to avoid exposing the hydrogel surface to plasma, the structural integrity of
the hydrogel could get affected in this step. Until obtaining a completely sealed
chip with the hydrogel unharmed, numerous trials had to be made. Only the ones
that were assured to be completely sealed were used for the following diffusion
experiments.

Figure 3.20 B shows the plot of the total mass diffused to the sink chamber
for BSA and laminin proteins as a function of time for 10% w/v P6000 hydrogel.
The total mass of BSA that diffused to the sink chamber incremented with time.
However, the laminin concentrations measured in the sink chamber were at the
baseline levels and didn’t change over time. This suggests that laminin does not
significantly penetrate the network of the tested hydrogel, presumably due to its
diameter,≈ 40 nm [45, 61], being much larger than the mesh of the studied hydro-
gel, 8 nm (see Section 3.3.1 for mesh size values). For BSA, a linear relationship
between the diffused protein and time was observed. Because the diffusion chip
is a closed system, the diffusion of proteins into the sink chamber would eventu-
ally slow down and come to an equilibrium. However, within the working time
range (up to 120 h) we were still in the linear diffusion regime. Then, these col-
lected data points were used to determine the diffusion coefficient of BSA (Dg)
through the hydrogel (Section 3.2.2 Eqn. 3.9). The Dg value of BSA through 10%
w/v P6000 was calculated to be 1,40± 0,02 x 10-12 m2.s-1. In previously published
studies, Dg values for BSA within the same order of magnitude were reported for
similar hydrogels. Peret and Murphy calculated Dg to be 1,40 x 10-12 m2.s-1 within
15% w/v P8000 at 25◦C [62]. Engberg and Frank calculated Dg to be 1,87 x 10-12

m2.s-1 within 33% w/v P8000 at 37◦C [43] and Lee et al. reported the diffusivity
of BSA to be 5 x 10-12 m2.s-1 within 10% w/v P3000 at 25◦C [50]. This validates
the accuracy of our result and the functionality of the diffusion chip.

Peppas et al. described the molecular diffusivity within the hydrogel network
as:

Dg = D0(1−
rs
ξ
)e
−Y

Q

Q− 1 (3.16)

where D0 is the diffusivity of the molecule in pure solvent (BSA in aqueous me-
dia), rs is the hydrodynamic radius of the diffusing molecule (3,6 nm for BSA
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[44]), ξ is the mesh size of the network, Q is the swelling ratio, and Y is the ratio
of the critical volume required for the translational movement of the encapsulated
particle to the average free volume per molecule of solvent, which is usually taken
as 1 [15]. We calculated Dg of BSA in 10% w/v P6000 using the above equation
and previously measured values of the mesh size, 8,2 nm as reported in the pre-
vious section 3.3.1, and the Q, 2,2 as reported in section 2.3.3. D0 was calculated
as 9,1 x 10-11 m2.s-1 using Stokes-Einstein equation (Section 3.2.3 Eqn. 3.13). Dg

estimated in this fashion was found to be 8,47± 0,29 x 10-12 m2.s-1, which is about
6 times more than the experimentally measured value. The discrepancy between
estimated and experimentally measured Dg values might be due to possible vari-
ations of mesh size within the hydrogel. The mesh size estimated by Flory-Rehner
equilibrium theory is an average value. In our hydrogel fabrication method, the
light is attenuated in the vertical axis of the UV irradiation [63, 64], which most
probably causes the layers closest to the light source get more crosslinked. Highly
crosslinked regions would have a smaller mesh limiting the diffusion of the pro-
tein.

Overall, Dg value determined experimentally was comparable with the values
reported in the literature for BSA in similar hydrogels [43, 62]. Importantly, BSA
diffuses through the P6000 hydrogel network, while laminin does not due to the
size restriction, demonstrating the functionality of the chip.

3.3.3 Characterization of the spatio-chemical gradients of ISC niche
biochemical factors on PEGDA-AA hydrogels

In our system we aimed to generate the spatio-chemical gradients of ISC niche
biochemical factors based on free diffusion of the proteins from a source to a sink.
For the characterization of the gradients created in this fashion, first we devel-
oped an in silico model to determine the gradient profiles of each ISC niche factor
formed within the hydrogels in our experimental setup (Section 3.3.3.1). Then,
we visualized the gradients of fluorescently labelled BSA with light-sheet fluores-
cence microscopy (Section 3.3.3.2). Finally, based on these experimental findings,
the in silico model was revised to better reflect the experimental conditions for the
cell culture experiments (Section 3.3.3.3).
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3.3.3.1 In silico modeling of the spatio-chemical gradients of ISC niche bio-
chemical factors

Finite element method (FEM) simulations were performed to predict the spatio-
chemical gradients of ISC niche biochemical factors formed within our PEGDA
hydrogels. Mainly, we were interested in predicting the diffusion of Noggin,
R-Spondin 1, Wnt3a and EGF. Initially, the in silico diffusion model was devel-
oped considering constant source concentrations (simulating an infinite source)
at the hydrogel bottom boundary, and with a large finite sink. Two geometries
for the hydrogels were implemented; 1) rectangle and 2) microstructure (see Sec-
tion 3.2.3 Figure 3.8). Simulations were run considering the diffusion coefficients
of biomolecules on our PEGDA material. Diffusion coefficients of model proteins
were used for this purpose (see Section 3.2.3). The simulations were run up to
24 h, which was the cell culture medium change frequency set for convenience.
Concentration of proteins in cross-sections of the hydrogels were obtained as a
function of the height in the hydrogel (Figure 3.21 Color maps) and diffusion time
(Figure 3.21 Graphs). In the rectangle model, at the initial time points these axial
profiles exhibited an exponential decay for all proteins. At 24 h all the proteins
had reached linear profiles, suggesting that the characteristic time (setup time) of
diffusion of proteins to reach a pseudo equilibrium within the hydrogel geometry
is shorter than 24 h [35]. In a system, where the concentration is only constrained
at one end (source), it is expected that the steady state is reached for c = csource at
all points. However, in practice, we observe that a pseudo steady state establishes
within less than 24 h, with linear concentration profiles in the hydrogel. From that
point, the concentration is expected to rise very slowly at the gel-sink interface (as
a consequence of the large sink filling up). However, since this happens at a time
scale > > > 24 h (confirmed by FEM simulation), we consider the state reached at
24 h as a pseudo steady state of the system. One could then predict that medium
change every 24 h would lead to the stabilization of the concentration profiles.
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Figure 3.21: Solutions of the 2D FEM simulations of the rectangle model for BSA, CA, Ovalbu-
min, and Insulin at 1 h, 3 h, and 24 h (left panels). Graphs showing the change in concentrations
as a function of position along the z-axis at 1 h, 3 h, and 24 h (right panel). Profiles were taken
along the lines indicated on 2D color maps and the red dot represents a point at the hydrogel - sink
interface.

Insulin (EGF) had loaded the hydrogel much faster than the rest of the pro-
teins (Figure 3.21 Color maps). This is because Insulin is much smaller in size
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than the other proteins (5,7 kDa vs. 28,0-66,5 kDa) and therefore, the Dg for In-
sulin is much larger that the others, and it has a higher source concentration. The
slopes of the linear profiles at 24 h were calculated to be -1,1.10-3 mol.m-4, -4,9.10-3

mol.m-4, -6,9.10-4 mol.m-4, and -3,8.10-3 mol.m-4 for BSA, CA, Ovalbumin, and In-
sulin, respectively. This, led to concentrations that differed from the source to the
hydrogel surface (z = 1 mm) by 73% for BSA (Noggin), 70% for CA (R-Spondin
1), 58% for Ovalbumin (Wnt3a), and 20% for Insulin (EGF). These differences in
relative concentration drops reflect the differences in diffusion coefficients of the
proteins. The change in concentration as a function of time at the hydrogel - sink
interface (z = 1 mm) revealed that the concentrations at the interface increased
fast at the initial hours of diffusion and then slowed down significantly especially
for BSA, Ovalbumin, and CA, reaching pseudo equilibrium at 24 h (Figure 3.22).
However, a complete equilibrium could not be achieved as the sink continues to
fill with time. Nevertheless, this increase is quite insignificant as the sink volume
is much larger than that of the hydrogel. Therefore, we consider that the pseudo
steady state is reached at 24 h.

Figure 3.22: Graph showing the change in concentration of proteins as a function of time at the
hydrogel - sink interface (z = 1 mm). Measurement point represented by the red dot in the 2D
color maps given in figure 3.21.

We then have implemented the microstructure geometry in the in silico model,
as we were interested in the concentration gradients generated along the sur-
face (contour) of the microstructures. The microstructure heights were set to 300
μm, matching the heights of the microstructures of the PEGDA hydrogels used
for the following cell culture experiments. As previously, simulations were run
considering the diffusion coefficients of model proteins (see Section 3.2.3) on the
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PEGDA hydrogel, up to 24 h. Concentration of proteins along the contour of
the microstructures were obtained as a function of vertical position (z) (Figure
3.23 Color maps) and diffusion time (Figure 3.23 Graphs). In the microstructure
model, the hydrogels were loaded much faster than in the rectangle model (Figure
3.23 Graphs), due to the dimensions of the microstructures that were 300 μm in
height, smaller than 1 mm height rectangles. The concentration profiles along the
z-axis were linear at 24 h for all the proteins, suggesting again that a pseudo equi-
librium was attained [35]. Although, gradients were much less pronounced com-
pared to those of the rectangle model. The slopes of the linear gradient profiles
at 24 h were computed to be -4,8.10-4 mol.m-4, -1,8.10-3 mol.m-4, -3,4.10-4 mol.m-4,
and -2,2.10-3 mol.m-4 for BSA, CA, Ovalbumin, and Insulin, respectively. This, led
to concentrations that differed by 17% for BSA (Noggin), 9% for CA (R-Spondin
1), 10% for Ovalbumin (Wnt3a), and 6% for Insulin (EGF) from the hydrogel base
(z = 150 μm) to the tip (z = 450 μm). The steepest gradients in terms of con-
centration differences were predicted for BSA (Noggin), CA (R-Spondin 1), and
Ovalbumin (Wnt3a). The gradient of Insulin (EGF) was insignificant.
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Figure 3.23: Solutions of the 2D FEM simulations of the microstructure model for BSA, CA,
Ovalbumin, and Insulin at 1 h, 3 h, and 24 h (left panels). Graphs showing the change in concen-
trations as a function of position on the microstructure surface along the z-axis, at 1 h, 3 h, and
24 h (right panel). Profiles were taken along the curves indicated on 2D color maps. Two points
at the hydrogel interface at the tip (A) and at the base (B) were defined.

The concentrations at the interfaces increased fast at the initial hours and then
slowed down significantly (Figure 3.24), a behavior also observed in the rectangle
model. However, in the microstructure model, the concentrations of all proteins
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both at the base and the tip stabilized faster already reaching the pseudo equi-
librium point at 24 h. This suggests that within this geometry, the time scale at
which media is typically refreshed (24 h) during routine cell culture is sufficient to
provide the cells with stable concentrations. The concentrations at the base were
higher than the concentrations at the tip due to the proximity to the source.

Figure 3.24: Graphs showing the change in concentration of proteins as a function of time at the
hydrogel - sink interface at the tip (z = 450 µm) and at the base (z = 150 µm), represented by
points A and B in the 2D color maps (figure 3.23)

In silico modeling of protein diffusion through PEGDA hydrogels with rectan-
gular and microstructured cross-sections revealed that within the experimental
setup that fulfills the boundary conditions set in these models (constant source
concentrations), EGF (modeled with Insulin) almost does not form gradients. The
gradients computed for the other proteins were more prominent, with the per-
centage concentration change from the base to the tip of the microstructures rang-
ing from 16,7% to 9%. Although, more than the slope of the gradients, threshold
concentrations necessary for the maintenance of ISCs might be more significant
in controlling the growth and differentiation of ISCs. For instance, Ahmad et al.
demonstrated that the minimum necessary concentration of R-Spondin 1 for ISC
renewal was 88 ng.mL-1 [37], lower than the R-Spondin 1 concentrations used in
standard organoid cultures (typically 500 ng.mL-1) [65, 66].

Overall, we have set up an in silico model to predict the gradients of ISC niche
biochemical factors formed within the PEGDA hydrogel. Knowing the concentra-
tion gradients of these factors along the microstructure surface of the hydrogels
provides valuable information in correlating the outcomes of cell cultures exper-
iments with the gradient profiles.
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3.3.3.2 Visualization of spatio-chemical gradients with light-sheet fluores-
cence microscopy

In order to create gradients of ISC niche factors within hydrogels and allow their
characterization by microscopy techniques, a custom-made microfluidic device
that allowed allocating the PEGDA hydrogel was designed and fabricated. One
of the most critical design constraints for imaging was the physical access to the
entire hydrogel from the sides and the top. In other words, the light path had to be
free of obstacles, such as PDMS. To this end, the chip was designed in a way that
the hydrogel would stick out allowing proper physical access, as it can be seen in
figure 3.25 A. For that, the hydrogel was fabricated on a porous membrane sup-
ported by a layer of PDMS (250 μm) much thinner than the hydrogel disc (h =
1 mm) and, then, bounded to PDMS layer composing the microfluidic channel.
An added technological challenge was to obtain a totally sealed source chamber
with an inlet and outlet to deliver the proteins to the source compartment placed
below the hydrogel. The fabrication procedure developed (described in Section
3.2.4.1), reached these requirements. For the visualization of protein gradients on
the hydrogels, a fluorescently labelled model protein BSA_TxRED was selected.
Fluorescently labelled protein gradients were visualized in-chip by light-sheet
fluorescence microscopy (LSFM). LSFM technique was selected as it permits fast
imaging at large working distances with fine axial resolution, a trade-off diffi-
cult to achieve by traditional confocal microscopy [52, 53]. By decoupling the
illumination and detection light paths, LSFM allows a flexible sample access and
mounting (not necessarily a flat coverslip) (see Section 3.2.4.2 Figure 3.11) [52,
53]. This is especially important to image large samples extended in all three di-
mensions. Additionally, LSFM offers high signal-to-noise ratios, high efficiency
(minimal bleaching and photo-damage), and high imaging speed [52, 53], all im-
portant to this application. To fit the sample in the microscope a custom-made
sample holder was designed and fabricated (Figure 3.25 B), which had transpar-
ent walls permitting the access of the light-sheet to the sample and a pedestal
with 25◦ inclination to have better access to the hydrogel and the source chamber.
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Figure 3.25: Microfluidic chip allocating the hydrogel disc (A). The protein solution is delivered
through the tubes to the chamber below the hydrogel. Scheme depicting the LSFM holder with
the PDMS chip (B). Cross sectional fluorescence images acquired by LSFM spanning the source,
hydrogel and the sink at different time points showing the stable gradient of BSA_TxRED (C).
Scale bar: 500 µm.

As an initial trial, we decided to measure the gradient profiles of fluorescently
labelled BSA (BSA_TxRED). For that, it was aimed to visualized the gradients
formed within the hydrogel along the z-axis after 24 h of diffusion, as it is done
in the FEM simulations (Section 3.3.3.1). However, due to logistic limitations the
hydrogel was loaded with the protein 43 h prior to the experiment and both the
source and the sink chambers were refreshed with initial concentrations 24 h after
loading and right before performing the LSFM experiment. The chip was placed
in the custom-made holder and imaged acquiring stacks at intervals of 5 minutes
intervals up to 115 minutes in total. The gradient profiles of BSA_TxRED acquired
are shown in figure 3.25 C. These images show that within the time frame tested
no significant change in the fluorescence intensities was observed.
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To perform quantitative analysis, the fluorescence intensity profiles were mea-
sured along the z-axis and spanning the source, the hydrogel and the sink, as in-
dicated by the white arrow in figure 3.26 A, at selected 5 time points (0 min, 30
min, 90 min, 115 min) and were plotted with respect to vertical position (z) (Fig-
ure 3.26 B). As seen in the fluorescence intensity profiles, the gradients formed
within the hydrogel were linear and unchanging throughout the time of acquisi-
tion demonstrating that we were at pseudo steady state within the time frame of
the acquisition. This finding supports the hypothesis that the steady state can be
maintained by implementing a periodical medium replenishment (as performed
here) when finite source and sink volumes are used [35]. The slope of the linear
fit was computed to be -4,4.10-2 mol.m-4 (Figure 3.26 C, Hydrogel), which led to a
change in protein concentration from the hydrogel bottom to top by 60%.

In figure 3.26 C the intensity profiles measured within the source, hydrogel
and the sink regions are presented separately. In the source chamber, a stable con-
centration coinciding with the protein solution concentration added (15,0 x 10-5

mol.m-1) was observed for the regions away from the hydrogel interface, while
a decay was observed closer to the hydrogel boundary. This decay in the source
concentration is probably due to the formation of gradients in unmixed solutions
[67], as mixing wasn’t implemented in the experimental setup. This gradient can
be avoided by designing the microfluidics and the source chamber in such a way
that allows mixing of the solution. In addition, the protein solution wasn’t per-
fused continuously, in other words the source was finite, and the overall pro-
tein concentration in the source was decreasing slightly with time (Figure 3.26 C,
Source).
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Figure 3.26: Cross sectional fluorescence image spanning the source, hydrogel and the sink of
BSA_TxRED diffusion (A). The white arrow marking the line at which the fluorescence intensity
profiles were measured. Graph showing the intensity profiles at different time points (B). Magni-
fication of the graph given in B at source, hydrogel and sink regions (C). The slope of the linear fit
performed on the gradient profile within the hydrogel at t = 115 min (R2 = 0,985) was computed
to be -4,4.10-2 mol.m-4.

On the other hand, protein accumulation was observed both at the membrane
- hydrogel (z = 750 μm) and at the hydrogel - sink (z = 1830 μm) interfaces (Figure
3.26 B, C). The protein concentrations dropped by 30% and 20% at the membrane
- hydrogel and the hydrogel - sink interface interface, respectively. Most of the
time, the material accumulation at the interfaces is considered negligible [42, 43]
or not even considered [34, 35, 37]. On the contrary, our experimental results
revealed that the accumulation at the interfaces was significant, especially at the
membrane-hydrogel interface.
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Taking all these observations into account, the in silico model was revised in-
cluding: 1) finite source geometry and 2) gel loading and medium change cy-
cles, and 3) the effect of material accumulation at the interfaces was simulated
by adding thin diffusion barrier effects (nominal values were selected taking into
account the percent decrease observed experimentally). Figure 3.27 shows the
changes in the concentration profiles predicted with in silico model along the
perpendicular axis of the hydrogel, spanning the source, the hydrogel and the
sink with respect to time. During the gradient formation, finite volume source
depletes as the protein diffuses from the source into the hydrogel, eventually
reaching a pseudo steady state with linear profiles. However, since finite vol-
ume compartments are used, the source concentration depletes with time and
the solutions in the compartments have to be refreshed (the time of the medium
change is important in defining the gradient profiles). Implementing the medium
change cycles into the in silico model proved this assumption. The frequency of
the medium change (in this case 24 h) determined the initial gradient concentra-
tion range and further changes only stabilized more these profiles (Figure 3.27).
After the first medium change, there was a slight shift to higher concentration.
This is because after 24 h the source has already depleted to a new concentration
Cs which is less than the initial source concentration C0. Replacing the solution
with a concentration C0 perturbs the equilibrium and the concentration in the hy-
drogel increases then re-stabilizes until a shifted pseudo-steady state is reached
[35]. If desired, this can be avoided by refreshing the source solution with Cs,
which can be deduced from the in silico model. The disruption of the gradient at
the initial time points were much more significant when the barrier effects were
not implemented. This demonstrates that the high fluidic resistance provided by
the porous membrane (simulated by diffusion barrier effects) helps to minimize
disruption to the developed profiles during medium change cycles.
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Figure 3.27: Graphs showing the intensity profiles taken along a perpendicular line spanning the
source, hydrogel and the sink of FEM simulations with medium change cycles of 24 h implemented
without (left panel) and with thin diffusion barrier (right panel) at the hydrogel - membrane in-
terface. BSA was used as the model protein for these simulations.

Once the necessary changes were implemented to better simulate the experi-
mental conditions, in silico model predicted similar stable gradient profiles as seen
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in the 2D solutions of FEM simulation (Figure 3.28 A). The concentration profiles
measured in the simulations (Figure 3.28 B) and the slope of the concentration
gradient formed within the hydrogel, -5,9.10-2 mol.m-4, were in good agreement
with the concentration profiles and the gradient slope calculated experimentally
(-4,4.10-2 mol.m-4) (Figure 3.26 B, C). These findings validate the in silico model
that we have developed.

Figure 3.28: 2D solutions of FEM simulation at 0 min, 60 min, and 115 min (A). Intensity
profiles predicted by the FEM model after the medium change cycles and the observed diffusion
barriers were implemented (B). The profiles were taken along the lines indicated in A. The slope
of the linear fit performed on the gradient profile within the hydrogel at t = 115 min (R2 = 0,999)
was computed to be -5,9.10-2 mol.m-4.

3.3.3.3 In silico modeling of the spatio-chemical gradients formed along mi-
crostructured surface in Transwell R© setup

In order to be able to create gradients along the vertical axis of the villus-like
hydrogels access to both upper and bottom side of the hydrogel is essential. Hy-
drogel incorporated microfluidic chip presented in the previous section 3.3.3.2
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can be one strategy to form the gradients. On the other hand, a simplified setup
that would permit facile testing of the complex biological system is desirable. For
that reason, we decided to use standardized Transwell R© setup, which consists
of a semipermeable filter inserts that create two separate compartments (upper
and lower compartment). The lower compartment was the source and the upper
compartment was the sink. As oppose to the hydrogel incorporated PDMS chip,
in the Transwell R© setup the source chamber is much larger than the sink cham-
ber. In order to estimate the nature of the expected gradients in the Transwell R©

setup, the in silico model with microstructure geometries and an infinite source
(presented in Section 3.3.3.1) was revised, in the light of the findings of LSFM
characterization. Finite source volume and thin diffusion barrier effects at the
interfaces were added to the model. Then, the concentrations of the diffusing fac-
tors along the microstructured surface with respect to the position in the vertical
axis were determined and plotted. Figure 3.29 shows the estimated gradient pro-
files for each protein along the microstructured surface at 1 h, 3 h, and 24 h after
loading (24 h was selected as the maximum time since it is the typical/convenient
medium change time interval). The protein concentrations differed from the hy-
drogel base (z = 150 μm) to the tip (z = 450 μm) by 21% for BSA (Noggin), 19%
for CA (R-Spondin 1), 17% for Ovalbumin (Wnt3a), and 5% for Insulin (EGF).
Similar to the predictions of the previous model, the most marked gradients were
observed for BSA (Noggin), CA (R-Spondin 1), and Ovalbumin (Wnt3a) and the
gradient of Insulin (EGF) was insignificant. However, with the exception of the
Insulin (EGF), the concentration change of the factors from the base to the tip of
the microstructures was greater in the revised model compared to those of the
previous version (see Section 3.3.3.1). It is noteworthy to mention that the gra-
dient profiles were non-linear (Figure 3.29). To check whether this change in the
gradient profiles was due to the diffusion barrier effects or the finite source vol-
umes we removed the diffusion barrier from the model and ran the simulation.
Indeed, that was the explanation and without the barriers at the hydrogel in-
terface linear gradient profiles were obtained at 24 h, similar to the findings of
the previous model. The percentage decrease values were also slightly affected.
However, since at the present we lack the experimental data, LSFM characteri-
zation of the gradients formed within the microstructures rather than hydrogel
discs, we consider the revised model as the more accurate one.
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Figure 3.29: Concentrations as a function of position along the surface of one microstructure
(as depicted in the drawing) at 1 h, 3 h and 24 h; represented by blue, green, and pink lines,
respectively.

3.3.4 Adapting the fabrication setup to incorporate microstructured hy-
drogels into Transwell R© inserts

The gradients of ISC niche biochemical factors can be generated in Transwell R©

setup by adding these factors only to the basolateral side (source compartment),
as we have explained previously. However, the microstructured hydrogels fab-
ricated by the experimental setup explained in chapter 2 section 2.2.1 cannot be
placed directly inside Transwell R© inserts since they are adhered on glass cover-
slips. To address this, we fabricated the microstructured hydrogels on porous
PET membranes. In the following section we report the readjustment of the fabri-
cation parameters accounting for the effects of the presence of the PET membrane
in the photopolymerization process.
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3.3.4.1 Morphological assessment of microstructures fabricated on PET mem-
branes

Porous PET membranes were silanized to assure the covalent attachment of the
hyrogel to the membrane surface (Section 3.2.5 Figure 3.15). Membranes with
pore sizes of 5 μm diameter were used to minimize undesired absorbance and
scattering effects interfering with the polymerization process. These effects were
observed when using membranes with smaller pore sizes and/or other polymeric
materials such as polycarbonate [63]. Even so, we have observed significant
changes in the microstructure morphology compared to the samples fabricated
on glass coverslips. Moreover, the use of these membranes caused the light in-
tensity to reduce by 37-40% [64]. This attenuation of the UV light intensity also
contributed to the changes in microstructure morphology. For that reason, we
have reassessed the morphology to select the optimal fabrication conditions for
obtaining microstructures with physiologically relevant dimensions.

The effect of UV exposure times on microstructure heights and diameters was
studied. As hydrogel precurson solution recipe, 6,5% w/v P6000 with 1% w/v
I2959 and 0,3% AA was used as it was selected to be optimal previously (Chapter
2). UV exposure times ranging from 120 s to 200 s were applied. The effect of
the second exposure (base formation) on microstructure dimensions and the in-
tegrity of the whole sample was also assessed using UV exposure times ranging
from 0 s (no base exposure) to 10 s. Figure 3.30 A shows the heights obtained
for the microstructures fabricated in all the assayed conditions. The general trend
was that the effective heights were increasing with increased UV exposure times
but also the diameters as measured above the base. The microstructure shape was
changing from bullet-like to pyramidal forms with increased exposure times (Fig-
ure 3.30 B), which compromised the objective of mimicking the roundish forms of
native villi. The UV exposure time for base formation also affected the effective
heights of the microstructures. We observed that with increased base exposure
times the effective heights of the microstructures were decreasing (Figure 3.30 A).
On the other hand, for shorter times (e.g. 0 s and 5 s) the base was not form-
ing properly. In fact, the material formed in between microstructures was much
softer, indicating loosely crosslinked network, barely holding the microstructures.
This was also compromising the objective of presenting cells with a homogeneous
hydrogel surface. To obtain an array with the microstructures hold together with
a base the base exposure times had to be increased.
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Figure 3.30: Combined graphs of the effective heights and diameters of the microstructures as
a function of the UV exposure time (A). The data is represented as mean ± standard deviation
(n ≥ 3). The regions of interest are represented in grey and blue for effective heights and diam-
eters, respectively. Red frame marks the condition selected. Bright field microscopy images of
microstructured P6000 hydrogels made of 6,5% w/v concentration with 0,3% AA with different
first and second exposure times (B). Red frame marks the condition selected. Scale bars: 200 µm.

In short, the exposure times for microstructure and base formation had to be
selected in such a way that we would obtain an intact microstructured hydrogel
array with microstructure dimensions comparable to that of native villi (0,2-1 mm
in height, 100-150 in diameter [68, 69]). In figure 3.30 the regions of interest are
represented in grey and blue for effective heights and diameters, respectively.
With this in mind, UV exposure time of 140 s for microstructure formation and
7,5 s for the base formation were found most beneficial (red frames marks the
condition selected in Figure 3.30 B). The effective height and diameter measured
for this condition were 264,7 ± 10,2 μm and 163,2 ± 9,5 μm, respectively.
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3.3.4.2 Mounting of microstructures fabricated on PET membranes on
Transwell R© inserts

Once the appropriate fabrication condition was selected we moved on to find
the optimal conditions for mounting of microstructured hydrogels fabricated
on PET membranes to Transwell R© inserts. For that, we thought of using a thin
layer of uncured PDMS to stick the PET membrane with the hydrogel on, to the
inserts once their original membranes were removed. As an initial approach,
hydrogel mounted inserts were let dry overnight to assure the curing of the
PDMS layer. Once the PDMS was cured the hydrogels were rehydrated before
the cell culture experiments. Unfortunately, this dehydration-rehydration cycle
severely changed the morphology of the microstructures. Figure 3.31 shows the
bright field microscopy images of the microstructures before dehydration and
after rehydration. Black dashed line marks the contours of the microstructures.
Drying of the hydrogels caused severe shrinkage in the sizes of the structures.
Also, the shapes were deformed and wrinkling in the base region was observed.
These observations suggested collapsing of the hydrogel network pores upon
dehydration-rehydration cycle.

Figure 3.31: Bright field microscopy images of the microstructured hydrogel selected to be used
for cell culture studies before dehydration and after rehydration. Black dashed line marks the mi-
crostructures. Note the extreme deformation in the morphology upon the dehydration-rehydration
cycle. Scale bars: 200 µm.

In order to mimic the ISC niche biochemical gradients found in vivo in the
Transwell R© setup, we use the asymmetrical delivery of the factors from the baso-
lateral side (lower compartment). Therefore, it is crucial that the microstructures
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do not collapse during mounting process. For that reason, the mounting proto-
col was revised such that the hydrogels wouldn’t dry out during the curing of
PDMS (see Section 3.2.5 for the methods). Briefly, 10 μL of PBS was added only
onto the hydrogel during curing and the efficiency of the sealing was checked by
the capacity of the mounted Transwell R© to hold media without leakage (Section
3.2.5 Figure 3.16 C). In this way, the microstructures and pore size of hydrogel
was maintained. Once the mounting protocol was optimized we tested the effect
of the gradients on the growth and differentiation patterns of intestinal organoid-
derived cells.

3.3.5 Spatio-chemical gradients in Transwell R© setup - a proof-of-
concept study

As a proof-of-concept, microstructured hydrogels fabricated on porous PET
membranes were mounted on Transwell R© inserts, funtionalized with collagen
type I and biomolecular gradients were formed prior to the seeding of organoid-
derived crypt pieces. Two conditions were studied: basolateral delivery of ISC
niche biochemical factors (asymmetric administration) and both basolateral and
apical delivery of such factors (uniform administration). In the asymmetric case,
gradients were generated 24 h before seeding, as estimated by FEM simulations
(Section 3.3.3.3). Whereas, in the uniform condition there were no gradients
within the gel, as the factors were also added to the sink chamber. The medium
containing ISC niche factors was composed of medium secreted by intestinal
subepithelial myofibroblasts (ISEMF_CM), ENR_CV, and Wnt3a (as optimized
in the previous chapters). Note that ISEMF_CM contains mainly Wnts and
R-Spondins [10–12]. Then, organoid-derived crypt pieces were seeded and
cultured for 6 days and the cell culture media of both upper and lower com-
partments were changed every 24 h. This was especially important to maintain
the gradients formed in the asymmetric condition as demonstrated in figure 3.27
section 3.3.3.2.

The surface coverage of the cell monolayers grown for 6 days in culture
was quantified from F-actin fluorescence images as an indication of monolayer
growth. Although full coverage of the microstructured scaffolds neither for the
asymmetric nor for the uniform factor administration cases was attained, in both
of the conditions the surface coverage was quite high with 76,1% and 95,3% of
the substrate area covered by cells for asymmetric and uniform administration,
respectively (Figure 3.32). These values were much higher than those obtained
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for monolayers covering microstructured samples fabricated on glass coverslips
and cultured with the same cell culture medium without the added Wnt3a,
which was 55,3% ± 3,8% (Section 2.3.6 in Chapter 2). The overall improvement
in the growth of the monolayer can be due to improved oxygen and nutrient
diffusion in the Transwell R© setup, where cells can receive these components from
both apical and basolateral sides [70, 71]. Moreover, the exogenous Wnt3a added
to the cell culture medium most probably improved the surface expansion of
the monolayer through fueling the division of ISCs and transit amplifying cells.
Similar growth enhancing effects were reported in the previous chapter 1. On the
other hand, increased surface coverage in the sample of uniform administration
can be explained by the fact that the cells receive higher amounts ISC niche
factors since these factors are delivered both from basolateral and apical side.
This could further fuel the proliferation of the ISCs or transit amplifying cells
and lead to better expansion of the monolayer.

Figure 3.32: Fluorescence of F-actin of the monolayers cultured on microstructured PEGDA
hydrogels mounted on Transwell R© inserts under asymmetric or uniform administration of ISC
niche biochemical factors (ISEMF_CM + ENR_CV + Wnt3a) after 6 days of culture. Tile scans
show the entire sample surface, which was used to calculate the surface coverage: 76,1% and
95,3% for asymmetric and uniform administration, respectively. Scale bars: 1 mm.

On the contrary, immunofluorescence for Ki67 revealed that the amount of
Ki67+ proliferative cells (normalized to the total cell number) were quite low for
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both conditions; 0,7% ± 0,4% and 0,6% ± 0,4% for asymmetric and uniform ad-
ministration, respectively. In addition, there was no statistically significant dif-
ference (Student’s t-test, p>0,05, n = 4) between these two conditions. Whereas,
immunofluorescence for CK20 revealed that all the microstructure tips were cov-
ered with CK20+ differentiated cells for both of the conditions as we can see in
figure 3.33. This suggests that the cultures were highly differentiated. Then, the
low amounts of proliferative cells can be attributed to two phenomena: 1) a neg-
ative feedback loop exerted by the BMP signaling generated by the differentiated
cells inhibiting epithelial cell proliferation [72]; 2) upon cell-to-cell contact and
cell cycle exit as a consequence of confluent epithelial cultures [73]. Since these
cultures were almost confluent this might have caused cells to stop dividing.

Although high levels of CK20 expressing cells were observed in both of the
conditions, the distribution of CK20+ differentiated cells were significantly differ-
ent. In figure 3.33 we represent the CK20 signal at three different heights from the
tip of the microstructures. For that, we divided the entire CLSM stack acquired
into three sub_stacks to evaluate the distribution of the CK20 signal along the ver-
tical axis of the microstructures. Under asymmetric administration, CK20 signal
was predominantly observed in the Sub_stack 1 (tips of villi); while under uni-
form administration it was present in all sub_stacks (along all the villi structure).
CK20+ differentiated cells were concentrated to the tip of the microstructures un-
der asymmetric administration, while under uniform administration CK20+ dif-
ferentiated cells were more distributed along the microstructures. F-actin coun-
terstaining was shown to point out that the absence of CK20 signal was not due
to the absence of the cells. In other words, even though there was a cell mono-
layer, the cells were negative for CK20. After this initial qualitative assessment
we quantified the mean CK20 intensity with respect to the vertical position along
the microstructure to confirm our observations.
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Figure 3.33: Immunofluorescence for CK20 and F-actin staining of intestinal monolayers grown
on the material under asymmetric or uniform administration of the factors. As depicted in the
scheme at the top, the entire stack is divided into 3 sub_stacks to better visualize the distribution
of the CK20 signal along the microstructure. Scale bars: 200 µm.

Quantification of the mean CK20 intensity, within the monolayer, with respect
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to the vertical position along the microstructures was performed from confocal
microscopy stacks acquired at 4 randomly selected locations. Figure 3.34 A shows
3D views of representative CLSM stacks to better illustrate the CK20 signal dis-
tribution. As seen in figure 3.34 B, the distributions of CK20 are significantly
different among the conditions. In the case of asymmetric administration (with
gradients) of the ISC niche biochemical factors the differentiated cells were more
compartmentalized to the tips of the microstructures. Whereas, in the case of uni-
form they were broadly distributed along the microstructure (Fig. 3.34 B). As a
measure of CK20 signal spread for each condition, widths at 50% of the maximum
mean intensity were estimated from the profiles and found to be 7,4 μm and 137,8
μm for asymmetric and uniform administration, respectively. Also, the cumula-
tive sum of CK20 integrated intensity was computed and the height cut-off (from
tip) at 75% of the total CK20 signal was determined (Fig. 3.34 E). In the case of
asymmetric administration, 75% of the total CK20 signal was accumulated to the
first 62 μm from the microstructure tip; whereas, in the case of uniform it was
spread up to 114 μm from the tip. In fact at 62 μm from the microstructure tip un-
der uniform administration, only 31,7% of the total signal was accumulated. This
quantitative analysis clearly demonstrates that these two distributions are dif-
ferent suggesting that the hydrogels with gradients (asymmetric administration)
promotes better the compartmentalization of the differentiated cells towards the
tip of the microstructures similar to what happens in vivo intestine.
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Figure 3.34: 3D views of immunofluorescence for CK20 of intestinal monolayers grown on the
material under asymmetric or uniform administration of the factors (A). Counterstaining was
done for F-actin and nucleus. Scale bars: 200 µm. Graph showing the mean CK20 intensity
distribution (normalized to the F-actin area) along the microstructures for different conditions
(B). Graph showing the normalized cumulative sum of CK20 signal along the microstructures (C).
Green dotted line marks the 75% cut off line. The images were acquired at 4 different locations (n
= 4) and the data are presented as mean ± standard deviation of intra-sample variations.

This proof-of-concept experiment suggests that the spatio-chemical gradients
generated in our biomimetic 3D villus-like hydrogels can be used for the compart-
mentalization of the proliferative and the differentiated cells in a similar fashion
to that found in the in vivo tissue.



232 Chapter 3. Characterization of chemical gradients in PEGDA hydrogels

3.4 Discussion

The ISC proliferation, migration and differentiation along the 3D crypt-villus ar-
chitecture of the intestinal epithelium are mainly governed by the spatio-chemical
gradients of ISC niche factors: BMP, Wnt and EGF pathway modulators, gen-
erated along the crypt-villus axis [5]. Thus, we hypothesized that a microengi-
neered system able to mimic the 3D crypt-villus architecture of the small intes-
tine and the biochemical gradients generated along the vertical crypt-villus axis
might lead to cell distribution similar to that found in vivo.

Standard Transwell R© setup, based on the culture of primary intestinal ep-
ithelial cell monolayers on porous membranes separating the culture well into
two compartments [74–76], does not allow control over the gradients as the sys-
tem only consists of a cell monolayer formed on a porous membrane. To be able
to generate gradients in a physiologically relevant way, along the vertical crypt-
villus axis, a support matrix with 3D villus-like microstructures is needed. For
that, we have developed PEGDA-based hydrogels with villus-like 3D as a sup-
port matrix for intestinal epithelial cells (as reported in Chapter 2). PEGDA hy-
drogels were chosen because, in addition to their easily tunable mechanical and
biochemical properties (discussed previously in Chapter 2), their physicochemi-
cal properties such as the mesh size, crucial for the diffusion of biomolecules, can
be tuned in a controllable manner [50]. Moreover, PEGDA hydrogels can be easily
microstructured by photocrosslinking [77, 78] and the resulting microstructures
with heights of few hundreds of microns provide the necessary template for the
generation of gradients along the vertical axis of the villus like forms.

There has been some attempts to deliver gradients through hydrogels to direct
intestinal stem cell behavior. Attayek et al. demonstrated that the Wnt3a and R-
Spondin 1 gradients generated across the Matrigel R© embedded colonic organoids
led to the polarization of proliferative cell containing crypt domains towards the
region of the highest morphogen (Wnt3a and R-Spondin 1) concentrations [38].
These findings demonstrated that the gradients of key ISC niche factors can ac-
tually be used to guide self-organization in organoids. Nevertheless, this model
lacked the 3D architecture of the small intestine and the gradients were gener-
ated across the organoids embedded within the Matrigel R©, far away from the in
vivo scenario, where the gradients of ISC niche biochemical factors are present
along the vertical crypt-villus axis. In a very recent study, Wang et al. mimicked
crypt-villus architecture on collagen scaffolds and demonstrated that basolateral
delivery of ISC niche biochemical factors led to in vivo-like crypt-villus cellular
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distribution of spheroid-derived intestinal epithelial cells on these scaffolds [39].
The main disadvantage of the use of collagen material in a platform for diffusion
of biomolecules is that its physicochemical properties such as its mesh size can
not be modified in a controlled manner [79]. Moreover, the scaffold becomes the
limiting barrier for rapidly absorbed hydrophobic drugs [80], which might also
cause non-specific adsorption of diffusing proteins. In contrast to collagen, we
have used PEGDA-based synthetic hydrogels that have numerous advantages
over their natural counterparts like collagen. These are: their antifouling prop-
erty that repels non-specific protein adsorption, which would otherwise interfere
with the diffusion of the biomolecules and efficient tuning of diffusivity within
the hydrogel network by simply varying its crosslinking density, which in effect
controls the porosity (mesh size) of the hydrogel [81, 82].

As stated, the crucial factor determining the diffusivity of the biomolecules
within the hydrogels is its mesh size. Here, we determined the mesh size of the
PEGDA-based hydrogels to be between 8 to 12 nm and it could be tuned by sim-
ply changing the PEGDA concentration. Taking into account that the diameters of
principle ISC niche factors; EGF, R-Spondin 1, Noggin, Wnt3a range from 3 to 7,2
nm (Section 3.2.3 Table 3.1), PEGDA hydrogels fabricated at the concentrations
reported here have a porosity large enough to permit the diffusion of ISC fac-
tors. It is important to note that, the hydrogels fabricated on porous membranes
compared to the ones fabricated on glass coverslips have larger mesh sizes for
the same time of UV exposure, since porous membranes attenuate the UV light
around 40% [64], which in return decreases the crosslinking density. However,
this does not pose any challenge on the formation of the gradients since it would
further increase the diffusivity of the proteins.

The diffusion studies through the PEGDA-based hydrogels revealed that ma-
terial would be a barrier for large proteins such as laminin but it would allow the
effective diffusion of smaller proteins such as BSA. The in silico modeling demon-
strated that spatio-chemical gradients of ISC niche biochemical factors (proteins
smaller in size than laminin) could be generated along the vertical axis of the hy-
drogels. The visualization of the gradients formed based on the diffusion of the
biochemical factors within the hydrogels with large dimensions (h = 1 mm, d =
5 mm) was a technical challenge. For this purpose, a microfluidic chip allocating
the hydrogel scaffold that permitted both the gradient formation and visualiza-
tion, was designed and fabricated. The gradients of fluorescently labelled BSA
were successfully visualized using light-sheet fluorescence microscopy (LSFM).
The linear gradient profiles obtained by periodical replenishment of the medium
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demonstrated both experimentally by LSFM and by in silico modeling, proved
that pseudo steady state could be reached by using this methodology in accor-
dance with previously published reports [34, 35].

LSFM technique allows fast imaging at large working distances and permits
a flexible sample access and mounting by decoupling the illumination and de-
tection light paths with an angle of 90◦ [51, 53]. This is especially important for
the visualization of large-size samples that require a special mounting setup, as
in our case, that would otherwise not be possible with other fluorescence mi-
croscopy techniques. LSFM is commonly used in the developmental studies of
model organisms such as the zebrafish and the fruit fly [51]. Lately, there has
been an increasing interest in utilizing LSFM for high-throughput screening of
organoid cultures for analyzing both the morphology and dynamic processes [83,
84]. The microfluidic chip allocating hydrogel scaffold allowing LSFM analysis
that we have developed, has a great potential in live imaging of 3D tissue mimics.
Our 3D villus-like scaffolds can easily be incorporated into the microfluidic chip
through which the gradients of ISC niche factors can be generated. The organoid-
derived intestinal epithelial cells can be seeded onto the scaffolds and the mono-
layer formation and cellular organization dynamics can be visualized by LSFM.
The live imaging of de novo tissue formation within a representative microenvi-
ronment, resembling anatomical villi, would provide useful information on the
effect of such 3D architectures on the self-organization capacity of the ISC.

We have demonstrated the utility of the microfluidic chip allocating the hy-
drogel scaffold in creating biomolecular gradients. On the other hand, the com-
plexity of the biological systems require a simplified setup that would permit
facile testing. For that reason, we adapted our system standardized Transwell R©

setup. The microstructured hydrogels were successfully fabricated on PET mem-
branes and mounted on Transwell R© inserts. The gradients were formed in this
setup by the basolateral delivery of the ISC niche biochemical factors and mod-
eled with FEM simulations. In silico model predicted most pronounced gradients
for Noggin, then for R-Spondin 1 and Wnt3a, while the gradient of EGF was
insignificant. As a proof-of-concept, the effect of these gradients on intestinal ep-
ithelial cell growth and differentiation was assessed. Immunofluorescence char-
acterization and image analysis revealed that the presence of gradients led to the
compartmentalization of the terminally differentiated cells to the very tips of the
microstructures. Whereas, in the absence of the gradients the differentiated cells
were distributed along the height of the microstructures.
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Our results suggest that these biomimetic PEGDA-based 3D villus-like hydro-
gels with spatio-chemical gradients of ISC niche biochemical factors can be used
for the compartmentalization of differentiated epithelial cells in the monolayers
derived from organoids. At this point, further efforts are required to systemat-
ically analyze the effects of different gradient profiles and concentration ranges
of ISC niche factors on the growth and differentiation of the intestinal epithelial
cells. Then, it would be possible to correlate the effects of such gradients to the
cellular response and it would provide crucial information in an effort to control
the growth, migration and differentiation of ISCs to obtain an in vitro intestinal
epithelium with in vivo like cellular compositions and distributions.
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3.5 Conclusions

In this chapter, we have demonstrated that it was possible to create spatio-
chemical gradients of ISC niche biochemical factors on PEGDA hydrogels and
showed that such gradients influenced the distribution of differentiated cells
found in the epithelial monolayers along the villus-like microstructures. First,
we have characterized the network structure of the PEGDA hydrogels and found
that it can be controlled by the changing the PEGDA concentration. Then, a
hydrogel incorporated PDMS chip was designed and fabricated to be used in
the determination of the diffusion coefficients of proteins. We validated the
functionality of the chip by a diffusion assay. FEM simulations performed to
reveal the spatio-chemical gradients of ISC niche biochemical factors, formed
within the disc-shaped and microstructured hydrogels. For the characterization
of the gradients by microscopic techniques, a microfluidic chip allocating the
hydrogel was designed and fabricated. The gradients of fluorescently labelled
model protein BSA was visualized with light-sheet fluorescence microscopy
(LSFM). Stable profiles were observed as predicted by the in silico model demon-
strating that the gradients could be formed and maintained within PEGDA
hydrogels in the experimental setup designed. PEGDA-based microstructured
hydrogel platforms were succesfully adapted to standard cell culture platforms
that permitted access to both sides of the hydrogel. Spatio-chemical gradients
were created in this setup and organoid-derived crypts pieces were grown on
these hydrogels with gradients. It was demonstrated that in the presence of
these gradients the differentiated epithelial cells were compartmentalized more
towards the tips of the microstructures. Overall, we have developed a novel 3D
villus-like biomimetic hydrogel platform with spatio-chemical gradients of ISC
niche biochemical factors that can be used to modulate the compartmentalization
of the differentiated organoid-derived intestinal cells.



REFERENCES 237

References

[1] Cornelis J. Weijer. “Collective cell migration in development”. In: Journal of Cell Science
122.18 (2009).

[2] Christopher G Sip, Nirveek Bhattacharjee, and Albert Folch. “Microfluidic transwell in-
serts for generation of tissue culture-friendly gradients in well plates.” en. In: Lab on a chip
14.2 (2014), pp. 302–14.

[3] Evanthia T. Roussos, John S. Condeelis, and Antonia Patsialou. “Chemotaxis in cancer”.
In: Nature Reviews Cancer (2011).

[4] Hans Clevers. “The intestinal crypt, a prototype stem cell compartment.” In: Cell 154.2
(2013), pp. 274–84.

[5] Toshiro Sato and Hans Clevers. “Growing self-organizing mini-guts from a single intesti-
nal stem cell: mechanism and applications.” In: Science (New York, N.Y.) 340.6137 (2013),
pp. 1190–4.

[6] Nick Barker. “Adult intestinal stem cells: critical drivers of epithelial homeostasis and re-
generation”. In: (2013).

[7] Alexis J Carulli, Linda C Samuelson, and Santiago Schnell. “Unraveling intestinal stem
cell behavior with models of crypt dynamics.” In: Integrative biology : quantitative biosciences
from nano to macro 6.3 (2014), pp. 243–57.

[8] Toshiro Sato et al. “Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts.”
In: Nature 469.7330 (2011), pp. 415–418.

[9] R. C. Mifflin et al. “Intestinal myofibroblasts: targets for stem cell therapy”. In: American
Journal of Physiology-Gastrointestinal and Liver Physiology 300.5 (2011), G684–G696.

[10] Henner F. Farin, Johan H. Van Es, and Hans Clevers. “Redundant Sources of Wnt Regulate
Intestinal Stem Cells and Promote Formation of Paneth Cells”. In: Gastroenterology 143.6
(2012), 1518–1529.e7.

[11] Z. Kabiri et al. “Stroma provides an intestinal stem cell niche in the absence of epithelial
Wnts”. In: Development 141.11 (2014), pp. 2206–2215.

[12] Nan Ye Lei et al. “Intestinal subepithelial myofibroblasts support the growth of intestinal
epithelial stem cells”. In: PLoS ONE 9.1 (2014).

[13] Brandon V. Slaughter et al. “Hydrogels in Regenerative Medicine”. In: Advanced Materials
21 (2009), pp. 3307–3329.

[14] N.-A. Peppas et al. “Hydrogels in Biology and Medicine: From Molecular Principles to
Bionanotechnology”. In: Advanced Materials 18.11 (2006), pp. 1345–1360.

[15] Cole a DeForest and Kristi S Anseth. “Advances in bioactive hydrogels to probe and direct
cell fate.” In: Annual review of chemical and biomolecular engineering 3 (2012), pp. 421–44.

[16] Anushree Datta. “Characterization of polyethylene glycol hydrogels for biomedical appli-
cations”. PhD thesis. 2007.

[17] Ting Yang. “Mechanical and Swelling properties of Hydrogels”. PhD thesis. 2012, p. 67.
ISBN: 9789175014715.



238 Chapter 3. Characterization of chemical gradients in PEGDA hydrogels

[18] N. Ch. Padmavathi and P. R. Chatterji. “Structural Characteristics and Swelling Behavior
of Poly(ethylene glycol) Diacrylate Hydrogels †”. In: Macromolecules 29.6 (1996), pp. 1976–
1979.

[19] P. J. Flory and J. Rehner. “Statistical Mechanics of Cross-Linked Polymer Networks II.
Swelling”. In: The Journal of Chemical Physics 11 (1943), pp. 521–526.

[20] Edward W. Merrill, Kathleen A. Dennison, and Cynthia Sung. “Partitioning and diffusion
of solutes in hydrogels of poly(ethylene oxide)”. In: Biomaterials 14.15 (1993), pp. 1117–
1126.

[21] Tiziana Canal and Nikolaos A. Peppas. “Correlation between mesh size and equilibrium
degree of swelling of polymeric networks”. In: Journal of Biomedical Materials Research 23.10
(1989), pp. 1183–1193.

[22] N Peppas. “Hydrogels in pharmaceutical formulations”. In: European Journal of Pharmaceu-
tics and Biopharmaceutics 50.1 (2000), pp. 27–46.

[23] Chien Chi Lin and Andrew T. Metters. “Hydrogels in controlled release formulations: Net-
work design and mathematical modeling”. In: Advanced Drug Delivery Reviews 58.12-13
(2006), pp. 1379–1408.

[24] M P Lutolf and J A Hubbell. “Synthetic biomaterials as instructive extracellular microen-
vironments for morphogenesis in tissue engineering”. In: Nature Biotechnology 23.1 (2005),
pp. 47–55.

[25] Stefan Kobel and Matthias P. Lutolf. “Biomaterials meet microfluidics: Building the next
generation of artificial niches”. In: Current Opinion in Biotechnology 22.5 (2011), pp. 690–697.

[26] Sudong Kim, Hyung Joon Kim, and Noo Li Jeon. “Biological applications of microfluidic
gradient devices.” en. In: Integrative biology : quantitative biosciences from nano to macro 2.11-
12 (2010), pp. 584–603.

[27] Wai To Fung et al. “Microfluidic platform for controlling the differentiation of embryoid
bodies”. In: Lab on a Chip 9.17 (2009), pp. 2591–2595.

[28] Steffen Cosson, Stefan A. Kobel, and Matthias P. Lutolf. “Capturing complex protein gra-
dients on biomimetic hydrogels for cell-based assays”. In: Advanced Functional Materials
19.21 (2009), pp. 3411–3419.

[29] Steffen Cosson and Matthias P. Lutolf. “Programmable microfluidic patterning of protein
gradients on hydrogels”. In: Methods in Cell Biology 121 (2014), pp. 91–102.

[30] Wajeeh Saadi et al. “Generation of stable concentration gradients in 2D and 3D environ-
ments using a microfluidic ladder chamber.” In: Biomedical microdevices 9.5 (2007), pp. 627–
35.

[31] Amy P. Wong et al. “Partitioning microfluidic channels with hydrogel to construct tunable
3-D cellular microenvironments”. In: Biomaterials 29.12 (2008), pp. 1853–1861.

[32] Anja Kunze et al. “Micropatterning neural cell cultures in 3D with a multi-layered scaf-
fold”. In: Biomaterials 32.8 (2011), pp. 2088–2098.

[33] Ovid C. Amadi et al. “A low resistance microfluidic system for the creation of stable con-
centration gradients in a defined 3D microenvironment”. In: Biomedical Microdevices 12.6
(2010), pp. 1027–1041.



REFERENCES 239

[34] Vinay V Abhyankar et al. “Characterization of a membrane-based gradient generator for
use in cell-signaling studies.” In: Lab on a chip 6.3 (2006), pp. 389–93.

[35] Vinay V. Abhyankar et al. “A platform for assessing chemotactic migration within a spa-
tiotemporally defined 3D microenvironment”. In: Lab on a Chip 8.9 (2008), p. 1507.

[36] S Cosson and M P Lutolf. “Hydrogel microfluidics for the patterning of pluripotent stem
cells.” In: Scientific reports 4 (2014), p. 4462.

[37] Asad A. Ahmad et al. “Optimizing Wnt-3a and R-spondin1 concentrations for stem cell
renewal and differentiation in intestinal organoids using a gradient-forming microdevice”.
In: RSC Advances 5.91 (2015), pp. 74881–74891.

[38] Peter J. Attayek et al. “In vitro polarization of colonoids to create an intestinal stem cell
compartment”. In: PLoS ONE 11.4 (2016), pp. 1–23.

[39] Yuli Wang et al. “A microengineered collagen scaffold for generating a polarized
crypt-villus architecture of human small intestinal epithelium”. In: Biomaterials 128 (2017),
pp. 44–55.

[40] N. A. Peppas and E. W. Merrill. “Crosslinked poly(vinyl alcohol) hydrogels as swollen
elastic networks”. In: Journal of Applied Polymer Science 21.7 (1977), pp. 1763–1770.

[41] Gregory M. Cruise, David S. Scharp, and Jeffrey A. Hubbell. “Characterization of per-
meability and network structure of interfacially photopolymerized poly(ethylene glycol)
diacrylate hydrogels”. In: Biomaterials 19.14 (1998), pp. 1287–1294.

[42] Christina J Lee et al. “Determination of human lens capsule permeability and its feasibility
as a replacement for Bruch’s membrane.” In: Biomaterials 27.8 (2006), pp. 1670–8.

[43] Kristin Engberg and Curtis W Frank. “Protein diffusion in photopolymerized
poly(ethylene glycol) hydrogel networks”. In: Biomedical Materials 6.5 (2011), p. 055006.

[44] Sotirios Koutsopoulos et al. “Controlled release of functional proteins through designer
self-assembling peptide nanofiber hydrogel scaffold.” In: Proceedings of the National
Academy of Sciences of the United States of America 106.12 (2009), pp. 4623–8.

[45] Kazuo Onuma and Noriko Kanzaki. “Size Distribution and Intermolecular Interaction of
Laminin-1 in Physiological Solutions”. In: The Journal of Physical Chemistry B 107.42 (2003),
pp. 11799–11804.

[46] P. K. Smith et al. “Measurement of protein using bicinchoninic acid”. In: Analytical Bio-
chemistry 150.1 (1985), pp. 76–85.

[47] Jennie B Leach and Christine E Schmidt. “Characterization of protein release from
photocrosslinkable hyaluronic acid-polyethylene glycol hydrogel tissue engineering
scaffolds.” In: Biomaterials 26.2 (2005), pp. 125–35.

[48] Laney M. Weber, Christina G. Lopez, and Kristi S. Anseth. “Effects of PEG hydrogel
crosslinking density on protein diffusion and encapsulated islet survival and function”.
In: Journal of Biomedical Materials Research Part A 90A.3 (2009), pp. 720–729.

[49] Zdenek Petrásek and Petra Schwille. “Precise measurement of diffusion coefficients
using scanning fluorescence correlation spectroscopy.” In: Biophysical journal 94.4 (2008),
pp. 1437–48.



240 Chapter 3. Characterization of chemical gradients in PEGDA hydrogels

[50] Soah Lee, Xinming Tong, and Fan Yang. “The effects of varying poly(ethylene glycol) hy-
drogel crosslinking density and the crosslinking mechanism on protein accumulation in
three-dimensional hydrogels.” In: Acta biomaterialia 10.10 (2014), pp. 4167–74.

[51] Peter A. Santi. “Light sheet fluorescence microscopy: A review”. In: Journal of Histochem-
istry and Cytochemistry 59.2 (2011), pp. 129–138.

[52] A. H. Voie, D. H. Burns, and F. A. Spelman. “Orthogonal plane fluorescence optical sec-
tioning: Three dimensional imaging of macroscopic biological specimens”. In: Journal of
Microscopy 170.3 (1993), pp. 229–236.

[53] Emmanuel G. Reynaud et al. “Light sheet-based fluorescence microscopy: More dimen-
sions, more photons, and less photodamage”. In: HFSP Journal 2.5 (2008), pp. 266–275.

[54] Emilio J. Gualda et al. “Three-dimensional imaging flow cytometry through light-sheet
fluorescence microscopy”. In: Cytometry Part A 91.2 (2017), pp. 144–151.

[55] Alexander Laskin and Vadim Laskin. “Beam shaping to generate uniform laser light sheet
and linear laser spots”. In: (2013), p. 88430C.

[56] Kadir Aslan, Patrick Holley, and Chris D. Geddes. “Metal-enhanced fluorescence from
silver nanoparticle-deposited polycarbonate substrates”. In: Journal of Materials Chemistry
16.27 (2006), p. 2846.

[57] Christopher a Durst et al. “Flexural characterization of cell encapsulated PEGDA hydro-
gels with applications for tissue engineered heart valves.” In: Acta biomaterialia 7.6 (2011),
pp. 2467–76.

[58] E.H. Nafea, L.A. Poole-Warren A. Marson, and P.J. Martens. “Immunoisolating semi-
permeable membranes for cell encapsulation: Focus on hydrogels”. In: Journal of Controlled
Release 154.2 (2011), pp. 110–122.

[59] Mohammad Ali Al-Ameen and Gargi Ghosh. “Sensitive quantification of vascular en-
dothelial growth factor (VEGF) using porosity induced hydrogel microspheres”. In: Biosen-
sors and Bioelectronics 49 (2013), pp. 105–110.

[60] J K Armstrong et al. “The hydrodynamic radii of macromolecules and their effect on red
blood cell aggregation.” In: Biophysical journal 87.6 (2004), pp. 4259–70.

[61] Donna Phu. “The Effect of Entrapped Laminin-111 in Three-dimensional Polyethylene
Glycol Gels on the Behavior of Nucleus Pulposus Cells from the Intervertebral Disc”. PhD
thesis. Duke University, 2010.

[62] Brian J. Peret and William L. Murphy. “Controllable Soluble Protein Concentration Gradi-
ents in Hydrogel Networks”. In: Advanced Functional Materials 18.21 (2008), pp. 3410–3417.

[63] Albert Garcia Castaño. “Engineering poly (ethylene glycol) diacrylate-based microstruc-
tures to develop an in vitro model of small intestinal epithelium”. In: TDX (Tesis Doctorals
en Xarxa) (2018).

[64] Albert Garcia Castaño et al. “Single-step dynamic polymerization photolithography pro-
duces complex microstructures on hydrogels to generate a 3D intestinal tissue model”. In:
Manuscript (2018).

[65] Toshiro Sato et al. “Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche.” In: Nature 459.7244 (2009), pp. 262–5.



REFERENCES 241

[66] Xiaolei Yin et al. “Niche-independent high-purity cultures of Lgr5+ intestinal stem cells
and their progeny.” In: Nature methods 11.1 (2014), pp. 106–12.

[67] Birger Brodin, Bente Steffansen, and Carsten Uhd Nielsen. “Passive diffusion of drug
substances: the concepts of flux and permeability”. In: Molecular Biopharmaceutics (2010),
pp. 135–151.

[68] Paul Kelly et al. “Responses of small intestinal architecture and function over time to en-
vironmental factors in a tropical population”. In: Am. J. Trop. Med. Hyg. 70 (2004), pp. 412–
419.

[69] G. J. Tortora and B. H. Derrickson. Principles of Anatomy and Physiology. 14th ed. Wiley
Global Education, 2014.

[70] Rebecca L Dimarco et al. “Integrative Biology Interdisciplinary approaches for molecular
and cellular life sciences Engineering of three-dimensional microenvironments to promote
contractile behavior in primary intestinal organoids Engineering of three-dimensional mi-
croenvironments”. In: Integr. Biol. Integr. Biol 6.6 (2014), pp. 103–234.

[71] Sojin Lee et al. “Construction of 3D multicellular microfluidic chip for an in vitro skin
model”. In: Biomedical Microdevices 19.2 (2017), p. 22.

[72] Curtis A. Thorne et al. “Enteroid Monolayers Reveal an Autonomous WNT and BMP Cir-
cuit Controlling Intestinal Epithelial Growth and Organization”. In: Developmental Cell 44.5
(2018), 624–633.e4.

[73] Clara Mayo et al. “In vitro differentiation of HT-29 M6 mucus-secreting colon cancer cells
involves a trychostatin A and p27KIP1-inducible transcriptional program of gene expres-
sion”. In: Journal of Cellular Physiology 212.1 (2007), pp. 42–50.

[74] C. Moon et al. “Development of a primary mouse intestinal epithelial cell monolayer cul-
ture system to evaluate factors that modulate IgA transcytosis”. In: Mucosal Immunology
7.4 (2014), pp. 818–828.

[75] Kelli L. VanDussen et al. “Development of an enhanced human gastrointestinal epithelial
culture system to facilitate patient-based assays”. In: Gut 64.6 (2015), pp. 911–920.

[76] Kenji Kozuka et al. “Development and Characterization of a Human and Mouse Intestinal
Epithelial Cell Monolayer Platform.” In: Stem cell reports 9.6 (2017), pp. 1976–1990.

[77] B. Yañez-Soto et al. “Biochemically and topographically engineered poly(ethylene glycol)
diacrylate hydrogels with biomimetic characteristics as substrates for human corneal ep-
ithelial cells”. In: Journal of Biomedical Materials Research - Part A 101 A.4 (2013), pp. 1184–
1194.

[78] Ju Hyeon Kim et al. “Reaction-Diffusion-Mediated Photolithography for Designing
Pseudo-3D Microstructures”. In: Small 13.17 (2017), pp. 1–11.

[79] Ya Li Yang, Stéphanie Motte, and Laura J. Kaufman. “Pore size variable type I collagen
gels and their interaction with glioma cells”. In: Biomaterials 31.21 (2010), pp. 5678–5688.

[80] Jiajie Yu et al. “In vitro 3D human small intestinal villous model for drug permeability
determination.” In: Biotechnology and bioengineering 109.9 (2012), pp. 2173–8.

[81] Tony a Lin, a E Hosoi, and Daniel J Ehrlich. “Vertical hydrodynamic focusing in glass
microchannels.” In: Biomicrofluidics 3.1 (2009), p. 14101.



242 Chapter 3. Characterization of chemical gradients in PEGDA hydrogels

[82] Mirae Kim and Chaenyung Cha. “Modulation of functional pendant chains within
poly(ethylene glycol) hydrogels for refined control of protein release”. In: Scientific Reports
8.1 (2018), pp. 1–12.

[83] Emilio J. Gualda et al. “Imaging of human differentiated 3D neural aggregates using light
sheet fluorescence microscopy”. In: Frontiers in Cellular Neuroscience 8.August (2014), pp. 1–
10.

[84] Francesco Pampaloni, Bo Jui Chang, and Ernst H.K. Stelzer. “Light sheet-based fluores-
cence microscopy (LSFM) for the quantitative imaging of cells and tissues”. In: Cell and
Tissue Research 360.1 (2015), pp. 129–141.



243

General discussion

The small intestinal epithelium is a highly specialized organ formed of crypt-
villus units. This 3D architecture is strongly related to its functions, including
nutrient absorption, drug uptake, and formation of a tissue barrier to keep the
pathogens and toxins away from the underlying tissue. The 3D architecture is
also important in the spatial segregation of the diverse cell populations of the ep-
ithelium. Intestinal stem cells (ISC) residing in the crypts, divide and give rise
to differentiated cells that migrate up and cover the villi surface. ISC prolifera-
tion, migration and differentiation are controlled by the gradients of biochemical
factors along the crypt-villus axis. Experimental modeling of intestinal epithelial
biology and physiology are restricted due to the lack in vitro platforms that reca-
pitulate the key aspects of the small intestinal epithelium such as its distinct cell
populations, 3D architecture and the gradients of ISC niche biochemical factors
along the crypt-villus axis.

In this thesis, we have developed strategies to obtain improved in vitro mod-
els of small intestinal epithelium derived from organoids, aiming to overcome
the limitations of the current models. Epithelial monolayers were generated both
on flat surfaces and on scaffolds with 3D villus-like architecture in a cell culture
setup that permitted access to both apical and basolateral side of the in vitro ep-
ithelium. The 2D intestinal epithelial model, faithfully reproduced the in vivo-like
crypt-villus cellular organization and demonstrated physiologically relevant tis-
sue barrier function (Chapter 1). 3D villus-like scaffolds were fabricated from
PEGDA-based synthetic hydrogels that could be microstructured with a simple
photolithographic technique and allowed facile tuning of biochemical and me-
chanical properties and diffusivity within the hydrogel (Chapter 2). Our final de-
vice included spatio-chemical gradients of ISC niche biochemical factors created
along the villus axis of the microstructured hydrogels (Chapter 3). Their effect on
differentiated intestinal epithelial cell distribution was demonstrated. This novel
platform we have developed, anatomical villus model produced on synthetic hy-
drogels that bear spatio-chemical gradients of factors and suitable for the culture
of intestinal cells derived from organoids, provide new opportunities in the field
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of in vitro models of intestinal epithelium.
We expect this platform to be used as a physiologically relevant in vitro model

to systematically study the role of gradients of ISC niche biochemical factors
and their concentrations on the ISC proliferation, migration and differentiation.
This would provide more information on the key signaling pathways that gov-
ern these processes for the maintenance of the epithelial homeostasis. Further-
more, the microfluidic chip allocating the hydrogel scaffold can be used to cul-
ture intestinal epithelial cells on the microstructured hydrogels. In this setup, live
imaging can be performed combining appropriate mice model (e.g. Lgr5-EGFP-
IRES-creERT2 mice) and microscopic techniques such as light-sheet fluorescence
microscopy. This would reveal important information on the self-organization
capacity of the ISC, previously demonstrated on 2D epithelial models [1], within
a microenvironment resembling anatomical villi and the effect of such 3D archi-
tecture on de novo tissue formation.

The platform that we developed can further be improved to include nonep-
ithelial cell types in an effort to achieve a more complex model of the intestinal
mucosa. We have already incorporated biochemical signals provided by intesti-
nal subepithelial myofibroblasts. Considering cell-cell contact interactions might
also be relevant, intestinal subepithelial myofibroblast can be incorporated into
the model by cultured them on the hydrogel scaffolds beneath the epithelial layer.
Also, intraepithelial lymphocytes [2] can be co-cultured with the epithelial cells to
incorporate part of the immune apparatus of the intestinal mucosa. This would
allow screening for the immuno-modulatory effects of nutrients and toxins on
the intestinal epithelium. Furthermore, mucus layer can be added either by im-
plementing air-liquid interface culture technique or by using biopolymer-based
synthetic mucins [3]. Air-liquid interface cultures were proven to induce better
differentiation and the proper formation of the mucus layer in the monolayer cul-
tures derived from ISC [4]. The cell culture format (Transwell R©) we use permits
the facile implementation of the air-liquid interface.

There has been substantial advances in human intestinal epithelial cell cul-
ture methods. Organotypic in vitro models of human intestine can be obtained
from induced pluripotent stem (iPS) cells (induced organoid culture) [5] or from
biopsy-derived adult intestinal crypts/stem cells (organoid or spheroid culture)
[6, 7]. Our model can be adapted to include human intestinal stem cells by read-
justing certain parameters, such as the cell culture medium [6, 8]. Moreover, the
cell culture setup that we use permits facile implementation of the standard func-
tional assays such as drug permeability. There is a great interest for such systems
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in the field of personalized medicine. The use of patient’s own intestinal epithe-
lial cells allows defining susceptibilities, screening for the best treatment options
and performing clinical testing to determine the efficacy of a particular treatment
[9]. Moreover, in such systems host-microbe interactions can be defined [10].

The advances in the in vitro growth of the human intestinal tissue [6, 11]
paved the way to better modeling of human diseases [12]. In vitro models of
diseases such as colorectal cancer, cystic fibrosis and host-microbe interactions,
have been established using organoid cultures [12]. These models have been
useful in developing libraries from patient samples, and determining drug re-
sponsiveness, demonstrating their potential as diagnostic tools [12–15]. Also, in-
testinal organoids have been applied in studies of various types of host-microbe
interactions, including studies of enteric viruses [16, 17], human protozoan par-
asites [10], and bacterial pathogens [18–20]. Although organoid model has been
demonstrated as a powerful tool in modeling of number of diseases, it is not the
most suitable one especially for studies that require easily accessible luminal sur-
face. Specifically, the use of organoids in studies of host-microbe interactions dic-
tates the use of labor-intensive microinjection technique [18–20]. Our intestinal
epithelial model, on the other hand, by allowing access to the luminal surface,
permits facile establishment of co-cultures of intestinal epithelium and enteric
pathogens. In addition, probiotic organisms can be incorporated into these co-
culture systems to assess their impact on inhibition of adhesion and invasion of
the pathogenic organisms [21]. Furthermore, the 3D architecture appears to affect
the adhesion and invasion patterns of pathogens [21]. In this respect, the accurate
recreation of villus architecture, resulting in a more representative microenviron-
ment for the intestinal epithelial cells, should provide important information on
bacterial colonization during infections.

Inflammatory bowel disease (IBD) is an autoimmune-induced inflammatory
condition affecting an important part of the world population, especially the
westernized cultures [22]. Although conventional treatment strategies focus on
readjusting the immune system that is locally or systemically deregulated [23],
intestinal mucosal healing has gained importance in the clinical practice for im-
proved long-term outcomes [24]. Our in vitro intestinal epithelial model can have
potential advantages over current models in screening the effect of chemical com-
pounds, bacterial components and drugs on in vitro epithelium derived from pa-
tient biopsy samples as it can be implemented easily and provides access to both
luminal and basolateral sides, crucial for functional assays. In this way, how in-
nate immunity is regulated in IBD patients can be understood and personalized
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mucosal repair therapies can be developed. Moreover, the 3D villus-like architec-
ture might have significance in the IBD patient’s tissue response, and therefore,
should be considered in the development of therapeutic strategies.

Gut-on-chip models reported up to date, include features for better mimick-
ing of intestinal physiology such as fluid shear and cyclic mechanical loading
resembling the peristaltic motion and allow tight regulation of the cellular mi-
croenvironment [25–28]. These devices have proven to enhance cell differentia-
tion processes, allowed co-cultures of different epithelial cell lines [29], immune
cells [30], commensal [25] and pathogenic bacteria [31]. Gut-on-chip devices pro-
vide high-throughput culturing and analysis, specifically in applications such as
in high-throughput testing of drug efficacy and toxicity [28, 32], and nutrition
analysis [30]. More complex ’human-on-chip’ devices have been developed allo-
cating other tissue types [33–35]. A chip including up to four different tissues i.e.
small intestine, liver, skin and kidney equivalents has been succesfully achieved
[36]. Very recently, primary intestinal epithelial cells from organoids were incor-
porated into gut-on-chip models in an effort of developing patient-based thera-
pies [37]. However, these systems are similar to 2D cell cultures as the cells are
grown in monolayer format lacking a support matrix that mimics the 3D architec-
ture of the epithelial tissue. Our synthetic villus-like scaffolds, on the other hand,
can be easily incorporated in such systems providing more realistic topographical
cues for the cells. The strategies that we have developed to fabricate microfluidic
chip allocating the hydrogel scaffold can be helpful in doing so. Alternatively,
this chip itself, developed for in-chip diffusion characterization with microscopic
techniques, can be used to culture intestinal epithelial cells on the hydrogels. This
would not only present the cells with realistic topographical cues and gradients
of ISC niche factors but also would allow live imaging of the in vitro tissue forma-
tion. Considering that villus-like topographies and gradients of ISC niche factors
induce in vivo-like phenotypes [38], introducing scaffolds with such properties is
relevant in the functionality of the in vitro tissue.

Altogether, the in vitro model of small intestinal epithelium reported here sets
the foundations of a novel platform that can be potentially adopted in wide range
applications from the studies of basic biology and physiology of intestinal epithe-
lium to translational research.
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General conclusions

In Chapter 1, a method to develop functional intestinal epithelial monolayers
from organoid-derived crypts was described. The method took the advantage
of substrate stiffness to dictate the formation of monolayers rather than 3D
organoids with a closed geometry. The 2D intestinal epithelial model contained
all major epithelial cell types organized into crypt-like and villus-like domains
like in vivo intestine. The use of cell culture medium rich in ISC niche biochemical
factors boosted the proliferative capacity and monolayer expansion leading
to the formation of monolayers with tissue barrier function. The monolayer
differentiation was achieved with prolonged culture times, while maintaining
the intestinal stem cell population organized into crypt-like domains. The
monolayers had physiologically relevant TEER values, indicating proper tissue
barrier formation. The 2D intestinal epithelial model reported here, contributes
to the current state-of-the art as it demonstrates both in vivo-like crypt-villus
organization and physiologically relevant tissue barrier function.

In Chapter 2, a more complex model of intestinal epithelium, incorporating a
basement membrane substitute with the characteristic 3D villus-like architecture
for the growth organoid-derived intestinal cell monolayers was described. 3D
villus-like complex geometries on poly(ethylene glycol) diacrylate-based hydro-
gels with anatomical villus dimensions and biomimetic round tips were achieved
by using a simple, moldless photolithographic approach. The mechanical and
swelling properties of the hydrogels could be tuned by changing the polymer
concentration to match the requirements of a tissue mimic. The bioactive func-
tionalization of otherwise inert poly(ethylene glycol) diacrylate, was achieved by
copolymerizing it with acrylic acid. In this way, the desired cell adhesion ligand
could be covalently anchored to the hydrogel demonstrating the versatility of the
method. The conditions affecting the growth of intestinal epithelial monolayers
(ligand type, seeding density, microstructure height and mechanical properties)
were studied and the cell culture medium composition optimal for the intesti-
nal epithelial monolayer growth was established. Organoid-derived intestinal
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epithelial cells successfully formed epithelial monolayers on collagen function-
alized 3D villus-like hydrogels independently of the microstructure heights and
mechanical properties (determined by polymer concentrations) within the range
studied. The basement membrane substitute developed here provides the pri-
mary intestinal epithelial cells with a more realistic microenvironment including
proper biochemical, mechanical, and topographical signaling. The simple fabrica-
tion procedure facilitates its implementation as a method to routinely incorporate
3D architecture mimicking the anatomical villi, in cell culture systems of primary
intestinal epithelial cells.

In Chapter 3, a method to create spatio-chemical gradients of ISC niche bio-
chemical factors on poly(ethylene glycol) diacrylate hydrogels, was described.
The pore sizes of the hydrogels were sufficient to allow the diffusion of the bio-
chemical factors through them and could be tuned by the changing the polymer
concentration. In silico models were developed to gain an insight on the diffu-
sion times, gradient profiles and surface concentrations of ISC niche biochemical
factors within the experimental setups used. A microfluidic chip allocating the
hydrogel scaffolds was designed and fabricated for in-chip diffusion of proteins
that permitted microscopic characterization. The gradients were succesfully gen-
erated and visualized with light-sheet fluorescence microscopy. Stable profiles
could be obtained by periodically replenishing the chambers. The platform was
succesfully adapted to standard cell culture platforms that permitted access to
both sides of the hydrogel. The spatio-chemical gradients generated in this setup
using the basolateral compartment as the source and the apical compartment as
the sink, led to the compartmentalization of differentiated cells more towards the
tips of the villus-like microstructures.

Overall, a novel 3D villus-like biomimetic hydrogel platform with spatio-
chemical gradients of ISC niche biochemical factors was developed. This in vitro
platform can be potentially used to guide ISC migration and differentiation, to ob-
tain an in vitro intestinal epithelial model with in vivo cell populations and their
hierarchical distribution.
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Appendix A

A simple embedding method for
improved imaging of the
polyethylene glycol based
hydrogel scaffolds

A.1 Introduction

Hydrogel materials are widely used for tissue engineering and regenerative
medicine applications [1]. Due to their network structure and mechanical
properties, hydrogels can mimic well the extracellular matrix and their rich
water content that facilitates the diffusion of biochemical factors and oxygen,
enables long-term maintenance of mammalian cell cultures [2, 3]. Polyethylene
glycol (PEG) is a synthetic biocompatible hydrogel material that is inherently
non-fouling [4]. Yet, it can easily be functionalized with bioactive agents to
stimulate the cell adhesion. The mechanical properties can also be adjusted to
match those of the soft tissue [5]. Due to this adjustability the PEG hydrogels are
commonly used as cell carriers and scaffold materials in tissue engineering [6–9].

Visualizing well the cell-cell and the cell-material interactions and monitor-
ing the cell proliferation is very important for the evaluation of the success of
the tissue engineered construct. Histological sections performed on the artificial
tissue constructs provide crucial information on cytocompatibility, cell prolifer-
ation and differentiation [10]. Yet, due to their high water content, hydrogels
do not withstand the routine tissue histology procedures. In standard paraffin
processing, the exchange of tissue water with ethanol followed by a hydropho-
bic solvent (e.g. xylene) causes the hydrogel structures to collapse resulting in
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poor preservation of the intricate forms of the hydrogels [10]. Cryosectioning is
another method used when the antigen to be detected is sensitive to paraffin pro-
cessing [11]. Cryosections are preferred over paraffin since water-based embed-
ding media are used and therefore, the tissues and scaffolds are preserved closer
to their original state [10]. However, the difference in the hardness of the embed-
ding media and the hydrogel at sectioning temperatures (typically around - 20
◦C) results in incomplete sections or total destruction of the hydrogel microstruc-
ture. Other embedding media such as; epoxy and acrylic resins are suitable for
hard tissue histology and also require the dehydration of the tissue since they are
immiscible with water [12, 13]. Water miscible embedding media, such as glycol
methacrylate-based media, are useful in overcoming unwanted effects of dehy-
dration; however, upon polymerization they form hard blocks since almost pure
solutions of glycol methacrylate are used [14]. Hard blocks are necessary to be
able to make very thin sections, for instance, for electron microscopy. However,
polymerization of highly concentrated acrylates and the consequent shrinkage af-
fect the complex microstructures of the soft hydrogels. Therefore, there is a need
for an effective embedding and sectioning method that would preserve the wa-
ter content, and consequently, the complex morphologies of microstructured soft
hydrogel scaffolds.

Here, we present a simple embedding method for PEG based microstructured
hydrogels to obtain undistorted sections without the need of dehydrating or
freezing of the sample. For this purpose, diluted low molecular weight polyethy-
lene glycol diacrylate (PEGDA) was used as embedding medium. For optimal
immunofluorescence characterization several antigen retrieval conditions were
examined.

A.2 Materials and Methods

Three dimensional (3D) villus-like PEGDA based hydrogel scaffolds were fabri-
cated as explained in chapter 2 section 2.2.1. For the embedding medium, low
molecular weight diluted PEGDA solution was prepared by dissolving 575 Da
PEGDA (P575) (Sigma) in phosphate buffered saline (PBS) (Gibco) at 10% w/v
concentration. The photoinitiator, 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-
methyl-1-propanone (I2959) (Sigma) was added at 1% w/v concentration. The
solution was mixed at 65◦C for 1 hour, filtered and stored at 4◦C until further
use. Prior to embedding microstructured PEGDA scaffolds were acclimatized
with 10% w/v P575 overnight at 4◦C. Meanwhile, a container made out of
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polydimethylsiloxane (PDMS) (Sylgard 184 Silicon Elastomer, Dow Corning)
was made as explained previously (Chapter 2 Section 2.2.1). Briefly, a PDMS
slab of 2 mm height was made and a pool of 10 mm in diameter was carved into
PDMS using a 10 mm diameter punch (Acuderm). Then, the pool was placed
on top of a 24 x 60 mm glass coverslip (Menzel-Glaser). All the pieces were
washed with 96% v/v ethanol prior to use. The pool was filled with 10% w/v
P575 solution and the microstructured hydrogels previously fabricated on glass
coverslips were placed onto the pool upside down. For the crosslinking of P575,
the container was exposed to UV by a Mask aligner instrument (SUSS MicroTec
MJB4) equipped with a mercury short arc lamp (OSR HBO 350 W/S) present at
the IBEC MicroFabSpace. The device was calibrated to a constant intensity of
25 mW.cm-2 by an UV intensity meter (SUSS MicroTec) equipped with a probe
at 365 nm. First, the container was irradiated with UV for 100 s from the right
side up and then it was flipped and exposed again for 100 s from upside down
(Figure A.1). With this procedure we obtained translucent discs of P575 with the
microstructured PEGDA scaffold inside. The samples were kept in PBS at 4◦C
until sectioning.

Figure A.1: Scheme depicting the embedding and sectioning method.

Prior to vibrotome sectioning, the P575 discs had to be re-embedded in
agarose, which provided structural support. 8% w/v agarose (low melting point
agarose D1, CONDA) was prepared in PBS by boiling two times in a microwave



256 Appendix A. An embedding method for improved imaging of hydrogels

oven and shaking at 65◦C at least 30 min. A part of the agarose solution was
added into a cryomold (Tissue-Tek) to fill halfway and the P575 disc was placed
paying attention to the orientation of the microstructures. Then, more agarose
solution was added until filling the mold and the block was solidified at 4◦C for
4 min. A vibratome (Leica VT1000S) was used for the sectioning of the scaffold
since it allows the sectioning of the tissues/scaffolds in wet conditions [15]. The
block was fixed to the platform of the vibratome by superglue making sure that
the microstructure tips were facing the blade. The bath was filled with ice cold
PBS and ice was added to the chamber around the bath. The parameters were
adjusted (0,075 mm.s-1 advance rate, 81 Hz vibration and 1 mm amplitude) and
sections of 350 μm were made. The cuts were recovered from the bath and kept
in PBS at 4◦C until further use.

The cuts were visualized with a bright field microscope (Nikon Eclipse Ts2).
To further confirm that the microstructured PEGDA-acrylic acid (PEGDA-AA)
hydrogel scaffolds stayed intact throughout the process we functionalized
them with Streptavidin_TexasRED (SA_TxRED) (Life technologies) by us-
ing N- (3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) (Sigma) and
N-Hydroxysuccinimide (NHS) (Sigma) molecules as activators (see Chapter
2 Section 2.2.5 for the method). The microstructured PEGDA-AA hydrogels
described in chapter 2 have flanking carboxylic residues that allow protein
coupling; while P575 hydrogel structure doesn’t bear such groups. By anchoring
SA_TxRED to carboxylic groups of microstructured PEGDA, it was possible to
selectively visualize its morphology within the P575 structure.

In order to prove that the standard immunostaining protocols could be ap-
plied to the cuts obtained with this method, we used fixed cell samples of human
epithelial colorectal adenocarcinoma cells (Caco-2) grown on microstructured
PEGDA-AA (MWPEGDA = 6000, P6000) scaffolds. The samples were prepared
within the scope of a parallel study performed in our laboratory [16] and kindly
given for the validations made here. The Caco-2 samples were fixed with 10%
neutralized formalin (Sigma) and acclimatized with 10% w/v P575 overnight
at 4◦C. Then, embedding and sectioning were performed as explained above.
After the cuts were recovered, the standard immunostaining protocol as given
in chapter 2 section 2.2.7, was executed except with increased incubation times
for primary and secondary antibodies. The readjusted incubation times were
72 h and 24 h for the primary and secondary antibodies, respectively. This
allowed the necessary time for proper penetration of large antibody molecules
into the P575 hydrogel structure. The primary antibodies and the dilutions
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used were: mouse anti-villin (1:100) (abcam), rabbit anti-β-catenin (1:100)
(abcam), and goat anti-zona occludens 1 (ZO-1) (1:1000) (abcam). As secondary
antibodies, Alexa Fluor R© 488 donkey anti-mouse (Invitrogen), Alexa Fluor R© 647
donkey anti-rabbit (Jackson ImmunoResearch), and Alexa Fluor R© 568 donkey
anti-goat (Invitrogen) diluted at 1:250, were used. Nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI) (1:1000) (invitrogen). The cuts were
mounted with Fluoromount G R© (SoutherBiotech) and the fluorescence images
were acquired using confocal laser scanning microscopy (CLSM) (TCS SP5,
Leica) with 40x oil (N.A. = 1,25) objective. The laser excitation and emission light
spectral collection were optimized for each fluorophore. The pin hole diameter
was set to 1 Airy Unit (AU) and a z-step of 1 μm was used.

For the detection of villin it was necessary to perform antigen retrieval. To
determine the optimal conditions, two different buffers were tested: PBS (pH 7,4)
and citrate buffer (pH 6,0) at two different boiling times. The antigen retrieval
was performed after embedding and sectioning. The cuts were submerged into
the buffer and boiled in a microwave oven for 5 min or 10 min. After the antigen
retrieval we proceeded with the standard immunostaining protocol (Chapter 2
Section 2.2.7).

A.3 Results

We have previously developed 3D villus-like anatomical models of the intestine
on soft PEGDA hydrogels (Chapter 2). These hydrogels supported the growth
of the human epithelial colorectal adenocarcinoma cells (Caco-2) that formed ef-
fective barrier colonizing the scaffold surface [17]. However, the microscopic in-
spection of these samples were limited to whole mount imaging since routine
histology protocols were not compatible with these hydrogels that contained high
amounts of water and had villus-like features of couple of hundreds of microns.
The simple embedding method, based on the use of diluted low molecular weight
PEGDA we propose here, overcomes this drawback.

The microstructured P6000 hydrogels were embedded in 10% w/v P575 by
UV initiated crosslinking of P575. This provided a support for the microstruc-
tured hydrogel and enabled re-embedding in agarose, which was necessary for
the vibratome sectioning. Vibratome cuts the tissues/scaffolds submerged in
aqueous medium overcoming the need of the dehydration of the samples. In
this way, minimum damage was made to the highly swollen hydrogels with
complex forms. After sectioning, the recovered cuts were mechanically robust
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enough that permitted further manipulation for immunostaining and imaging
procedures (Figure A.2 A). Bright field microscopy image suggested that the
procedure hadn’t affected the morphology of the microstructures (Figure A.2
B). Selective labeling of the microstructured PEGDA by functionalizing with
SA_TxRED confirmed that the villus-like features of the hydrogel was unaffected
by the embedding procedure (Figure A.2 C).

Figure A.2: Image showing a recovered cut (A). Inset drawing depicts the microstructured
PEGDA embedded in P575 within the cut. Bright field microscopy image of a single cut (B).
Scale bar: 500 µm. Fluorescence image of SA_TxRED functionalized microstructured PEGDA
hydrogel embedded in P575 (C). Scale bar: 200 µm.

The immunostainings were performed on the sections of fixed cell samples
prepared by our method. Epithelial markers such as β-catenin, localizes to cell-
cell adhesion, and ZO-1, found at the tight junctions at the apical side, were ex-
pressed and located at the proper regions (Figure A.3). These markers did not
required antigen retrieval prior to staining. Although, ZO-1 signal was only ob-
served at some of the junctions and can possibly be improved by incorporating
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this step. More importantly, the embedding and sectioning method permitted the
visualization of microstructures of approximately 300 μm in height (Figure A.3
upper left panel) within the same focal plane at 40x magnification. This over-
came the working distance limitations of high magnification objectives and re-
vealed structural details such as the formation of multicellular layers, otherwise
would have been diffucult to assess from the top view images of whole mounted
samples. Note that the microstructures were not as high as the ones given in fig-
ure A.2 due to the fabrication parameters chosen for the microstructuring of the
hydrogels. But also the sections can coincide to the base region of the scaffolds.

Figure A.3: Immunofluorescence for β-catenin and ZO-1 of Caco-2 cells grown on microstruc-
tured P6000 hydrogels at day 21. White arrowheads indicate the ZO-1 signal. No antigen re-
trieval was performed on these cuts. Scale bars: 50 µm.

For the detection of villin, an epithelial cell marker found at the apical side of
the cells [18], it was necessary to perform antigen retrieval. We have tested both
PBS and citrate buffer for retrieval times of 5 and 10 minutes. Increased times
led to better detection of the villin protein both for PBS and citrate buffer (Figure
A.4). As compared to PBS, the cuts retrieved with citrate buffer were stained
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slightly better with a continuous villin-positive region at the apical side of the cell
layer (Figure A.4 right panel). For that reason we propose the use of citrate buffer
with a retrieval time of 10 minutes for the antigen retrieval of scaffold sections
prepared in this fashion.

Figure A.4: Immunofluorescence for villin of Caco-2 cells grown on microstructured P6000 hy-
drogels at day 21 for the assessment of antigen retrieval performed with either PBS (pH 7,4) or
citrate buffer (pH 6,0) for 5 or 10 minutes. Scale bars: 50 µm.

A.4 Discussion

The relative fragility of PEG-based hydrogels in routine tissue sectioning mainly
depends on its high water content and soft mechanical properties. The processes
that require the dehydration of the samples e.g. paraffin embedding, causes the
hydrogel network to collapse and for that reason are not suitable. Alternatively
in cryosectioning, water-based embedding media are used overcoming the need
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of dehydration. Though, the formation of ice crystals upon freezing of the wa-
ter left within the tissue/hydrogel is a problem, which is overcome by infiltrat-
ing the hydrogels with cryoprotectant solutions prior to embedding. The main
problem that can occur in cryosectioning is the mismatch between the mechan-
ical properties of the embedding media and the hydrogel. It was not possible
to cut the microstructured PEGDA hydrogels by this technique because during
cryosectioning the PEGDA scaffold remained more elastic compared to the sur-
rounding embedding medium, which resulted in the compression of the scaffold
by the blade. This then resulted in incomplete sections or squeezing of the hydro-
gel causing sections with distorted microstructures (data not shown). Although
commercially available Optimal Cutting Temperature R© (OCT) compound, used
both as cryoprotectant and embedding medium, was proven useful in successful
sectioning of PEG [10], collagen [19] and alginate hydrogel scaffolds [19], those
materials were prepared in bulk with no complex topographical features. The
most beneficial histological technique for examining microstructured hydrogels
should enable optimal morphological evaluation.

The novel method presented here, makes use of diluted low molecular
weight PEGDA (P575) as embedding medium. All the steps of this procedure;
the crosslinking of P575, sectioning with vibratome, immunostainings, were
performed in wet conditions (in aqueous media). This allowed the sectioning
of the samples without the need of dehydration or freezing, which resulted in
optimal preservation of the microstructure morphology. Fixed samples of Caco-2
cells cultured on microstructured PEGDA hydrogels were embedded and sec-
tioned without affecting the cell layer integrity. Then, standard immunostaining
protocol was succesfully performed on the sections with some adjustments on
incubation times. Some of the epithelial markers were detected without the need
of antigen retrieval; however, for villin it was necessary. Several antigen retrieval
conditions were examined for optimal immunofluorescence detection. The most
beneficial condition was using citrate buffer and boiling for 10 minutes. Also,
the use of PEG, an inert material, as embedding medium resulted in minimal
background staining in the sections.

The proper sectioning of PEGDA hydrogels with microstructures of couple of
hundreds of microns permits the visualization of the entire microstructure within
the same focal plane at relatively high magnifications (40x) overcoming the work-
ing distance limitations of high magnification objectives. This is particularly im-
portant to reveal structural details and the localization of certain markers that
would otherwise be diffucult to assess from top views of fluorescently stained
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samples. In addition, the method is simple, cost effective and can be easily im-
plemented in any laboratory. Although here we demonstrated its use on PEGDA
hydrogels, the method can be extended to the histological examination of other
types of hydrogel scaffolds.

A.5 Conclusions

We have developed a simple and cost-effective embedding and sectioning
method for microstructured PEGDA-based hydrogel scaffolds. The method
made use of low molecular weight PEGDA to embed and cut microstructured
scaffolds without the need of dehydration. This permitted the preservation of
the microstructures that were couple of hundreds of microns in size. Moreover,
it permitted the visualization of large size microstructures within the same focal
plane at relatively high magnifications. Fixed cell samples were successfully
cut and immunostained with minimal adjustments in standard protocols. For
optimal immunofluorescence detection the best antigen retrieval condition was
determined. This simple and effective embedding protocol can be used to better
visualize cell-matrix interactions within PEG-based matrices as well as other
hydrogel scaffolds that have large size features.
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Appendix B

Image analysis macro 1

In this Appendix, ImageJ macro used to quantify the intestinal epithelial cell
markers is presented.

ImageJ Macro

Dialog.create("Tissue Cell");
Dialog.addNumber("Channel 1 (DAPI) pre-filter radius (pix)", 3);
Dialog.addNumber("Nuclei detection noise tolerance", 0.05);
Dialog.addNumber("DAPI intensity threshold", 30);
Dialog.addNumber("Chan 2 & 4 mean filter radius (pix)", 3);
Dialog.addNumber("Channel 2 positive intensity threshold", 7);
Dialog.addNumber("Channel 4 positive intensity threshold", 10);
Dialog.addNumber("Actin detection threshold", 5);
Dialog.addCheckbox("Remove nuclei outside detected actin tissue area?", false);
Dialog.show();
FltRad = Dialog.getNumber();
NoiseTol = Dialog.getNumber();
DapiIntThr = Dialog.getNumber();
MeanRad = Dialog.getNumber();
Chan2IntThr = Dialog.getNumber();
Chan4IntThr = Dialog.getNumber();
ActinIntThr = Dialog.getNumber();
RemoveOutside = Dialog.getCheckbox();
// Initialization
print("Image name: "+getTitle());
if(isOpen("ROI Manager"))
{
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selectWindow("ROI Manager");
run("Close");
}
run("Point Tool...", "selection=Yellow cross=White marker=Small mark=0");
// Processing
run("Z Project...", "projection=[Max Intensity]");
rename("Proj");
run("Duplicate...", "title=Img duplicate");
run("Split Channels");
// Analyze actin channel (Channel 1)
selectImage("C1-Img");
run("Gaussian Blur...", "sigma=3");
// Use fixed filter radius for actin channel
setThreshold(ActinIntThr,255);
run("Create Selection");
run("Properties... ", "position=none stroke=yellow fill=none");
run("Add to Manager");
getStatistics(nPixels);
print("Projection actin tissue coverage area (pix): "+d2s(nPixels,0));
close();

// Analyze nuclei channel (Channel 3)
selectImage("C3-Img");
run("Grays");
run("FeatureJ Laplacian", "compute smoothing="+d2s(FltRad,2));
run("Invert");
if(RemoveOutside)roiManager("select",0);
run("Find Maxima...", "noise="+d2s(NoiseTol,2)+" output=[Point Selection]");
getSelectionCoordinates(Xpos,Ypos);
close();
selectImage("C3-Img");
run("Smooth");
Xposflt = newArray(lengthOf(Xpos));
Yposflt = newArray(lengthOf(Ypos));
cntValid = 0;
for(i = 0;i<lengthOf(Xpos);i++)
{
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val = getPixel(Xpos[i],Ypos[i]);
if(val > DapiIntThr)
{
Xposflt[cntValid] = Xpos[i];
Yposflt[cntValid] = Ypos[i];
cntValid++;
}
}
Xposflt = Array.trim(Xposflt, cntValid);
Yposflt = Array.trim(Yposflt, cntValid);
makeSelection("point",Xposflt,Yposflt);
run("Properties... ", "position=none stroke=green fill=none");
run("Add to Manager");
print("Nuclei count: "+d2s(cntValid,0));
selectImage("C3-Img");
close();

// Analyze positive nuclei in channel 2 (Ki67 or other nuclear label)
selectImage("C2-Img");
run("Grays");
if(MeanRad>0)run("Mean...", "radius="+d2s(MeanRad,2));
cntPos = 0;
Xpospos = newArray(lengthOf(Xposflt));
Ypospos = newArray(lengthOf(Yposflt));
Ppospos = newArray(lengthOf(Xposflt));
for(i = 0;i<lengthOf(Xposflt);i++)
{
val = getPixel(Xposflt[i],Yposflt[i]);
if(val > Chan2IntThr)
{
Xpospos[cntPos] = Xposflt[i];
Ypospos[cntPos] = Yposflt[i];
Ppospos[i] = 1;
cntPos++;
}
}
Xpospos = Array.trim(Xpospos, cntPos);
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Ypospos = Array.trim(Ypospos, cntPos);
makeSelection("point",Xpospos,Ypospos);
run("Properties... ", "position=none stroke=red fill=none");
run("Add to Manager");
print("Channel 2 positive nuclei count: "+d2s(cntPos,0));
print("Proportion of Channel 2 positive nuclei (%):
"+d2s(100*cntPos/cntValid,1));
selectImage("C2-Img");
close();

// Analyze positive nuclei in channel 4
selectImage("C4-Img");
run("Grays");
if(MeanRad>0)run("Mean...", "radius="+d2s(MeanRad,2));
cntPos = 0;cnt2Pos = 0;
Xpospos = newArray(lengthOf(Xposflt));
Ypospos = newArray(lengthOf(Yposflt));
for(i = 0;i<lengthOf(Xposflt);i++)
{
val = getPixel(Xposflt[i],Yposflt[i]);
if(val > Chan4IntThr)
{
Xpospos[cntPos] = Xposflt[i];
Ypospos[cntPos] = Yposflt[i];
if(Ppospos[i] == 1)cnt2Pos++;
cntPos++;
}
}
Xpospos = Array.trim(Xpospos, cntPos);
Ypospos = Array.trim(Ypospos, cntPos);
makeSelection("point",Xpospos,Ypospos);
run("Properties... ", "position=none stroke=yellow fill=none");
run("Add to Manager");
print("Channel 4 positive nuclei count: "+d2s(cntPos,0));
print("Proportion of Channel 4 positive nuclei (%):
"+d2s(100*cntPos/cntValid,1));
print("Channel 2+4 positive nuclei count: "+d2s(cnt2Pos,0));
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print("Proportion of Channel 2+4 positive nuclei (%):
"+d2s(100*cnt2Pos/cntValid,1));
selectImage("C4-Img");
close();

// Overlay all results on projection selectImage("Proj");
for(i=1;i<=4;i++)
{
setSlice(i);
run("Enhance Contrast", "saturated=0.35");
}
roiManager("Show All");
roiManager("Deselect");
run("Brightness/Contrast...");
run("Channels Tool...");
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Appendix C

Image analysis macro 2

In this Appendix, ImageJ macro used to quantify the spatial distribution of CK20
signal along the microstructure vertical axis is presented.

ImageJ Macro

// Assumptions: Chan1 (F-actin) used for masking, Chan2 (CK20) used for
measurement
// Report Chan2 mean intensity within Chan1 mask for each Z slice
Chan1Thr = 12;
Chan1MinArea = 500;
Chan1Dil = 0;
// Processing OrigID = getImageID();
run("Duplicate...", "title=Copy duplicate");
if(isOpen("ROI Manager"))
{
selectWindow("ROI Manager");
run("Close");
}
setOption("BlackBackground", false);
rename("Stack");
run("Split Channels");
run("Set Measurements...", "area mean redirect=C2-Stack decimal=2");
selectImage("C1-Stack");
run("Grays");
run("Gaussian Blur 3D...", "x=1 y=1 z=1");
setThreshold(Chan1Thr, 255);
run("Analyze Particles...", "size="+d2s(Chan1MinArea,0)+"-Infinity show=
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Masks in_situ stack");
run("Maximum...", "radius="+d2s(Chan1Dil,0)+" stack");
rename("Mask");
selectImage("C3-Stack");
close();
run("Clear Results");
selectImage("Mask");
xValues = newArray(nSlices);
yValues = newArray(nSlices);
aValues = newArray(nSlices);
for(i=1;i<=nSlices;i++)
{
setSlice(i);
xValues[i-1] = i;
run("Create Selection");
if(selectionType>-1)
{
run("Measure");
run("Add to Manager");
yValues[i-1] = getResult("Mean",i-1);
aValues[i-1] = getResult("Area",i-1);
}
else
{
run("Select All");
run("Measure");
run("Add to Manager");
yValues[i-1] = 0;
aValues[i-1] = 0;
}
}
selectImage("C2-Stack");
close();

// Display overlay on original image
selectImage(OrigID);
Stack.getDimensions(width, height, channels, slices, frames);
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Stack.setSlice(round(slices/2));
for(i=1;i<3;i++)
{
Stack.setChannel(i);
run("Enhance Contrast", "saturated=0.35");
}
Stack.setChannel(1);
roiManager("Show All without labels");
run("Select None");

// Plot profiles
Plot.create
("Section area Z profile", "Slice", "Section area", xValues, aValues);
Plot.show();
Plot.create
("Intensity Z profile", "Slice", "Mean intensity", xValues, yValues);
Plot.show();
selectImage("Mask");
close();
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• 3D villus-like PEGDA-based hydrogels with spatio-chemical gradients to
modulate intestinal epithelial stem cell behavior.
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• Self-organized intestinal epithelial monolayers in crypt-villus-like domains
show effective barrier function.
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Martínez.
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• Dynamic Photopolymerization Produces Complex Microstructures on Soft
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A. G. Castańo, M. García-Díaz, G. Altay, N. Torras, and E. Martínez.
Biofabrication. Manuscript under review (no:BF-101695).

• Design and development of a microarray processing station (MPS) for au-
tomated miniaturized immunoassays.
M. Pla-Roca*, G. Altay*, X. Giralt, A. Casals, and J. Samitier.
*Shared first authorship
Biomed Microdevices (2016) 18: 64. doi:10.1007/s10544-016-0087-6



 

1 

Self-organized intestinal epithelial monolayers in crypt and villus-like 
domains show effective barrier function 

 

Gizem Altay1, Enara Larrañaga Carricajo1, Sébastien Tosi2, Francisco Barriga3, Eduard 
Batlle3, Vanesa Fernández-Majada1, Elena Martinez1,4,5* 

 

1 Biomimetic Systems for Cell Engineering Laboratory, Institute for Bioengineering of 

Catalonia (IBEC), The Barcelona Institute of Science and Technology (BIST), Baldiri 

Reixac 10-12, 08028 Barcelona Spain 

2 Advanced Digital Microscopy Unit, Institute for Research in Biomedicine (IRB), Baldiri 

Reixac 10-12, Barcelona 08028, Spain 

3 Colorectal Cancer Laboratory, Institute for Research in Biomedicine (IRB), Baldiri 

Reixac 10-12, Barcelona 08028, Spain 

4 Centro de Investigación Biomédica en Red (CIBER), Av. Monforte de Lemos 3-5, 

Pabellón 11, Planta 0, 28029 Madrid, Spain 

5 Department of Electronics and Biomedical Engineering, University of Barcelona (UB), 

Martí i Franquès 1, Barcelona 08028, Spain 

 

*Corresponding author contact information: 

Biomimetic Systems for Cell Engineering Laboratory, Institute for Bioengineering of 
Catalonia (IBEC), Baldiri Reixac, 15-21, Barcelona 08028, Spain 

E-mail address: emartinez@ibecbarcelona.eu 

Tel: +34 934 037 177 

Fax: +34 934 034 750   

 

  

mailto:emartinez@ibecbarcelona.eu


 

2 

Abstract 

Intestinal organoids technology has emerged as a powerful in vitro tool for studying 
intestinal biology. Organoids resemble many aspects of the intestine in vivo, including 
the presence of all intestinal cell types distributed along crypt-villus structures, essential 
cell-cell interactions and functions such as absorption and secretion. However, the 
sphere-like geometry of organoids prevents access to the apical side of the epithelium, 
making them unsuitable for standard functionality assays typically designed for cells 
grown as 2D monolayers. Here, we describe a simple method that permits the growth of 
mouse small intestinal organoids as monolayers that maintain the in vivo like cell-type 
composition and distribution and at the same time are suitable for functional tissue barrier 
assays. In our approach, organoid expansion on monolayers is driven by the mechanical 
properties of the substrate, while epithelial tissue barrier formation is promoted by the 
close-to-physiology basolateral delivery of stem cell niche factors. Through that 
combination, we obtained intestinal epithelial monolayers on Transwell® inserts. Such 
monolayers contain major intestinal epithelial cell types organized into proliferating crypt-
like domains and differentiated villus-like regions, closely resembling the in vivo cell 
distribution. As a unique characteristic, organoid-derived monolayers form functional 
epithelial barriers with accessible apical surface and physiologically relevant 
transepithelial electrical resistance values. We believe that our technology offers an up-
to-date non-existing culture method for intestinal epithelium, providing an in vivo-like cell 
structured model in a tissue culture format compatible with high-throughput drug 
absorption or microbe-epithelium interaction studies, where independent access to the 
luminal and basolateral compartment is needed.  



 

3 

Introduction 

The surface of the small intestine is lined by a monolayer of tightly packed polarized 
epithelial cells organized into invaginations called crypts, and finger-like protrusions 
called villi (1,2). The intestinal epithelium is a rapidly renewing tissue sustained by the 
highly proliferative Lgr5+ intestinal stem cells (ISCs) that reside at the crypt bases (3,4). 
ISCs undergo self-renewal and generate transit amplifying cells, which migrate up the 
long crypt-villus axis and gradually differentiate into absorptive enterocytes, mucus 
secreting goblet cells, hormone secreting enteroendocrine cells, and Wingless/Int (Wnt) 
secreting Paneth cells. After reaching the tips of villi, cells undergo apoptosis and are 
extruded into the lumen, being replaced by a new cell generation that ensures the 
intestinal homeostasis (1,2,4).    
 
In vitro research on intestinal epithelium, including understanding its basic biology, 
investigating intestinal disorders and searching for new treatment options, has been 
traditionally hampered by the lack of appropriated cell culture systems. On the one hand, 
conventional intestinal models rely on 2D cultures of transformed cell lines, among which 
the Caco-2 cell line is vastly employed (5,6). However, those cell-line based models have 
several shortcomings based on their limited resemblance to the normal epithelium. This 
translates into significant non-physiological values of the parameters characterizing their 
functional properties when compared to the in vivo tissue: underestimated paracellular 
absorption, abnormally high transepithelial electrical resistance (TEER) and altered 
expression of metabolizing enzymes (7,8). On the other hand, cultures of primary 
intestinal epithelial tissues, although physiologically relevant, are hardly used in vitro due 
to the fast decrease of stem and proliferative cell populations, and the rapid onset of 
epithelial cell death when placed into culture (9,10).  
 
In the last few years, though, technological advances in epithelial cell culture methods 
have permitted the long-term culture of primary intestinal epithelial cells (IECs), including 
ISCs with self-renewal and differentiation capacities. Sato et al. and Ootani et al. 
demonstrated that crypt cells isolated from mouse small intestines, which include Lgr5+ 
ISCs, organize into three-dimensional (3D) intestine-like structures, termed intestinal 
organoids, when embedded in Matrigel® and cultured with biochemical factors 
mimicking the in vivo ISC niche environment (epidermal growth factor (EGF), Noggin 
and R-spondin) (11,12). Small intestinal organoids are spherical structures with 
numerous budding formations. Each of these buddings recapitulates the crypt intestinal 
structure, as it is composed of dividing cells with Lgr5+ ISC and Paneth cells located at 
their crests. In between these buddings, the internal part of the spheres mimics the villus 
intestinal structures, composed of absorptive and secretory cells. The center of the 
organoids corresponds to the intestinal lumen, where differentiated cells are spelt upon 
death. Intestinal organoids can be cultured for several months without losing these 
characteristics and maintaining protein expression profiles highly similar to freshly 
isolated crypts (11,12). Specific modifications of the culture medium composition has 
also allowed for the long-term culture of intestinal organoids derived from other regions 
of the mouse intestinal tract (13) and from other species including humans (14,15). 
Undoubtedly, organoid culture technology has been a breakthrough in the field of in vitro 
cell culture, leading to significant improvements in the study of the intestinal epithelium. 
Nowadays, organoid technique has become the gold standard in vitro culture method in 
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both basic and translational intestinal biology studies (16,17), modelling of patient-
specific epithelial diseases (18), as well as a source of tissue for autologous 
transplantation (19).  
 
A major drawback of the intestinal organoid technology is that their 3D closed geometry 
impedes direct access to the apical region of the epithelium, making them unsuitable for 
some physiologically relevant studies. It is the apical epithelium that directly contacts the 
diet content, external antigens and microbial components present in the luminal region. 
Therefore, the non-accessibility to organoid-analog lumen limits organoid routinely use 
in studies of nutrient transportation, drug absorption and delivery, and microbe-
epithelium interactions. To overcome this limitation, technically challenging methods 
such as organoid-microinjection are required (20). Alternatively, finding ways to open-up 
the spherical organoids into 2D epithelial monolayers appears as a suitable strategy to 
solve the problem of lumen inaccessibility and allow for epithelial functional studies. 
Lately, some efforts have been done in this direction. By culturing freshly isolated mouse 
intestinal crypts on substrates with the optimal mechanical properties, self-renewing 2D 
epithelial monolayers have been reported (21). These monolayers contained both 
proliferative and secretory lineage cell types. However, the proliferative cells were found 
evenly distributed at the epithelial borders, and the secretory Goblet cells were clustered 
at the center of the monolayer, in a cell-type distribution different of that found in vivo 

(21). Recently, intestinal epithelial monolayers with an improved, physiologically relevant 
cell distribution have been generated from mouse crypts. These contained proliferative 
foci and differentiated zones resembling cell organization found in vivo (22). Despite 
these benefits, the reported monolayers, grown onto Matrigel-coated well plates, neither 
completely covered the substrate nor allowed the access to cell basolateral side, thus 
preventing their use in functional tissue barrier assays (22). Such assays are usually 
performed in Transwell® systems, which provide apical and basolateral compartments 
separated by cell monolayers grown on porous membranes. Studies carried out with 
dissociated mouse and human organoids have demonstrated that epithelial monolayers 
can actually be also formed on Transwell® inserts (23–25). However, even though these 
monolayers were composed of differentiated polarized cells, formed tightly packed 
epithelia and expressed proper tight junction proteins, they show aberrantly high TEER 
values (from 400 up to 3000 Ω.cm2) compared to the native intestine (40 – 100 Ω.cm2) 
(26–28). Such non-physiological values of the monolayer tight junction integrity might be 
due to the loss of the stem and proliferative cells as Wnt pathway inhibitors were used 
at the later time points of these cultures (23,25). Indeed, in these studies no self-renewal 
capacities of the monolayers were reported. Therefore, although progress has been 
achieved in establishing primary intestinal epithelial monolayers, an optimal culture 
method that closely reproduces the in vivo intestinal cell composition and distribution 
while allowing for routine functional tissue barrier assays has not yet been defined. 
Altogether, these models are not representative of in vivo like cellular organization and 
transepithelial transport. 
 
Here, we describe an experimental protocol that employs mouse-derived small intestinal 
organoids to obtain intestinal epithelial monolayers that self-organized in crypt and villus-
like regions and show effective barrier function. Organoids are grown on substrates 
coated by thin films of Matrigel®, which provide the proper mechanical properties to 
induce the formation of epithelial 2D monolayers. Live-imaging experiments of green 
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fluorescent protein (GFP) cells obtained from Lgr5-EGFP-ires-Cre ERT2 mice intestines 
(3) allowed the tracking of intestinal stem cells and demonstrated that organoid-derived 
cells first organize into stem cell-containing crypt-like domains. From these domains, 
cells migrate out to form non-proliferating and differentiated monolayers, resembling the 
villus-like regions. The formation of epithelial monolayers that fully cover the substrate is 
promoted by incorporating to the cell culture medium exogenous stem cell niche 
biochemical factors such as Wnt3a, and the ones produced by the intestinal subepithelial 
myofibroblast cell, which help maintaining the stem cell population within the crypt bases. 
Upon the basolateral delivery of these stem cell niche factors, epithelial monolayers are 
obtained on Transwell® inserts. Through this strategy, we found that organoid-derived 
intestinal epithelial monolayers show physiologically relevant TEER values, indicating a 
good maturation of the epithelial barrier. We believe that the technology we propose 
offers an original non-existing tool to obtain organoid-derived intestinal epithelial 
monolayers with in vivo-like structural and functional characteristics simultaneously. As 
such, our experimental set-up can fill in the existing gap between complex 3D 
organotypic cell culture systems and 2D formats needed for high-throughput testing.  

 

Materials and methods 

Mice model 

Lgr5-EGFP-IRES-creERT2 mice have been previously described (3). Briefly, Lgr5-

EGFP-IRES-creERT2 mice were generated by homologous recombination in embryonic 
stem cells targeting the EGFP-IRES-creERT2 cassette to the ATG codon of the stem 
cell marker Lgr5 locus, allowing the visualization of Lgr5+ stem cells with a green 
fluorescent protein (GFP). 

 

Intestinal crypt isolation and culture 

Intestinal crypts from Lgr5-EGFP-IRES-creERT2 mice were isolated as previously 
described (29,30). Briefly, mice were sacrificed by cervical dislocation. Small intestines 
were dissected, flushed with PBS and cut longitudinally. Then, villi were mechanically 
removed. Intestinal crypts were isolated by incubating the tissue with PBS containing 
2 mM EDTA (Sigma) for 30 minutes at 4ºC. The digestion content was filtered through 
a 70 µm pore cell strainer (Biologix Research Co.) to obtain the crypt fraction. Crypts 
were resuspended and plated in Matrigel® (BD Bioscience) drops and supplemented 
with basic organoid growth medium consisting of advance DMEM/F12 (Invitrogen) plus 
1% Glutamax (Gibco), 1% HEPES (Sigma), Normocin (1:500, Invitrogen), 2% B27 
(Gibco), 1% N2 (Gibco), 1,25 mM N-acetylcysteine (Sigma), supplemented with 
recombinant murine EGF (100 ng ml−1, Gibco), recombinant human R-spondin 1 (200 
ng ml−1, R&D Biosystems), and recombinant murine Noggin (100 ng ml−1, Peprotech) to 
obtain ENR-medium. The medium was changed every 2 to 3 days. The first 4 days of 
culture the Rho kinase inhibitor Y-27632 (Sigma) was added to avoid anoikis. 
Outgrowing crypts were passaged once a week. Organoid stocks were maintained in 
ENR-medium up to 3 to 4 months. After that time, fresh small intestinal crypts were 
isolated again from Lgr5-EGFP-IRES-creERT2 mice.  
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Intestinal subepithelial myofibroblast isolation and culture 

Intestinal subepithelial myofibroblasts (ISEMFs) were isolated from mouse colon using 
a modified version of a reported previously protocol (31). Briefly, left over tissue from the 
above explained crypt isolation procedure was further digested by incubation at 37°C for 
60 min at 200 rpm with 2000 U of collagenase (Sigma). The digested tissue was pelleted 
and lysed at 47ºC for 5 minutes using ACK lysis buffer (Gibco). The pellet, containing 
lamina propria cells, was resuspended in Dulbecco’s modified medium (DMEM) (Life 
Technologies) containing 10% fetal bovine serum (FBS) (Gibco), 1% 
Penicillin/streptomycin (Sigma), and 1% minimum essential medium non-essential 
amino acids (MEM-NEAA) (Gibco) and cultured in tissue culture plates (25 mm2). After 
one week in culture only lamina propria fibroblasts, mainly myofibroblast, remained 
attached. Plates reached confluence after approximately 20 days in culture. Cell division 
of primary myofibroblast is limited, after 6-8 passages cells become senescent. 
Detection by immunofluorescence of α-smooth muscle actin (-SMA) and vimentin 
expression as well as reduced desmin expression was used to determine the purity of 
the myofibroblast cultures. For harvesting the intestinal subepithelial myofibroblast 
condition medium (ISEMF_CM), plates at 60-80% of confluence were maintained in 
culture with the before mentioned medium for 6 days. Medium was harvested, 
centrifuged and filtered using a 22 µm pore strainer, and frozen until use. Medium 
harvested along several days from the same myofibroblast isolation was pooled to use 
the same medium in all experiments. ISEMF-CM was complemented with 1% Glutamax, 
1% HEPES, Normocin (1:500), 2% B27, 1% N2, 1,25 mM N-acetylcysteine, EGF (100 
ng ml−1), human R-spondin 1 (200 ng ml−1), Noggin (100 ng ml−1), CHIR99021 (3 µM), 
and valproic acid (1mM) before use for organoids cultures.     

 

Preparation and characterization of Matrigel©-coated substrates 

Ibidi µ-Slides (ibidi GmbH) or Transwell® inserts (6,5 mm diameter, 0,4 µm pore size, 
Corning) were coated with Matrigel® to form thick (~ 2 mm in thickness) and thin (< 20 
µm in thickness) films. Thick layers were formed by pipetting either 200 µL (on ibidi µ-
Slides) or 80 µL (on porous membranes of Transwell® inserts). Thin films of Matrigel® 
were produced by pipetting 10 µL of Matrigel® solution and spreading it throughout the 
surface, followed by an incubation at 37°C for 1 hour for Matrigel® gelling. Matrigel® thin 
films were visualized by immunofluorescence using laminin antibodies, being laminin 
one of the major components of Matrigel® (32). To do that, after the coating process, the 
Matrigel® layer was fixed using 10% neutralized formalin (Sigma) for 30 min, blocked 
using a blocking buffer containing 1% BSA (Sigma), 3% donkey serum (Millipore), and 
0,2% Triton X-100 in PBS for two hours, and incubated with the anti-laminin antibodies 
(abcam) diluted (1:500) overnight at 4°C, and with the secondary antibody Alexa Fluor® 
488 (Invitrogen) diluted at 1:500 for 2 h. The images of the Matrigel® layers were acquired 
by a Leica SP5 confocal laser scanning microscope (CLSM) equipped with a 20x dry 
objective (NA = 0,7) and the thicknesses were estimated from the stacks using ImageJ 
software. The detailed explanation of the method used for the estimation of the 
thicknesses is given in the Supplementary Information.      
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Generation of organoid-derived intestinal epithelial monolayers 

After coating the substrates with Matrigel®, digested crypts or single cells suspended in 
culture medium were added to each well. Before this step, organoid cultures were 
enriched for stem cells during 4-5 passages by supplementing the ENR-medium with 
CHIR99021 (3 µM) and valproic acid (1 mM) to obtain ENR_CV-medium (33). To obtain 
a preparation of crypt pieces with homogeneous size, full-grown organoids were 
subjected to a mild digestion protocol. Briefly, Matrigel® drops containing organoids were 
disrupted by pipetting using TrypLE Express1X (Gibco) and transferred to a Falcon tube 
at 4ºC, where mechanical disruption, using a syringe with a 23 G 1" needle (BD 
Microlance 3), was applied. Crypt pieces were seeded at a cell density of 1000 - 1500 
crypts cm-2, using an initial volume of 30-50 µl. We let crypt pieces to attach to the 
substrates for 3-4 hours and add more medium. To obtain organoid derived single cells, 
we applied a harsher digestion protocol. Matrigel® drops containing organoids were 
disrupted by pipetting using TrypLE Express 1X, transferred to a Falcon tube and 
incubated for approximately 5 minutes at 37ºC. After the digestion single cells o small 
clusters of cells were obtained. Cells were seeded at a cell density of 100.000 cell cm-2, 
using an initial volume of 10-20 µl. We let cells attach to the substrate for 3-4 hours and 
then added more medium. Crypt- or single cells-derived epithelial monolayers were 
cultured up to varying time points ranging from 5 days to 4 weeks depending on the 
experiment. Culture times and culture medium composition are indicated for each 
experiment in the corresponding figure legends. For culture passaging experiments, 
epithelial monolayers were enzymatically digested every 6 to 8 days in culture. Epithelial 
monolayers were mechanically disrupted using a pipetted and digested by incubating 
them approximately 5 minutes at 37ºC with TrypLE Express 1X. Cells obtained from the 
digestion were reseeded on new Matrigel®-coated ibidi µ-slides. Following this protocol, 
we passaged the cultures up to 4 times, maintaining the cells in culture for more than 
one month. Further passages were not tested. 

 

Immunostaining 

Cells were fixed with 10% neutralized formalin (Sigma), permeabilized with 0,5% Triton 
X-100 (Sigma) and blocked with a blocking buffer containing 1% BSA (Sigma), 3% 
donkey serum (Millipore), and 0,2% Triton X-100 in PBS for at least two hours. Primary 
antibodies used were: anti-GFP (1:100, Life Technologies), anti-GFP (1:100, abcam), 
anti-Ki67 (1:100, abcam), anti-Ki67 (1:100, BD Biosciences), anti-lysozyme (1:100, 
Dako), anti- zonula occludens (ZO-1) (1:100, abcam), anti-cytokeratin 20 (1:100, Dako), 
anti-Cleaved Caspase-3 (1:200, Cell Signaling Technology), anti-EphB2 (1:200, R & D 
Systems). All samples were incubated with the primary antibody overnight at 4°C 
followed by 1 h incubation at RT with secondary antibodies, Alexa Fluor® 568 and Alexa 
Fluor® 488 donkey anti-goat, Alexa Fluor® 647 (Jackson ImmunoResearch) diluted at 
1:500. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (1:1000). Alexa 
Fluor® 568 phalloidin was used to stain filamentous actin (F-actin). For detection of 
mucus periodic acid-Schiff (PAS) (Sigma) was used. For the characterization of ISEMFs, 
antibodies against α-SMA (1:100, Sigma), and desmin (1:100, abcam), and anti-vimentin 
(1:100, Developmental Studies Hybridoma Bank) were used. All the antibodies before 
mentioned were obtained from Invitrogen unless stated otherwise. The fluorescence 
images were acquired using either a confocal laser scanning microscopy (TCS SP5, 
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Leica) or an epifluorescence microscope (Axio Observer 7, Zeiss). The bright field 
images were obtained by an inverted microscope (Eclipse Ts2, Nikon). 

 

EdU pulse-chase experiment for evaluating the monolayer formation  

5-ethynyl-2’-deoxyuridine (EdU) staining was performed following the manufacturer’s 
protocol (Click-iT® Plus EdU imaging kit, Invitrogen). Briefly, crypts were cultured on ibidi 
µ-Slides coated with Matrigel®, as previously explained. After overnight in culture, cells 
were incubated with EdU (10 µM) for 2,5 h, washed with PBS and cultured with ENR_CV-
medium. Samples were fixed with 3,7% formaldehyde (Electron Microscopy Sciences) 
immediately or 1 days after the EdU pulse. After fixation, samples were permeabilized 
with 0,5% Triton X-100 in PBS for 20 min and EdU was detected using Click-iT Plus EdU 
Alexa Fluor 488 imaging kit. Subsequently, the samples were washed with 3% BSA in 
PBS and incubated with primary antibodies anti-Ki67 (1:100) and anti-ZO-1 (1:200) 
overnight at 4°C, followed by incubation with the secondary antibodies, Alexa Fluor® 647 
and Alexa Fluor® 568, for 1 h at RT. Nuclei were stained with Hoechst 33342 (10 µg mL-

1, Click-iT, Invitrogen) for 30 min at RT.      

 

Image acquisition and analysis 

The fluorescence images were acquired using either confocal laser scanning microscopy 
(TCS SP5, Leica) with 10x dry (N.A. = 0,40), 20x dry (N.A. = 0,70) and 40x oil (N.A. = 
1,25) objectives at randomly selected locations. The laser excitation and emission light 
spectral collection were optimized for each fluorophore. For the four-color scans the 
emission bands were adjusted to avoid overlapping of the channels. The pinhole 
diameter was set to 1 Airy Unit (AU). For images acquired at 10x and 20x, a z-step of 1 
µm, and for images acquired at 40x a z-step of 0,5 µm were used. The side view images 
of the monolayer were obtained from the orthogonal views of the confocal microscopy 
stacks acquired at 40x. The cell heights were measured from the orthogonal views of the 
stacks at 40x magnification at 10 randomly selected locations for each sample (n = 3). 
The quantification of the intestinal epithelial cell markers GFP (for stem cells), Ki67 (for 
proliferative cells), and cytokeratin 20 (CK20) (for terminally differentiated enterocytes 
and goblet cells), with respect to the total cell number was estimated by a custom-made 
ImageJ macro. The sequence of operations performed in the macro is as follows. 1) 
Compute maximum intensity in Z-projections (all channels). 2) Apply Laplacian of 
Gaussian filter to DAPI channel image. 3) Detect salient regional intensity minima in 
filtered DAPI image. 4) For each fluorophore, measure mean intensity in corresponding 
channel inside disks centered on detected minima; for disks with mean intensity above 
user defined threshold, count nucleus as positive for this fluorophore. All filtered radii 
were adjusted according to estimated nuclei size at the imaging magnification. Nuclei 
detection sensitivity (noise tolerance) was adjusted empirically to lead to most accurate 
detection. All thresholds were adjusted to local intensity estimates performed inside user 
selected regions (actin channel, inside tissue; weakest positive cell in label channels). 
The accuracy of the results was validated from summary images displaying colored 
markers at negative/positive nuclei positions overlaid over the projected image stacks. 
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For each sample, at least five randomly selected locations on the same monolayer were 
quantified using ImageJ software. 
 
 
Time-lapse microscopy 

Digested intestinal epithelial crypts and single cells were seeded on ibidi µ-Slides coated 
with Matrigel®, as previously explained. Formation of the epithelial monolayer was 
monitored by time-lapse microscopy experiments, conducted at 10x magnification with 
Axio Observer 7 epifluorescence inverted microscope (Zeiss) with temperature (37°C), 
humidity and CO2 (5%) regulation. Phase contrast and EGFP channels were used and 
images were acquired every 5 minutes up to 96 hours of culture. The time-lapse videos 
and fluorescence images were processed with ImageJ software. 

 

Transepithelial electrical resistance (TEER) measurements 

To measure TEER values of the epithelial monolayers, Transwell® inserts (6,5 mm 
diameter, 0,4 µm pore size) were coated with thin layers of Matrigel® as explained above 
and seeded with crypts. In these experiments, 30-50 µl of crypt suspension leading to 
crypt seeding densities of 3000 - 3500 crypts cm-2 was used. ISEMF_CM supplemented 
with ENR_CV and Wnt3A (25 ng mL-1) was added to the Transwell® compartment 
corresponding to the cell basolateral side, while basic organoid growth ENR-medium 
was added to the apical side. TEER was measured with an EVOM2 epithelial 
voltohmmeter with STX3 electrodes (World Precision Instruments) introduced at the 
apical and basolateral compartments of the inserts. The electrical resistance 
corresponding to cell epithelial monolayers was obtained by subtracting the intrinsic 
resistance (values measured on Transwells® with only the porous membranes and the 
Matrigel®-coated porous membranes) from the total resistance measured (this time 
including the cells) and corrected for surface area (0,33 cm2) to be expressed as ohm 
cm2.  

 

Statistical analysis 

The data were presented in the figures as mean ± standard deviation. The error bars 
represent the standard deviations of at least two independent experiments with three 
technical replicas. Statistical comparisons were performed using 2 sample Student's t-
test. The data were processed and plotted with OriginPro 8.5 software.     
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Results  

Mouse intestinal organoid-derived cells form epithelial monolayers with in vivo-
like cell type composition and distribution on Matrigel®-coated hard substrates 

Intestinal stem cells (ISCs) maintain their self-renewing and differentiation capacities to 
form 3D organoids with multicellular organization when embedded in Matrigel® drops 
and cultured with a medium containing specific growth factors (11). It has been recently 
shown that 3D organoids can form 2D epithelial monolayers when cultured on hard 
substrates coated with a thin layer of extracellular-matrix (ECM) proteins (22,24,25). 
These works acknowledged both matrix composition and substrate mechanical 
properties as key factors conditioning ISCs growth. We decided to employ Matrigel® as 
extracellular matrix substitute given its molecular composition, very similar to the 
intestinal epithelium basement membrane, and its suitability for ISCs growth (11,15,34). 
It has been shown that ISC expansion is favored within stiffer matrices (1,3 kPa) than on 
very soft matrices (300 Pa) (35). We then wondered whether the hard substrates needed 
for the formation of organoid-derived intestinal epithelial monolayers would provide an 
environment that does not hamper ISC proliferative and differentiation capacities and 
permits ISC self-organization as in vivo. To answer this question, we cultured intestinal 
organoid-derived crypts or single cells on hard tissue well plates coated with thin films of 
Matrigel®. Thin films were obtained by evenly spreading 10 µL of Matrigel® per cm2 of 
substrate. For their characterization, we performed immunostainings against laminin, the 
Matrigel® major component. Confocal laser scanning microscopy analysis demonstrated 
a uniform coating (Supplementary Information Fig. S1) with an estimated thickness of 
2,9 ± 0,1 µm (quantification details described in the Supplementary Information). The 
same substrates coated with thick Matrigel® layers were also prepared, which allowed to 
make comparisons with the thin films and unequivocally reveal the role of the mechanical 
properties of the substrate. Thick Matrigel® layers (~ 2 mm in thickness) were obtained 
by depositing 200 µL of Matrigel® per cm2 of surface. It is reported that when gel thickness 
is less than 20 µm, the apparent stiffness of the material is reaching that of the underlying 
substrate (36). Since in our experimental setup the thin film thickness is below that value, 
the apparent stiffness for the cells seeded on Matrigel® thin films is that of the underlying 
tissue culture plate hard polymer bottom, presumably polystyrene (Young’s modulus of 
≈ 3 GPa) (37), and it will be referred as “hard substrate” in what follows. Whereas, on 
thick Matrigel® layers, the apparent stiffness for cells will be closer to that of the Matrigel® 
(Storage modulus ≈ 50 Pa) (38) and it will be referred as “soft substrate”. 
 
Intestinal organoids were digested using a mild or harsh digestion protocol to obtain 
either intestinal crypt pieces or intestinal single cells respectively. Both cells fractions 
were seeded on top of either “hard” or “soft” Matrigel®-coated substrates (Fig. 1A) and 
the cell growth behavior was analyzed in each case. Actin staining showed that after 5 
days of culture both organoid-derived crypt pieces and intestinal single cells attached to 
the “hard” substrates and spread over it forming an epithelial monolayer (Fig. 1B). In 
contrast, organoid-derived crypt pieces and intestinal single cells on “soft” substrates 
failed to grow as spreading 2D epithelial layer and, instead, formed 3D organoids on the 
Matrigel® thick layers (Fig. 1B), very much resembling organoids growing within Matrigel® 
3D matrices. These results indicate that it is the substrate stiffness, which dictates 
primary intestinal cell growth phenotype. In addition, we found that intestinal epithelial 
monolayers grown on hard Matrigel®-coated substrates contained proliferative (Ki67 



 

11 

positive) and non-proliferative cells distributed in a clear spatial segregated fashion. 
Samples were covered by foci of packed proliferating cells separated by non-proliferating 
areas in line with recently published results (Fig. 1B) (22).Therefore, hard Matrigel®-
coated substrates provide a suitable environment that favors both ISC division and 
epithelial monolayer formation.  
 
In order to characterize more precisely the cell composition of the different areas found 
on the epithelial monolayers, we checked for the expression of intestinal cell-type 
markers. We found that regardless the seeding units employed (crypts or single cells), 
the proliferative areas of the epithelial monolayers were formed by a pool of double 
positive cells for GFP and Ki67, which corresponds to actively dividing Lgr5+ stem cells 
(Fig. 1C, left panel). We could also identify a population of Ki67+, GFP- cells, indicating 
that, in addition to Lgr5+ stem cells, those cell-proliferative pools are composed of transit-
amplifying proliferative cells (Fig. 1C, left panel). Furthermore, GFP+ and Lysozyme+ 
cells are in close proximity positioned at the crypt-like domains (Fig. 1C, middle panel), 
indicating that in our epithelial monolayers, Paneth cells form part of the stem cell niche, 
like in in vivo intestine (39). Cell composition and distribution of those proliferative areas 
very much resembles the in vivo intestinal crypts and therefore were referred to us as a 
crypt-like domains.  On the one hand, expression of Cytokeratin 20 (CK20), a marker of 
mature enterocytes and goblet cells, was found in the non-proliferative areas of the 
monolayers, especially in cells close to the epithelial layer border (Fig. 1C, right panel). 
Periodic acid-Schiff (PAS) staining showed also the presence of mucus secreting Goblet 
cells scattered throughout the non-proliferative monolayer (Fig. 1D). On the other hand, 
accumulation of the tight junction protein ZO-1 at the apical inter-cellular membrane, 
(Fig.1E), and of the F-actin at the cell apical side (Fig. 1E) demonstrated the correct 
apical-basal cell polarization. All these are features corresponding to mature 
differentiated cells indicting that the non-proliferative areas of the epithelial monolayers 
correspond to villus-like regions. In addition, immunofluorescence against cleave 
caspase-3 (CC-3) showed that cells underwent apoptosis at the epithelial borders of the 
monolayer (Fig. S2A). Time-lapse microscopy experiments also supported this finding, 
as illustrated by a representative time lapse-image sequence where a cell undergoes 
cell death and sheds off near of the epithelial border (Fig. S2B and Supplementary Movie 
1), resembling the physiological extrusion of apoptotic cells at the villus tips (40).  Overall, 
the histological characterization of the epithelial monolayers demonstrated that hard 
Matrigel®-coated substrates promoted the formation of a 2D intestinal epithelium model 
composed of crypt-like domains containing Lgr5+ stem, Paneth and proliferative transit-
amplifying cells, and villus-like regions containing differentiated epithelial cells with the 
typical apical-basal polarization, resembling the cellular crypt-villus organization of the in 

vivo intestinal epithelium. 

 

Cell division in the crypt-like domains fuels the formation of self-renewal 
organoid-derived intestinal epithelial monolayers 

To investigate epithelial monolayer formation on Matrigel®-coated hard substrates, we 
employed cells derived from Lgr5-EGFP-ires-CreERT2 intestinal organoids (3). These 
organoids express GFP under the control of the stem cell marker Lgr5, which allows for 
the ISC tracking. Time-lapse microscopy experiments showed that organoid-derived 
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crypt pieces, rapidly refolded on themselves to form crypt-like domains containing Lgr5+ 
ISCs, resembling the in vivo crypt base stem cell disposition (Fig. 2A, upper row, and 
Supplementary Movie 2). After the crypt-like domains were formed, intestinal epithelial 
cells spread on the substrate and migrated out of crypt-like domain, forming monolayers 
composed of GFP- cells corresponding to villus-like regions (Fig. 2A, lower row, and 
Supplementary Movie 2). We then investigated whether the capacity of the intestinal 
epithelial cells to first self-organize into crypt-like domains and then originate villus-like 
regions is regulated intrinsically and is not due to the preservation of pre-established cell-
type configuration. To do this, instead of seeding organoid-derived crypts we further 
digested the organoids to obtain intestinal single cells.  Similar to the previous results, 
when organoids-derived single cells were seeded on Matrigel®-coated hard substrates 
they spontaneously self-assembled to form crypt-like domains containing Lgr5+ ISCs, 
similar to the in vivo crypt base stem cell arrangement in structures that very closely 
mimic the in vivo crypt morphology (Fig. 2B, insets). Also, in this case after crypt-like 
regions were formed, intestinal epithelial cells started to spread out generating an 
epithelial monolayer composed of GFP- cells, resembling the intestinal villus (Fig. 2B). 
These results revealed the intrinsic capacity of ISCs to self-assemble and form in vivo-
like domains when grown on 2D hard substrates. To further characterize the growth of 
such monolayers we then performed EdU pulse-chase experiments. Organoid-derived 
pieces cells were left to attach on Matrigel®-coated hard substrates overnight; then cells 
where pulsed with EdU (0 hours chase), which was incorporated into dividing cells and 
passed to their progeny. EdU positive cells were followed by a chase period of 1 day. 
Immunofluorescence analysis of both EdU and Ki67 showed that, right after the pulse, 
the forming crypt-like domains were mainly composed of proliferating cells (Ki67+) (Fig. 
2C, upper panel). After one day of chasing, those dividing cells had generated a non-
dividing epithelial monolayer (Ki67-, EdU positive). These non-proliferative cells express 
markers of epithelial maturation, such as the accumulation of the tight junction protein 
zonula occludens 1 (ZO-1) at the cell membranes (Fig. 2C, lower panel). Overall, both 
the time-lapse microscopy and EdU pulse-chase experiments demonstrated that by 
Matrigel®-coated hard substrates, organoid-derived intestinal cells self-organized first 
into proliferative, ISC-containing crypt-like domains, able to divide and generate a 
progeny. Later, this progeny migrates, differentiates, matures and dies, closely following 
the intestinal epithelial homeostasis that is described in vivo.  

 

Furthermore, we demonstrated that the intestinal epithelial monolayer generated on 
Matrigel®-coated hard substrates possess self-renewing capacities. After approximately 
one week in culture (6 to 8 days), epithelial monolayers were enzymatically digested to 
single cells and cultured on freshly Matrigel®-coated hard substrates. These cells were 
able to regenerate epithelial monolayers maintaining the spatial cell segregation of 
proliferating foci and non-proliferating regions found in the original monolayer, at least 
up to four passages (Fig. 2D). The surface coverage by the epithelial monolayer was 
comparable throughout the passages, indicating the preservation of the stem cell 
capacities (data not shown). This indicated that epithelial monolayers generated on 
Matrigel®-coated hard substrates could be passaged and maintained in culture for an 
extended period without losing their regenerative and self-organizing capacities. 
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Epithelial monolayers maintain in vivo-like cell type composition and distribution 
on Matrigel®-coated Transwell® insert membranes 

Although intestinal organoids are defined as functional mini-organs, in practice functional 
assays evaluating their intestinal barrier function are very limited. Currently, permeability 
and absorption assays  using intestinal organoids are performed by delivering the tested 
compound through the epithelium basolateral side (41). In order to mimic physiological 
apical delivery, sophisticated techniques, such as intra-organoids microinjection, are 
needed (42). 2D monolayers of intestinal epithelium that maintain cell population and in 

vivo-like distribution found in organoids while making feasible tissue barrier functional 
assays are an elegant way to exploit organoid benefits and overcome their steric 
limitations. Epithelial functional assays are usually based in the standard Transwell® 
insert system, which separates the apical and basolateral compartments of the culture 
through a monolayer of cells cultured on a porous membrane. If a matured epithelial 
monolayer fully covers the membrane, a tissue barrier is formed. However, while the 
monolayer is not entirely covering the substrate and does not form an effective barrier, 
cells will be receiving biochemical inputs from both the apical and the basolateral sides, 
this situation very much resembles the experimental conditions provided by the 3D 
environment. Therefore, with this in mind, we tested if the mechanical signal provided by 
the hard-porous membrane (polycarbonate polymer, Young’s modulus of ≈ 4 GPa) (43) 
was successful at generating monolayers in Transwell® inserts. In figure 3A we depict 
the adaptation of the experimental setup to an appropriated culture format for epithelial 
functional assessment. For this purpose, Lgr5+-GFP Ires-CreERT2 organoid-digested 
crypts were seeded on Matrigel®-coated porous membranes of Transwell® inserts. 
Initially, to mimic the gradients of stem cell niche biochemical factors found in vivo (44), 
the basolateral compartment was filled with ENR_CV-medium and the apical 
compartment with basic organoid medium (non-supplemented with ENR-CV factors) 
(Fig. 3A). Under these culture conditions, we obtained intestinal epithelial monolayers 
that maintain the spatial cell-type segregation found on Matrigel®-coated hard 
substrates. The epithelial monolayers grown on Transwell® inserts showed proliferative 
crypt-like domains of Ki67+ cells (Fig. 3B), which contained Lgr5+ GFP+ stem cells (Fig. 
3C), and a spreading monolayer of non-proliferative Ki67- cells corresponding to the 
villus-like regions (Fig. 3B-C). To further prove the crypt-villus-like cell self-organization 
of these cultures, we checked for the expression of ephrin type-B receptor 2 (EPHB2). 
EPHB2 receptor is highly expressed in ISCs and becomes gradually silenced as the cells 
differentiate (45). We found high expression of EPHB2 restricted to specific cell clusters 
distributed throughout the epithelial monolayer (Fig. 3D), similarly to the Ki67 expression 
(Fig. 3B), defining the crypt-like domains. EPHB2 expression was gradually fading from 
the center of these domains (Fig. 3D), suggesting the differentiation of the intestinal cells 
as they moved out of the crypt-like domains, mirroring the in vivo crypt-villus-like cell 
organization (45). Altogether, our results showed that mechanical signal from the hard-
porous membranes is driving the formation of intestinal epithelial monolayers that 
maintain the crypt-villus-like cell distribution in the Transwell® insert system. However, 
as it can be seen in the representative immunofluorescence images of figure 3 (Fig. 3B, 
C), the epithelial monolayers grew very rapidly for the first days of the culture but failed 
to cover the entire membrane even if extended cell culture periods were assayed up to 
4 weeks (data not shown). Therefore, although the methodology presented here 
succeeds in recapitulating the main cellular and organizational beneficial features of 3D 
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organoids in 2D systems, it does not constitute a suitable method for forming epithelial 
monolayers with tissue barrier properties.  
 

Biochemical factors produced by intestinal subepithelial myofibroblasts boost 
cell growth and result on intestinal epithelial monolayers fully covering Transwell® 
insert membranes 

To obtain epithelial monolayers fully covering the membranes of Transwell® inserts, we 
focused our efforts on increasing the proliferative capacities of the ISCs. One key driver 
in ISCs maintenance and proliferation is the Wingless/Int(Wnt)/β-catenin signaling 
pathway (1,46). Paneth cells, which are interdigitated among the ISCs, provide an 
essential stem cell niche by the constant secretion of Wnt proteins, mainly Wnt3a 
(39,47). However, in vivo depletion of Paneth cells did not impair the normal intestine 
homeostasis (48,49), indicating the redundancy in the Wnt production within the 
intestinal crypts. Intestinal subepithelial myofibroblasts (ISEMFs) are considered as an 
important alternative non-epithelial source of Wnt pathway activators, including Wnt2, 
Wnt2b, Wnt4, Wnt-5a, Wnt9b and Wnt11 (47,50,51), and the enhancers of the Wnt 
pathway, R-spondin 2 and R-spondin 3 (51–53). Therefore, we postulated that ISEMF-
derived signals might be a good strategy to enhance the proliferative capacities of the 
ISCs in our culture method. To test this hypothesis, ISEMF were isolated from mice colon 
and immunofluorescence staining was used to corroborate the expression of specific 
markers characterizing myofibroblasts. Cells stained positive for  smooth muscle actin 
(-SMA) and vimentin, and negative for desmin, confirming the ISEMF phenotype 
(52,54) (Fig. S3). These freshly isolated ISEMFs were cultured to obtain ISEMF-
conditioned medium (ISEMF_CM). We then compared the growth of epithelial 
monolayers on Matrigel®-coated hard substrates cultured with the following conditions: 
regular ENR_CV-medium, ENR_CV supplemented with ISEMF_CM, and ENR_CV 
supplemented with ISEMF_CM and recombinant Wnt3a. This last condition was included 
to further enhance the endogenous Wnt3a signal derived from the Paneth cells of the 
culture (Fig. 4A). The effects of the different cell culture mediums were qualitatively 
assessed by bright field microscopy (Fig. 4A) and quantitatively evaluated by computing 
the surface coverage of the monolayers (Fig. 4B). Our results show that, after 5 days in 
culture, ISEMF_CM increases by two-fold the surface coverage of the monolayers with 
respect to the regular crypt medium. On top of that, adding Wnt3a to this medium further 
boosts the intestinal epithelium growth, now being a three-fold increase in surface 
coverage with respect to regular crypt medium. In the light of these results, the culture 
medium composition was revised to include both ISEM_CM and Wnt3a in addition to 
ENR_CV.  
 
To test the validity of this approach on the Transwell® insert system, crypt pieces derived 
from organoids were seeded on Matrigel®-coated porous membranes and were cultured 
using the new culture medium formulation, administrated through the basolateral side as 
in previous experiments. Representative pictures of cells stained with F-actin showing 
the full area of the Transwell® porous membranes (6,5 mm in diameter) demonstrated 
that after 10 days of culture, the intestinal epithelial monolayer is properly formed 
depicting a characteristic epithelial cell cobblestoned disposition (Fig. 4C, upper panel). 
Moreover, we found that 10 days were enough time for the epithelial monolayer to fully 
cover the whole surface (Fig. 4C, upper left panel and Fig. 4D). As a relevant parameter 
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for the potential applications of these monolayers, we evaluated their integrity and 
morphology for longer time periods (up to 20 days). Our data demonstrate that intestinal 
epithelial monolayer integrity is preserved (Fig. 4C, bottom left panel) and surface 
coverage is still complete (Fig. 4C, right bottom panel and Fig. 4D) after 20 days of 
culture. Note that a small portion of this particular sample was detached due to 
manipulation (the membranes have to be cut from the inserts to obtain good microscopy 
images). Thus, our results prove that adding exogenous stem cell niche-derived 
biochemical factors (derived from subepithelial myofibroblasts and added Wnt3a) to the 
regular crypt medium boosts intestinal epithelial cell proliferation. Such proliferation 
boosting allows for the formation of an epithelial monolayer that fully covers the 
Transwell® porous membranes. We determined that with this approach an area of 33 
mm2 is fully covered in approximately 10 days and the culture maintains its morphology 
and surface coverage for up to 20 days.  
 

Epithelial monolayers self-organized in crypt-villus like domains show effective 
barrier function 

We analyzed by immunostaining the cellular composition and distribution of the intestinal 
epithelial monolayers generated on Transwell® inserts with the cell culture medium 
described above. We found GFP+ stem cells clustered in specific foci, indicating the 
formation of crypt-like domains containing Lgr5+ ISCs both at day 10 and 20 of culture 
(Fig. 5A, left panel). Therefore, in these conditions, the stem cell distribution previously 
observed on Matrigel®-coated hard substrates and Transwell® inserts was maintained 
(Figs. 1C and 3C). In contrast, at day 10 of culture, proliferative Ki67+ cells were not as 
clustered as GFP+ stem cells, but rather dispersed throughout the monolayer (Fig. 5A, 
right panel). This difference can be attributed to the new culture medium used (ENR_CV, 
supplemented with ISEMF-CM and Wnt3a), which boosts cell proliferation and may 
cause the expansion of the transit-amplifying domain out of the GFP+ foci. On the other 
hand, differentiated cells marked by CK20 accumulated in non-proliferative areas (Ki67-

) both at day 10 and 20 (Fig. 5A, right panel). Quantification of the different cell 
populations was performed on the basis of the immunostanings. It was found that the 
amount of GFP+ cells remained constant throughout the culture time analyzed, indicating 
that the pool of Lgr5+ stem cells is maintained over time (Fig. 5B). In contrast, the amount 
of proliferative Ki67+ in the monolayer evolved over time. At day 10, from the total 
percentage of proliferative cells (15,8% ± 4,8%), only about 25% were Lgr5 ISCs (3,9% 
± 1,4%), suggesting that the rest of the proliferative population was consisting of transit-
amplifying cells. However, at day 20, the percentages of GFP+ (3,8% ± 0,8%) and Ki67+ 
cells (2,4% ± 1,2%) were not statistically different (Fig. 5B). Interestingly, this decrease 
on proliferative cells over time correlated with an increase of differentiated CK20+ cells 
(Fig. 5B). In addition, this was accompanied by a significant increase in the cell height 
(Fig. 5C), which indicates an enhanced polarization of the epithelial cells forming the 
monolayer. These results suggest that the intestinal epithelial monolayer grown on 
Matrigel®-coated porous membranes with a basolateral administration of stem cell niche 
biochemical factors is highly proliferative in the initial stages, when the epithelial 
monolayer is forming, while after reaching confluency epithelial differentiation increases 
and cell proliferation attenuates.   
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Specifically, this culture set-up allows to register transepithelial electric resistance 
(TEER) measurements, to evaluate epithelial monolayer formation and tight junctions 
integrity, both indicators of epithelia barrier function (26,55). For instance, the presence 
of gaps in the epithelial monolayer using the before mention tissue culture method leads 
to TEER values near to background levels (data not shown). Interestingly, the increase 
of cell differentiation and polarization over time coincides with an increase of the TEER 
values along the culture time. During the initial stages of the culture, when epithelial 
monolayer is forming, and proliferation is still high, TEER values were found to be very 
low. From day 16 to day 20 of culture, correlating with an increase in intestinal 
differentiation and maturation of the monolayer, TEER values starting to fall into the 
physiologically relevant range found to be between 40 and 100 Ω.cm2 in the small 
intestine  (26–28).  
As opposed to other studies in which intestinal differentiation was accomplished by the 
removal of the activators and the addition of inhibitors of the Wnt pathway (23–25,56) or 
by the use of air-liquid interface (57), in our model levels of epithelial monolayer 
differentiation was achieved by prolonged culture times. 
 
 
Discussion 
 
The intestinal biology field has an increased interest to obtain intestinal epithelial cells 
monolayer cultures, to overcome the sterically limitations of the 3D intestinal organoid. 
Here we show that employing a thin film of Matrigel® (<20 µM in height) we obtained 
mouse organoid-derived epithelial monolayer that contain major intestinal epithelial cell 
types organized into proliferative crypt-like domains and differentiated villus-like regions, 
closely resembling the in vivo cell distribution. Decreasing the Matrigel® bulk stiffness 
inhibited the formation of the epithelial monolayer and favored the growth of intestinal 
organoids. Our results demonstrate that substrate stiffness dictates primary intestinal 
cell growth phenotype. 
Our live imaging experiments, employing Lgr5-EGFP-ires-CreERT2 mouse derived-
small intestinal cells demonstrate that first, intestinal cells reorganize into stem cell 
containing crypts-like domains, resembling in vivo stem cell distribution and morphology, 
from where cells migrate out to form a non-proliferative and differentiated monolayer 
corresponding to the villus-like region. These results showed that, like in Matrigel® 3D 
cultures, when stem cells are grown on 2D, are also capable to self-assemble and 
organize in Paneth cells-containing stem cell niches that give rise to proliferative cells 
which differentiate while migrate generating the differentiated epithelium, mirroring the 
in vivo epithelial physiology.    
Although epithelial tissue organization in crypt-villus domains was recently described 
(22), it was proven that obtaining functional, mature monolayers using conventional 
culture formats for epithelial functional analysis remains still a challenge, likely due to the 
difficulty in expanding these cells. Here we show that supplementing the conventional 
crypt medium with ISEMF_CM and Wnt3a boosted the intestinal cell growth allowing for 
the generation of a functional and differentiated intestinal monolayer in Transwell® inserts 
with effective barrier function, as demonstrated by the physiological relevant TEER 
values obtained. Thus, the tissue culture conditions here described, allow for the 
expansion of the intestinal cells to obtain fully covering surfaces that permits the 
functional analysis of the epithelium maintaining the self-organization of the epithelial 
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monolayer in stem cell niche foci and non-proliferative differentiated regions. The 
analysis of the cell composition of the monolayer along the culture time show that as 
time goes by the monolayer becomes less proliferative and more differentiated without 
the need of any additional external signal such as Wnt inhibitors or Notch activators in 
contrast to the previously described (23–25). We attributed this effect to two phenomena; 
on the one hand epithelial differentiation is dependent upon cell-to-cell contact and 
confluent cultures lead to cell cycle exit (58), and on the other a negative feedback loop 
exert by the BMP signaling generated by the differentiated cells inhibit epithelial cell 
proliferation (22). Thus, the decrease of proliferative cells with time in our experimental 
set-up might be explained by the increase of BMP-producing differentiated cells.  
However, our results show that the levels of ISC (GFP+) remained constant throughout 
the culture times analyzed, indicating that the described effect of the BMP signaling on 
cell proliferation does not affect the amount of stem cells in the culture.  
We believe that organoid-derived intestinal epithelial monolayer model we report here 
offers an up to date novel culture method and contributes to the current state-of-the art 
in combining an in vitro intestinal epithelium with in vivo-like cellular organization with a 
tissue culture format compatible with studies where an access to both luminal and 
basolateral compartment is needed, such as in studies of drug absorption and microbe-
epithelium interactions. 
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Figure legends 

 

Figure 1. (A) Scheme depicting the experimental protocols used. (B) Representative 
images corresponding to immunofluorescence of filamentous actin (F-actin) and Ki67 
from organoid-derived crypts and single cells cultured either on a thin film of Matrigel® 
(2,9 ± 0,1 µm height), referred as “Hard” or on a thick layer of Matrigel® (approx. 2mm 
height), referred as “Soft” after 5 days of culture. Scale bars: 100 µm. (C) Co-
immunofluorescence for GFP and Ki67 (left panel), Lysozyme (Lyz) and GFP (middle 
panel), and Ki67 and cytokeratin 20 (CK20) (right panel) of 2D epithelial cultures derived 
from crypts (upper panel) or single cells (lower panel) grown on Matrigel®-coated hard 
substrates for 7 days. Scale bars: 100 µm. (D) Periodic acid-Schiff base (PAS) staining 
of 2D epithelial monolayers grown on Matrigel®-coated hard substrates for 7 days. Scale 
bar: 100 µm. (E) Immunostaining for zona occludens 1 (ZO-1) and F-actin of 2D epithelial 
monolayers grown on Matrigel®-coated hard substrates for 7 days. Upper and lower 
panels show the top view and the orthogonal sections of the 2D monolayers, 
respectively. Scale bars: 50 µm (upper panel); 10 µm (lower panel).  

 

Figure 2. (A) Live-imaging sequence, of overlapped bright field and GFP channels, 
corresponding to the first 60 hours after seeding organoid-derived crypts and (B) first 96 
hours after seeding organoid-derived single cells on a thin film of Matrigel®. Time of 
image acquisition is shown. White arrow heads indicate Lgr5-GFP+ cells. Scale bars: 50 
µm (A upper panel and B); 100 µm (A bottom panel). (C) Immunofluorescence of EdU, 
Ki67 and ZO-1 of an EdU pulse-chase experiment. Representative images of 0h (upper 
panel) and 1 days (lower panel) after EdU chase are shown. Scale bars: 50 µm. (D) 
Immunofluorescence for Ki67 and F-actin of epithelial monolayers from passage 0 to 
passage 3 (P0, P1, P2, P3). Epithelial monolayers were passed by enzymatical digestion 
after every 6 to 8 days in culture. Scale bars: 50 µm. 

 

Figure 3.  (A) Scheme depicting the experimental setup used. Organoid-derived 
digested crypts were seeded on top of Matrigel®-coated polycarbonate porous 
membranes and cultured under asymmetric administration of ENR_CV medium. (B) 
Immunofluorescence of Ki67, (C) GFP, (D) EHPHB2 and (B-D) F-actin of epithelial 
monolayer on Matrigel®-coated polycarbonate membranes cultured for 10 days. Yellow 
arrowheads indicate crypt-like regions. The inset panel in B, C and D corresponds to 
zoomed images of the crypt-like regions. Scale bars: 100 µm. 

 

Figure 4. (A) Representative bright field images of epithelial monolayers grown on 
Matrigel®-coated polystyrene plates and cultured with regular ENR_CV crypt medium, 
ISEMF_CM supplemented with ENR_CV, and ISEMF_CM supplemented with ENR_CV 
and Wnt3a after 5 days of culture. Black dashed line marks the epithelial border. Scale 
bars: 100 µm. (B) Graph showing the percent surface coverage for each condition. Mean 
values were calculated by measuring 12 randomly selected regions from bright field 
images obtained from three different samples for each condition (n = 3). The surface 
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coverage values were found to be 24,0% ± 4,1%, 50,0% ± 13,3%, and 69,6% ± 2,7% for 
media containing ENR_CV, ISEMF_CM + ENR_CV and ISEMF_CM + ENR_CV + 
Wnt3a, respectively. The data were represented as mean ± standard deviation 
(Student’s t-test, *p<0,05). (C) Fluorescence of F-actin and nucleus of the monolayers 
cultured in transwell setup under asymmetric administration of ISEMF_CM + ENR_CV + 
Wnt3a medium at day 10 and day 20. Left panel shows the F-actin staining of the entire 
sample surface and right panel shows F-actin and nucleus staining at a higher 
magnification. Scale bars: 1 mm (left panel); 100 µm (right panel). (D) Graph showing 
the percent surface coverage calculated from the entire surface of the samples. Six 
samples were analyzed for day 10 (n=6) and four samples for day 20 (n=4). The surface 
coverage values were found to be 93,9% ± 1,8% and 96,6% ± 1,5% for day 10 and day 
20, respectively. The data were represented as mean ± standard deviation (Student’s t-
test, *p<0,05). 

 

Figure 5.  (A) Immunofluoresence for GFP, Ki67 and CK20 after 10 and 20 days in 
culture. Scale bars: 100 µm. (B) Graph showing the quantification of the indicated 
markers expressed as % positive cells/ total cells at day 10 (n=3) and at day 20 (n=2) of 
culture. The data were represented as mean ± standard deviation (pairwise Student’s t-
test, *p<0,05). (C) Orthogonal sections of the epithelial monolayers stained for F-actin 
and nucleus at day 10 and 20. Scale bars: 10 µm. The average cell height was calculated 
to be 7,7 ± 1,3 µm and 10,3 ± 1,7 µm for day 10 and day 20, respectively. 10 cells were 
analyzed at randomly selected locations in a total of three independent samples (n=3) 
for each condition. The data were represented as mean ± standard deviation. (D) Graph 
showing the TEER profile of the epithelial monolayers throughout the first 20 days of 
culture. Samples from three independent experiments with technical replicas in a total of 
5 independent samples were analyzed (n=5). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 

Figure 1. 
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Supplementary Information 

 
Self-organized intestinal epithelial monolayers in crypt and villus-like domains 
show effective barrier function 
 

Gizem Altay, Vanesa Fernández-Majada, Enara Larrañaga Carricajo, Sébastien Tosi, 
Francisco Barriga, Eduard Batlle, Elena Martinez 

 

 

Characterization of Matrigel©-coated substrates 

Matrigel® staining images were acquired by a Leica SP5 confocal laser scanning 
microscope (CLSM) equipped with a 20x dry objective (NA = 0,7) and hybrid detectors. 
The laser excitation and emission light spectral collection were both optimized for GFP. 
The pinhole was set to 1 Airy unit and a stack of 22 µm (z-step of 1 µm) was acquired 
for each sample. The CLSM stacks were then all post-processed by deconvolution by a 
theoretical model of the objective (Mediacy Autoquant X3, fixed PSF, constrained 
iterative, 10 iterations). This helped mitigating the axial spread of the point spread 
function of the instrument. We analyzed three technical replicas and the thicknesses 
were estimated using ImageJ software. To assess the sample uniformity and improve 
the estimates, for each sample we analyzed 20 randomly selected intensity axial profiles, 
each of them extracted along 32-pixel thick lines, covering the whole extension of the 
stack (ImageJ TransformJ Turn + Plot profile). Since the extracted intensity profiles 
closely resembled Gaussian functions, we fitted a Gaussian plus offset function to the 
observations to estimate both the level of the background and the standard deviation of 
the function (ImageJ Curve Fitting). For each intensity profile, an estimate of the layer 
thickness was obtained as the full width at half height of the fitted Gaussian function 
(FWHM ≈ 2,355 σ). The estimates of the layer thickness at different regions were 
averaged for each sample in a total of three samples and presented as mean ± standard 
deviation. 
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Figure S1. Immunofluorescence for laminin, one of the more abundant components of 
Matrigel®, of a thin layer of Matrigel® on polystyrene plates. One representative top and 
two orthogonal views are shown. Yellow lines indicate the position from where the 
orthogonal sections were taken. Orthogonal sections were used to calculate the thin film 
thickness. Thin film thickness value (2,9 ± 0,1 µm) corresponds to the mean ± standard 
deviation of measurements obtained from 20 different regions per each sample in a total 
of three technical replicas (n=3). Scale bar: 50 µm. 
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Characterization of cell death 

 

 

Figure S2. (A) Immunostaining for Cleaved caspase-3 (CC-3) of epithelial monolayers 
after 7 days in culture showing cell death at the epithelial border. Yellow arrowheads 
mark apoptotic cells. Scale bars: 50 µm. (B) Live image sequence at day 8 of culture 
showing a cell dying at the epithelial border. Yellow arrow head point to the dying cell. 
Black dashed line marks the epithelial border. Scale bars: 50 µm.  

 

Characterization of intestinal subepithelial myofibroblasts 

 

 

Figure S3. Immunofluorescence for α-smooth muscle actin (α-SMA), and vimentin, and 
desmin of intestinal subepithelial myofibroblasts (ISEMFs) isolated from mouse colon 
lamina propria. Counterstaining was done with Hoechst 33342. Scale bars: 50 µm. 
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Abstract 

Epithelial tissues contain three-dimensional (3D) complex microtopographies that are essential for proper performance. These 
microstructures provide cells with the physicochemical cues needed to guide their self-organization into functional tissue 
structures. However, most in vitro models do not implement these 3D architectural features. The main problem is the 
availability of simple fabrication techniques that can reproduce the complex geometries found in native tissues on the soft 
polymeric materials required as cell culture substrates. In this study reaction-diffusion mediated photolithography is used to 
fabricate 3D microstructures with complex geometries on soft poly(ethylene glycol)-based hydrogels in a single step and 
moldless approach. By controlling fabrication parameters such as the oxygen diffusion/depletion timescales, the distance to 
the light source and the exposure dose, the dimensions and geometry of the microstructures can be well-defined. In addition, 
copolymerization of poly(ethylene glycol) with acrylic acid improves control of the dynamic reaction-diffusion processes that 
govern the free-radical polymerization of highly-diluted polymeric solutions. Moreover, acrylic acid allows adjusting the 
density of cell adhesive ligands while preserving the soft mechanical properties of the hydrogels. The method proposed is a 
simple, single-step, and cost-effective strategy for producing models of intestinal epithelium that can be easily integrated into 
standard cell culture platforms. 

Keywords: microengineered 3D tissue models, poly(ethylene glycol) hydrogels, photopolymerization, 3D microstructures, 
intestinal epithelium 

 

1. Introduction 

Three-dimensional (3D) microstructures such as compact 
folds, invaginations, evaginations, and wavy morphologies are 
common in invertebrate and vertebrate animals, particularly in 
epithelial tissues. These microstructures are formed during 

tissue development and are key to their proper functioning. In 
the small intestine, crypts and villi provide the tissue with a 
large surface area. This increases the volume and residence 
time of the fluids trapped between villi, improving its 
absorbance function. In addition, 3D microstructures provide 
an oxygen depleted microenvironment for the microbiota and 
compartmentalize the multiple cell types composing the 
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tissue. Villi are finger-like protrusions, 0.2-1 mm in height, 
100-200 m in diameter, and have a density of 20-40 villi  
mm-2 [1–3]. Despite its physiological relevance, this 3D 
complex architecture is omitted in standard in vitro models of 
the small intestine. Conventional models are based on flat 
monolayers of cell lines such as Caco-2 cells, grown on filter 
supports that provide separate access to the luminal and 
basolateral side of the monolayer. These conventional two-
dimensional (2D) models have been essential as screening 
tools for drug development, but recent publications 
demonstrate that the predictive capacity of current preclinical 
assays is not optimal [4]. Improved in vitro models rely on 
providing cells with a more physiologically realistic 
environment, including tissue architecture, cell-matrix 
interactions and biomimetic chemical and mechanical 
signaling [4–8]. Hydrogels have been proposed as alternative 
cell culture substrates. They are hydrophilic polymers with 
high water content and they provide a friendly environment 
for cell growth and differentiation. They also have a broad 
range of mechanical properties compatible with soft tissue 
microenvironments (< 50 kPa). This level of softness, 
however, hampers 3D hydrogel shaping to simulate the 
topographies found at the tissue level. The main limitation is 
the difficulty in microfabricating soft materials with complex 
3D geometries, high aspect ratio and curvature using efficient 
and simple methods which could be routinely implemented in 
standard assays. Microfabrication techniques such as 
conventional replica molding and direct printing are typically 
restricted to the fabrication of low to medium aspect ratio 
microstructures with perpendicular walls [9]. Several 
variations of replica molding techniques including the use of 
laser ablation and sacrificial molds can produce soft 3D 
microstructures [9,10]. These procedures use complex 
equipment and multiple fabrication steps to overcome the 
difficulties in demolding the soft microstructures. 
Photopolymerization-based microfabrication techniques such 
as photolithography, soft lithography or stereolithography are 
well established to produce microstructures without the need 
for molding and demolding steps. While stereolithography 
requires sophisticated optical set ups and it is based on layer-
by-layer photopolymerization [11], conventional 
photolithography is a much more simpler technique that has 
been widely used for micropatterning in various fields. 
Typically, it is based on the crosslinking of a photoresist 
through a 2D photomask with a desired pattern upon exposure 
to collimated UV light. Photolithography has been 
traditionally used to produce microstructures  with simple 
geometries on hydrogels of synthetic polymers such as poly(2-
hydroxyethyl methacrylate) and polyethylene glycol (PEG) 
derivatives [12–14]. Shim et al. demonstrated the suitability 
of the photolithography technique for producing 3D 
microstructures with complex morphologies on hard 
photocurable resins that undergo free radical polymerization  

[15,16]. This was done by establishing controlled oxygen 
gradients within the polymerization set up. The Damköhler 
number, Da, (ratio of characteristic oxygen diffusion to 
oxygen depletion times) controls the polymerization reaction. 
When Da ~ 1, which can be achieved by including a source of 
oxygen in the polymerization system, objects with conical 
shapes can be formed [15,16]. 

In this study, we propose to exploit the potential benefits of 
reaction-diffusion mediated photolithography in the 
production of 3D cell culture substrates for biomedical 
applications. For this purpose, we demonstrate that by the 
proper tuning of the polymer composition and the fabrication 
parameters we can faithfully mimic the 3D architecture of the 
small intestinal epithelium in soft synthetic hydrogels. We 
used a system design in which the Damköhler number 
significantly changes with the distance to the polymerization 
light source. Through this strategy, we demonstrate that villi-
like microstructures of anatomic and predictable dimensions 
can be easily fabricated using poly(ethylene glycol) diacrylate 
(PEGDA) polymer. The reaction-diffusion process is not 
straightforward when applied to create complex 3D structures 
on soft hydrogels from solutions with low polymer 
concentrations. In diluted solutions, the free radical 
polymerization proceeds longer, and the diffusion of the 
radicals into unexposed regions leads to uncomplete 
crosslinking at the boundaries between polymerized and 
unpolymerized material [17]. The crosslinking density affects 
the mechanical properties of the material, and therefore the 
cellular adhesion and response [18]. To gain control on cell-
surface interactions, it is crucial to accurately control the 
properties at the boundaries. Copolymerization is an attractive 
technique as a route to functionalize polymers with tunable 
properties. The copolymerization of PEGDA with acrylic acid 
(AA) has been shown to tune hydrogel properties such as 
crosslinking density and swelling behavior [19,20]. In the 
presence of oxygen, AA affects the termination rate of the free 
radical polymerization [21], leading to a confinement of the 
crosslinking volume and therefore minimizing the tacky 
surfaces resulting from incomplete poplymerization. 
Moreover, the copolymerization of PEGDA with AA provides 
the material with carboxylic groups that allow the controlled 
immobilization of cell adhesive ligands. Synthetic polymers 
such as PEGDA have advantages over natural polymers. 
These include adjustable mechanical properties and non-
biodegradability to withstand long term cell culture conditions 
[22]. However, PEGDA-based hydrogels are intrinsically 
nonadhesive for cells and their bioactive modification is 
essential for cell culture applications. Bioactive hydrogels are 
usually obtained by copolymerization with extracellular 
matrix (ECM)-based peptides or proteins that have been 
previously chemically modified with reactive groups such as 
acrylates [23,24]. In our approach, the copolymerization of 
PEGDA-AA allows the covalently immobilization of 
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unmodified ECM proteins and renders the material suitable for 
cell culture (Figure 1(a)). By adjusting the amount of AA, the 
ligand density on the material can be fine-tuned while 
preserving the soft mechanical properties of the hydrogels. 

The 3D villi-like scaffolds were successfuly fabricated onto 
porous filter membranes allowing the monitoring standard 
functional properties of the intestinal cell barrier such as its 
integrity and permeability. Caco-2 cells seeded on the 3D 
scaffolds formed monolayers of differentiated enterocytes 
with transepithelial electrical resistance (TEER) values that 
were significantly closer to in vivo values than conventional 
cell monolayers. These results demonstrate that this moldless 
microfabrication technology is an easy-to-use tool that can 
faithfully replicate 3D microtopographies at the tissue level in 
soft hydrogels. It can provide cells with a more realistic 
microenvironment, including cell-to-matrix interactions and 
proper chemical and mechanical signaling, while remaining 
compatible with standard cell characterization techniques. 

 

2. Materials and methods 

2.1 Materials 

Poly(ethylene glycol) diacrylate (PEGDA) (Mn 6000 g 
mol-1), 2-Hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure D-2959) photoinitiator, (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride)  (EDC), N-Hydroxysuccinimide (NHS), 
Acrylic acid (AA) and Hank’s Balanced Salt Solution (HBSS) 
were purchased from Sigma-Aldrich. Phosphate buffered 
saline (PBS) and BupH MES buffered saline were from 
ThermoFisher. Polydimethylsiloxane (PDMS) Sylgard 184 
was from Dow Corning. Collagen type I, fibronectin and 
laminin were from Sigma-Aldrich. Fluorescein-isothiocyanate 
(FITC) dextran of 4 kDa (FD4) was from Sigma-Aldrich. 
Streptavidin Texas Red® was from ThermoFisher. 
Fluoromont-G mounting solution was from SouthernBiotech. 

2.2 Fabrication of PEGDA-AA villi-like scaffolds 

A chip fabricated with 1 mm thick PDMS stencil containing 
an array of pools on a black coated polystyrene support was 
used for hydrogel UV polymerization (Figure S1). Briefly, 
PDMS prepolymer was prepared at a ratio 10:1 w/w with the 
curing agent. The prepolymer solution was casted between 
two flat poly(methyl methacrylate) sheets spaced 1 mm apart 
and cured for 24 h at room temperature. Pools, either 6.5 or 10 
mm in diameter, were punched, and two inlets and channels 
connecting them were carved, with a 1.5 mm punch and a 
scalpel, respectively, to introduce the hydrogel solution 
(Figure 1(b)). Silanized glass coverslips of 12 mm in diameter 
or Tracketch® polyethylene terephthalate (PET) membranes 
of 5 µm pore size (Sabeu GmbH & Co) were then used to 
cover the tops of the PDMS pools. Prepolymer solutions 

containing 6.5% w/v PEGDA, 0 to 1.2% w/v AA, and 1% w/v 
Irgacure D-2959 were dissolved in PBS at 65 ºC for 1 h, 
filtered and flown into the chip. Villi-like micropillars were 
fabricated by placing patterned photomasks on top of the glass 
coverslips or porous membranes. Photomasks had pattern 
designs consisting of arrays of circular UV-transparent 
windows 50 µm in radius at a density of 25 windows mm-2. 
These were designed using AutoCAD software (Autodesk) 
and printed on acetate films (CAD/Art Services Inc.). Pattern 
dimensions were selected to match the structures found in 
small intestinal tissue [1,3]. UV light exposure was performed 
in a MJBA mask aligner (SUSS MicroTech), using a power 
density of 25 mW cm-2 measured at 365 nm wavelength 
(SUSS MicroTech). Prepolymer solutions were exposed for 
60 to 220 s to form the micropillars. After UV exposure, 
unreacted polymer and photoinitiator were washed out with 
PBS. When required, hydrogel disc samples were also 
fabricated by light flood exposure, without photomask. 
Samples were kept submerged in PBS at 4 ºC for at least three 
days to reach equilibrium swelling. During the swelling 
period, PBS was exchanged every day to remove 
uncrosslinked polymer molecules. After swelling, cross-
sections of microstructured hydrogels were obtained using a 
scalpel. Sample cross-sections were imaged by bright field 
microscopy using a Nikon Eclipse Ts2 instrument to 
determine their morphology and dimensions (Figure S2). The 
morphology of the microstructured scaffolds was also 
assessed by scanning electron microscopy (SEM). Samples 
were sequentially dehydrated in ethanol followed by critical 
point drying (K850, Quorum technologies). Samples were 
then imaged by SEM (NovaTM NanoSEM 230, FEI). 

2.3 Assembly of PEGDA-AA hydrogels on modified 

Transwell® inserts 

PEGDA-AA hydrogel scaffolds, fabricated on porous PET 
membranes, were mounted on standard 24-well polycarbonate 
Transwell® filter inserts (Corning Costar) using double-sided 
pressure-sensitive adhesive (PSA) rings (Adhesives Research) 
(Figure S3). The inserts form two compartments (apical and 
basolateral) that mimic the luminal and stromal parts of the 
intestinal tissue barrier. Briefly, the standard polycarbonate 
(PC) membrane from the Transwell® inserts was carefully 
removed with a scalpel and replaced by the PET membrane 
containing the hydrogel on top and then fixed by the double-
sided PSA ring. Immediately after, pressure was applied for 
15 min at RT to assure proper sealing. Then, a drop of sterile 
PBS buffer supplemented with 10% v/v 
penicillin/streptomycin and 1:500 Normocin (InvivoGen) was 
added on top of the hydrogels to prevent them from drying. 
Later, extra 200 L and 600 L of the same PBS buffer 
solution were added to the apical and basolateral Transwell® 
cavities, respectively, and the inserts were stored at 4 ºC until 
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further use. All the assembly process was performed under 
sterile conditions. 

2.4 Characterization of PEGDA-AA hydrogels 

The copolymerization of PEGDA-AA was characterized by 
Fourier-transform infrared spectroscopy (FTIR) in a Nicolet 
iS 10 instrument (ThermoFisher Scientific), using an ATR 
diamond and a DTGS detector. Hydrogel discs (12 mm 
diameter, 2 mm height.) were prepared from prepolymer 
solutions of 10% w/v PEGDA and AA concentrations ranging 
0 to 1.2% w/v. Hydrogels were polymerized for 300 s to 
ensure full crosslinking. All samples were rinsed with Milli-Q 
water and allowed to dry for 24 h in a vacuum desiccator 
before being analyzed by FTIR. Scans in the range of 500-
4000 cm-1 were performed with a resolution of 4 cm-1. Spectra 
reported correspond to the average of 16 scans. To determine 
the effects of acrylic acid on the mechanical properties of the 
samples, hydrogel discs (10 mm diameter, 2 mm height) were 
obtained by polymerizing solutions of 6.5% w/v and AA 
concentrations ranging from 0 to 1.2% w/v for 150 s. 
Hydrogels were allowed to reach equilibrium swelling for 3 
days in PBS. After swelling, sample diameters differed among 
them, so swollen hydrogels were punched to obtain 10 mm 
diameter samples. Stress-strain curves in compression were 
recorded with a Zwicki Z0.5TN machine (Zwick-Roell). To 
avoid drying of hydrogels, a few drops of PBS were added just 
before the beginning of each measurement. Stress-strain 
curves were obtained with a speed of 2 mm min-1, limiting the 

strain rate to 1% min-1 and the maximum strain to 10% [25]. 
An initial load of 5 mN was applied to promote the adequate 
contact between the hydrogel and the compression plates. The 
Young’s modulus of the samples was calculated as the slope 
of the linear part of the stress-strain curves. Since the height 
of each hydrogel was also recorded from the mechanical 
testing, this was used to determine the swelling ratio [23]. The 
height of each hydrogel after swelling was compared with its 
height immediately after fabrication. 

 

2.5 Functionalization of PEGDA-AA villi-like scaffolds 

with cell adhesive proteins 

After swelling, PEGDA-AA hydrogels were functionalized 
with laminin or collagen type I via a EDC/NHS mediated 
coupling. Specifically, the carboxylic groups of PEGDA-AA 
hydrogels were activated with a solution containing 25 mM 
EDC and 50 mM NHS in MES buffer (0.1 M, pH 4.7) for 30 
min at room temperature. Hydrogels were then washed with 
PBS and further reacted with 0.01% w/v collagen type I or 50 
g mL-1 laminin solution overnight at 4ºC. The hydrogel 
activation and further protein functionalization were 
characterized by FTIR as previously described. 

To determine the effects of AA concentration on the ligand 
density of the hydrogels, discs (10 mm diameter, 1 mm height) 
were prepared from solutions of 6.5% w/v PEGDA and AA 

  

 
Figure 1. Dynamic photopolymerization approach for single-step, moldless microfabrication of villi-like hydrogel scaffolds. 

(a) Scheme for copolymerization of PEGDA and acrylic acid (AA) in the presence of the photoinitiator with UV radiation. (b) 
Schematic illustration of the single-step photolithography process. The substrate can be a cover glass or a porous membrane 
(c) Oxygen effects create dynamic polymerization conditions on the fabrication process. Left: Schematic illustration of the 
convolution of the attenuation of light (violet arrows) and the diffusion of oxygen along the vertical axis z. Dashed line indicates 
the boundary of the photomask window. Right: Plot of Damköhler number as a function of the vertical axis z varying the 
photomask window diameters. (d) SEM images of hydrogel microstructures fabricated on a porous membrane (pores are seen 
at the base due to sample preparation process). Left: Scale bar = 200 m. Right: Scale bar = 100 m. 
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concentrations ranging from 0 to 0.6% w/v upon 150 s of UV 
irradiation. Samples were activated with EDC/NHS as 
described above and functionalized with Streptavidin Texas 
Red® (0.05 mg mL-1). Hydrogels were mounted with 
Fluoromont-G and imaged with a Leica TCS SPE confocal 
microscope. Discs prepared with a AA concentration of 0.9% 
w/v were used to test the stability of the protein 
functionalization to rinsing and storage time. Samples were 
rinsed one to 10 times and their fluorescence was evaluated by 
fluorescence microscopy. Analogously, samples were stored 
at 4 ºC in PBS for 1 to 7 days, exchanging PBS solution every 
day, and their fluorescence was monitored over the storage 
time. 

2.6 Cell culture 

Caco-2 cells (ATCC® HTB-37™) from passages 74 to 80 
were expanded and maintained in 75 cm2 flasks in high 
glucose DMEM (Gibco, Thermofisher), supplemented with 
10% v/v fetal bovine serum (FBS) (Gibco, Thermofisher), 1% 
v/v penicillin/streptomycin (Sigma-Aldrich) and 1% v/v of 
non-essential amino acids (Gibco, Thermofisher). Cells were 
maintained in an incubator at 37ºC and 5% CO2, changing 
medium every two days and passaged weekly. Cells were 
seeded either on the hydrogels fabricated on coverslips at a 
density of 5x105 cells cm-2, or on the hydrogels mounted on 
the modified insert at a density 2.5x105 cells cm-2. The surface 
area of the villi-like hydrogels was estimated using the 
formula for the area of a truncated cone without base (see 
Supporting Information). Control experiments were 
performed on cells cultured in standard 24-well polycarbonate 
Transwell® filter inserts (0.33 cm2 growth area, 0.4 m pore 
size) at a density of 1.5x105 cells cm-2. Cells were cultured for 
21 days, exchanging media every other day. 

2.7 Barrier integrity assessment 

The intestinal epithelium forms a hihgly selective tissue 
barrier. The tissue barrier integrity formed by the Caco-2 cells 
cultured on the villi-like hydrogel scaffolds was monitored 
during cell culture using an standard approach. Hydrogel 
samples fabricated on porous membranes were mounted on 
Transwell® inserts and Caco-2 cells were cultured on them. 
The transepithelial resistance (TEER) between the two 
compartments formed by the inserts was measured every other 
day with a EVOM2 Epithelial voltohmmeter with STX3 
electrode (World Precision Instruments). Measured resistance 
values were corrected by substracting the resistance of the 
membrane and the hydrogel. TEER values were normalized 
by the total surface area of the cell monolayer, which 
significanlty differ from 2D and 3D cell culture systems.  
After 21 days, drug permeability studies using FITC-dextran 
of 4.4 kDa (FD4) as a tracer were performed to monitor the 
paracellular transport through the tight junctions. Briefly, cells 

were carefully washed with HBSS buffer prior to adding 200 
L of test compound at a concentration of 0.5 mg mL-1 to the 
apical and 600 L of HBSS buffer to the basolateral 
compartments. Throughout the experiment, cells were 
incubated at 37 ºC on a horizontal shaker at 50 rpm. Samples 
were withdrawn from the basolateral compartment at specific 
time points during 3 h followed by buffer replacement. 
Retrieved samples were then transferred to a 96-well black 
plate and their fluorescence was read on the Infinite M200 
PRO Multimode microplate reader (Tecan) at 495 nm 
excitation and 520 nm emission wavelengths. The apparent 
permeability coefficient (Papp) was calculated by the following 
equation,  

 
𝑃𝑎𝑝𝑝 =  

𝑑𝑄

𝑑𝑡
·  

1

𝐴·𝐶0
   

 
where dQ/dt is the flux, A the area of the filter insert, and 

Co the initial donor concentration of the test compound. The 
steady state flux was used for calculation of the Papp value. All 
experiments were done in triplicate. As a control, the flux 
through the hydrogels without cells was also measured to 
assure that the hydrogel was not limiting the permeability of 
the tracer.  

2.8 Cell polarization assessment 

Cells on the intestinal epithelium are characterized by their 
columnar shape and polarization, with the apical and 
basolateral compartments separated by tight junctions. Cell 
polarization was studied through the immunostaining of 
nuclei, filamentous actin (F-actin), and epithelial cell markers 
(ZO-1, β-catenin, and villin). After 21 days of culture, cells 
were fixed with 10% neutral buffered formalin solution 
(Sigma-Aldrich) at RT for 30 min, permeabilized with 0.5% 
Triton-X and blocked with 1% bovine serum albumin (BSA) 
and 3% donkey serum. Primary antibodies were used against 
ZO-1 (ab190085, Abcam, UK) (2 g mL-1), β-catenin 
(ab2365, Abcam) (5 g mL-1) and villin (ab201989, Abcam) 
(1 g mL-1). The incubation was performed for 2 h at RT and 
overnight at 4°C. Then, samples were incubated with 
secondary antibodies and/or Alexa Fluor® 568 Phalloidin 
(ThermoFisher Scientific) for 2 h at RT. Anti-goat Alexa 568 
(A11057, ThermoFisher Scientific), anti-rabbit Alexa 647 
(Jackson Immunoresearch) and anti-mouse Alexa 488 
(A21202, ThermoFisher Scientific) were used at 2 g mL-1. 
Finally, samples were incubated with a 1:5000 dilution of 
DAPI (ThermoFisher Scientific) for 15 min.  

Cell polarization was also assessed by analyzing nuclei 
elongation and orientation with respect to the surface of the 
villi-like microstructures. Confocal microscopy images of 
cells cultured for 21 days on either villi-like scaffolds or 
conventional Transwell® inserts were used for this purpose. 
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Results were compared with data obtained from images of 
histological cross sections of human small intestine [26]. Villi-
like hydrogels were mounted on a 1 mm high PDMS holder to 
preserve microstructures morphology during image 
acquisition. Samples were imaged using confocal laser-
scanning microscopes (TCS SPE or SP2, Leica 
Microsystems), acquiring z-stacks at 1 µm intervals. Images 
were processed by Image J software [27]. The image threshold 
was adjusted to individually identify cell nuclei and surface 
contour. Then, images were converted to binary values and 
nuclei were fitted to ellipses. Nuclei elongation was 
determined as the ratio between the major and the minor 
ellipse axis. Nuclei orientation with respect to the surface was 
computed by cell orientation index, which ranges between 1, 
when the major ellipse axis are normal to the surface 
(polarized cells), and -1, when they lay parallel to the surface 
(non polarized cells). 

2.9 Data analysis and statistics 

Graphs were plotted using OriginPro 8.5 software. In the 
case of normal distributions, differences between groups were 
compared using ANOVA. Non-parametric analyses were 
performed using the Mann-Whitney U and Kruskal-Wallis 
tests. The tests performed are specified in the respective figure 
legends. Differences were considered statistically significant 
when p < 0.05. 

 

3. Results 

3.1 Controlled growth of high-aspect ratio, villi-like 

microstructures on soft hydrogels 

Free radical polymerization can produce polymeric 
microstructures with complex and well-defined shapes by 
controlling the dynamics of the polymerization reaction and 
establishing oxygen gradients within the system [14–16]. 
Molecular oxygen inhibits radical induced polymerization 
because of its high reactivity with radicals, forming peroxide 
molecules that terminate the reaction [28]. For polymerization 
to take place, the concentration of oxygen needs to be locally 
depleted, so monomers can successfully compete with 
molecular oxygen for the scavenging of the initiator radicals 
[28]. If the system has a source of oxygen, this will diffuse 
towards the regions with lowered concentrations. When the 
timescale of oxygen diffusion is comparable to that of oxygen 
depletion produced by the termination reaction, the 
photopolymerization will stop, even if it has already been 
initiated [29]. Because of high surface-to-volume ratios, the 
inhibition of photopolymerization reactions is aggravated on 
the microscale [14]. To account for the relevance of oxygen 
diffusion within such systems, the so-called Damköhler 
number, Da, can be used. Da accounts for the ratio between 

the characteristic timescales involved in oxygen diffusion and 
oxygen depletion processes [15,16]. The characteristic oxygen 
diffusion time, diff, depends on the oxygen diffusion 
coefficient within the polymer, D0, and the size of the 
microstructures to be fabricated, which is defined by the radius 
of the transparent windows of the 2D photomask, R. The 
timescale of oxygen depletion, depl can be estimated from the 
initial oxygen molar concentration in the solution, [O2]0, and 
the rate of radical formation, which depends on the 
photoinitiator properties  (quantum yield of radical 
production) and  (molar extinction coefficient), the 
photoinitiator molar concentration [PI] and the intensity of 
UV light I [15]. Da can be then calculated as: 

 

𝐷𝑎 =  
𝜏𝑑𝑖𝑓𝑓

𝜏𝑑𝑒𝑝𝑙
=  

𝑅2/𝐷0

[𝑂2]0/𝜑𝜀[𝑃𝐼]𝐼
     

 
Depending on the Da value, Shim et al. [15] identified three 

growth pathways for polymeric microstructures. When Da 
>>1, growth does not depend on oxygen diffusion, the 
diameter of the microstructures is always equal to the 
transparent windows of the photomask, and the height of the 
microstructures can be controlled by the UV light irradiation 
time. When Da ~ 1 and the system is closed to oxygen, the 
microstructures will grow in laterally along the central axis of 
the transparent windows while maintaining height during 
growth (limited to the thickness of the container of the 
polymer solution). When Da ~ 1 and the system is open to 
oxygen on one of its surfaces, conical microstructures that 
maintain their height during growth are obtained [15,16]. In 
our experimental set-up (Figure 1(b)), the height of the 
container is significant. Due to the absorbance of light 
intensity by the photoinitiator, which can be estimated from 
the Beer-Lambert law, Da will change along the vertical axis 
(distance to the ligth source), z, as: 

 

𝐷𝑎 (𝑧) =  
𝑅2/𝐷0

[𝑂2]0/𝜑𝜀[𝑃𝐼]𝐼 ·𝑒𝑥𝑝(−2.303𝜀[𝑃𝐼]𝑧)
    

 
For masks of R = 50 µm, a value that matches the anatomic 

dimensions of small intestinal villi microstructures, PEGDA 
hydrogels (D0 = 1 x 10-10 m2s-1, [O2]0 = 1 mol m-3), [14] 
maximum light intensity (centered at  = 313 nm), I = 9.75·10-

4 mol m-2s-1, and 1% w/v of Irgacure 2959 solution as 
photoinitiator ( = 0.29, and  ( = 313 nm) = 40 m2 mol-1) 
[30], Da significantly changes with z (Figure 1(c)). Because 
our set-up is open to oxygen due to the PDMS pools and 
polystyrene support, distinguishable growing pathways were 
expected for different z values. However, while the absence of 
photomask rapidly produced the full polymerization of the 
polymer solution (Da ~ 104 for containers 6 mm in diameter),  
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Figure 2. Effect of exposure time on microstructure base 
diameter, height and morphology. (a) Cross-sections of villi-
like hydrogel scaffolds fabricated with 6.5% w/v PEGDA and 
0.3% (w/v) AA and exposed for 80 to 160 s. For 
characterization purposes samples were produced on glass 
coverslips, so a flood exposure of 15 s was performed to hold 
them together. (b,c) Hydrogel total height and tip diameter as 
a function of exposure time. Mean ± SD, n > 12. Scale bar = 
100 m 
 
the presence of the photomask with 50 m radius light 
windows produced finger-like micropillars of high aspect-
ratio (Figure 1(d)). The height of the micropillars can be 
controlled by tuning a single parameter, the exposure time and 
micropillars up to 600 m, corresponding to aspect ratios 1:6 
(width: height) can be obtained (Figure 2). The diameter of the 
microstructures obtained was consistent with the dimensions 
of the photomask windows, and the microstructures had blunt 
tips like those found in the small intestinal tissue. We attribute 
these complex geometries to a mixture of the growth pathways 
defined by Shim et al [15]. Bottom-to-top growth seems to 
dominate for distances close to the lamp (Da ~ 10), so the 
microstructures grow in height while keeping their lateral 
dimensions to the full extent of the transparent windows of the 
mask. At greater distances, Da ~ 1, and conical shapes 
appeared. For distances above 800 m, polymerization was 
not experimentally observed, probably because Da < 1. 

3.2 PEGDA-AA copolymers allow fine tuning of 
photopolymerization reaction and ligand density 

Epithelial cells forming tissue barriers need to be polarized 
to exert their protective function. They possess an apical 
region facing the lumen, and a basolateral membrane facing 
the organ side. Cell polarity is guided by the structural features 
of the tissue and, in particular, by the epithelial basement 
membrane [31–34]. Collagen-coated membranes as well as 
collagen hydrogels are good supports for epithelial cell 
polarization [9,35]. However, collagen matrices degrade over 
time, do not allow long-term experiments [36], and are not 

photocrosslinkable. Synthetic hydrogels based on PEG 
acrylates are an attractive alternative to natural hydrogels. 
PEGDA hydrogel networks are biocompatible and chemically 
versatile, allowing the incorporation of cell adhesive proteins 
and peptides [14]. When copolymerized with AA, PEGDA-
AA networks have been used in cell culture applications, 
forming composite hydrogels with collagen [37]. In addition, 
PEGDA-AA copolymers have also been employed as 
substrates in biosensing applications [38]. 
 
We copolymerized PEGDA with different amounts of AA 
ranging from 0 to 1.2% w/v. The incorporation of AA was 
assessed by the presence of a strong absorbance peak at 1576 
cm-1 in the FTIR spectra, which is attributed to the asymmetric 
vibration of carboxyl groups, (Figure S4) [39]. Factors such as 
viscosity of the solution or the presence of oxygen may affect 
the kinetics of the reaction and the polymerization rate. The 
viscosity of PEGDA-AA solutions was not significantly 
different for solutions with increasing AA concentration 
(Figure S5). Therefore, we can presume that the diffusion of 
the species was not significantly altered. In the presence of 
oxygen, the termination rate for PEGDA was reported as 2.5 
x 103 m3mol-1s-1 [14], while the termination rate for AA 
polymerization was reported as 3.2 x 105 m3mol-1s-1 [21]. This 
increase in the termination rate had an effect on the shape of 
the microstructures. With increasing AA concentration, 
significantly shorter microstructures were obtained for 
identical exposure times (Figure 3(a)).  
 

 
Figure 3. Effect of acrylic acid content on the polymerization 
reaction and the morphology of resulting microstructures. (a) 
Cross-sections of villi-like hydrogel scaffolds fabricated with 
6.5% w/v PEGDA and varying concentrations of AA exposed 
for 120 s. For characterization purposes samples were 
produced on glass coverslips, so a flood exposure of 15 s was 
performed to hold them together. (b,c) Hydrogel total height 
and tip diameter as a function of AA concentration. (d,e) 
Hydrogel swelling ratio H and Young’s modulus (E) of 
PEGDA-AA hydrogels as a function of AA content. Mean ± 
SD, n > 5. Scale bar = 100 m. 
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The total height of the pillars decreased from around 600 m 
to 240 m when AA was increased to 1.2% (w/v) (Figure 
3(b)). The finger-like shape of the structures was maintained, 
but the tip became sharper, especially with the highest AA 
concentration (Figure 3(c)). Then, the production of samples 
with microstructure dimensions compatible with those found 
in the villi of small intestinal tissue are conditioned by the 
concentration of AA.  

The incorporation of AA allowed the fine tuning not only 
of the morphology but also of the physicochemical properties 
of the hydrogel [19]. The hydrogel swelling ratio increased 
significantly with the percentage of AA within the copolymer 
(Figure 3(d)). However, within the range of concentration 
assayed, no significant differences on the compression elastic 
modulus of the samples were observed (Figure 3(e)). All the 
elastic modulus values measured for the samples were 
consistent with values reported for intestinal mucosa [40,41]. 
Trends observed in both swelling and elastic modulus values 
are in agreement with those previously reported for PEGDA-
AA copolymers [19,42]. The increased swelling can be related 
to the increased amounts of carboxyl groups with increased 
concentrations of AA. Carboxylic groups have higher polarity 
than the ester groups in PEGDA, and draw more water into the 
crosslinked polymer network [42].  

Copolymerization with AA allowed for the covalent 
binding of extracellular matrix proteins to the hydrogel 
through a carbodiimide-mediated crosslinking reaction in the 
presence of carboxyl groups. Samples were activated by 
EDC/NHS and further incubated in a protein solution (Figure 
4(a)). FTIR spectra show that, after activation, the carboxylate 
peak of the AA, located at 1576 cm-1, disappeared due to the 
incorporation of NHS molecules through amide bonds (Figure 
4(b)). Two peaks around 1800 cm-1 appeared and these 
corresponded to the presence of NHS [43].  

After incubation with collagen I, amide bands centered at 
1550 and 1650 cm-1 were visible [44], together with a 
significant decrease in the absorbance of the NHS peaks. 
Fluorescent measurements obtained after incubation with 
streptavidin Texas Red® revealed that the functionalization 
was homogeneous along the microstructures (Figure 4(c)). 
The amount of immobilized protein increased with the amount 
of AA in the polymer solution (Figure 4(d)), which agrees 
with previously published data [38]. Fluorescent 
measurements performed after repeated washing of the sample 
and during a 7 days storage period revealed the covalent nature 
of the protein binding, as no significant differences in the 
fluorescence intensity levels were found after both procedures 
(Figure S6). Therefore, this methodology allows tuning the 
ligand density of the hydrogel by use of a single parameter, 
the concentration of the AA in the initial polymer solution. As 
an added feature, within the concentration of AA investigated, 
ligand density can be finely tuned without significantly 
affecting the mechanical properties of the sample.  

Taking these results altogether, we selected PEGDA-AA 
with an AA concentration of 0.3% w/v as the most suitable 
material to seed intestinal epithelial cells. This selection was 
based on the material that displayed the maximum number of  
covalent ligands while attaining the required dimensions for 
the villi microstructures (at least 400 m in height). 

3.3 Caco-2 cells form a polarized monolayer covering 

the villi-like microstructures fabricated in PEGDA-AA 

upon collagen functionalization 

PEGDA-AA hydrogel scaffolds were fabricated on glass 
coverslips and were functionalized with either laminin or 
collagen, since these are the main components of the epithelial 
basement membrane. Caco-2 cells were then seeded on top of 
them. Both laminin and collagen scaffolds allowed cell 
growth, although only scaffold surfaces functionalized with 
collagen were consistently covered with a cell monolayer 
within 48 h of culture. Time-lapse videos recorded 4 h after 
seeding revealed that most of the cells were initially located at 
the base of the villi microstructures and they formed a  
 

 
 
Figure 4. Functionalization of PEGDA-AA hydrogels with 
ECM proteins. (a) Scheme of the hydrogel functionalization 
through the EDC/NHS coupling reaction. (b) Detailed FTIR 
spectra acquired after each step of the functionalization 

process. PEGDA hydrogel in black, PEGDA-AA hydrogel in 
red, EDC/NHS activated hydrogel in blue, and collagen-
functionalized hydrogel in green. (c) Confocal projection of 
microstructured PEGDA-AA hydrogel functionalized with 
Streptavidin-Texas Red. (d) Fluorescence intensity of 
hydrogels as a function of AA concentration after 
functionalization with Streptavidin-Texas Red. Mean ± SD, n 
= 5. Scale bar = 100 m. 
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Figure 5. Caco-2 cell culture on PEGDA-AA villi-like 3D scaffolds. (a) Sequential frames from time-lapse microscopy of 
Caco-2 cells migrating upwards along the PEGDA-AA micropillars. (b) Top view brightfield image and (c) confocal projection 
of Caco-2 cells grown on the 3D scaffolds for 21 d. (d) Detailed cross-sections of a representative Caco-2 cell covered 
micropillar. Nuclei are shown in blue and F-actin is shown in green. Scale bars: a = 150 m; b and c = 200 m; d = 50 m. 

 

 
Figure 6. Caco-2 cell polarization characterization. (a) Confocal images of Caco-2 monolayer formed on the 3D scaffold 
showing the nuclei in blue, ZO-1 in red, villin in green and b-catenin in cyan. (b, c) Nuclei elongation and orientation analysis. 
The nuclei aspect ratio and cell orientation index from Caco-2 cells grown for 21 d in conventional Transwell® or in the 
PEGDA-AA villi-like 3D scaffolds are compared with the nuclei from a histological cross-section of a native small intestine 
[26]. For the boxplots, the bar shows the median, and the upper and lower boxes represent the 75% and 25% of the data, 
respectively. The whiskers extend to the 5% and 95%. n = 140. Scale bar = 10 m. 
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migrating front that climbed up the walls of the villi until the 
structure was fully covered (Figure 5(a), Supplementary 
movie M1). After 14 days, cells displayed morphological 
characteristics of a polarized columnar epithelium along all 
heights of the villi microstructures, with the presence of F-
actin accumulation at the apical-side of the cells (brush 
border) (Figure 5(b-d)). After 21 days of culture, cells 
expressed epithelial cell markers such as villin, which 
characterize microvilli formed in the apical side, zonula 
occludens-1 (ZO-1), found in tight junctions, and -catenin, 
which is found in the basolateral cell membranes, at the proper 
locations (Figure 6(a)).  

Polarized cells in columnar epithelia are also characterized 
by elongated cell nuclei, which are oriented perpendicular to 
the tissue surface.[1] Therefore, cell polarization was also 
assessed by analysis of nuclei morphology and nuclei 
orientation with respect to the surface of the microstructures. 
These data were then compared to data obtained from 
histological images of villi in human tissue and cells cultured 
on standard Transwell® membranes. Cell nuclei were 
significantly more elongated on the cells grown on the 3D 
scaffolds compared to the cells grown on porous 
polycarbonate membranes (Figure 6(b)). In addition, cell 
nuclei were also oriented closer to surface perpendicularity on 
the 3D scaffolds than on cells cultured on conventional 
substrates (Figure 6(c)). Overall, cells displayed improved 

polarization morphology on the 3D scaffolds when compared 
with standard culturing methodologies based on porous filter 
membranes in Transwells®. Similar experiments were 
performed with the MDCK cell line, which also successfully 
formed a monolayer after 14 d of culture (Figure S7), thus 
extending the usefulness of PEGDA-AA copolymers to other 
epithelial cell models. 

3.4 Caco-2 cells form a functional tissue barrier on the 
synthetic PEGDA-AA villi-like microstructures 

PEGDA-AA hydrogel scaffolds were fabricated on porous 
PET membranes and mounted on standard Transwells® 

(Figure S3). Membranes with pore sizes of 5 µm diameter 
were used to minimize undesired absorbance and scattering 
effects interfering with the polymerization process that were 
observed with membranes of smaller pore size and/or 
polycarbonate material. When using these membranes and 
comparing them to samples fabricated on glass coverslips 
used for characterization purposes, the light intensity through 
the membrane was reduced by 40%. This attenuation of the 
UV light intensity significantly affected the microstructure 
morphology. For the same exposure time, the micropillar 
height was reduced from 400 to 140 m (Figure 7(a)).  

 

 
 
Figure 7. Assembly of 3D scaffolds on modified Transwell® inserts. (a, b) Effect of PET membrane absorption on 
microstructure morphology compared to glass coverslips used for characterization purposes. PEGDA-AA hydrogels were 
exposed (a) 120 s for the pillars (plus 15 s of flood exposure to hold pillars together), or (b) 205 s in a single exposure, with or 
without PET membrane. With the PET membranes, self-standing and joined pillars were obtained in a single fabrication step. 
(c) Top view of the Caco-2 cell culture on the PEGDA-AA villi-like 3D scaffold assembled on a modified Transwell® insert. 
(d, e) TEER measurements and permeability of FITC-dextran 4 kDa in epithelial monolayers grown on conventional 
Transwell® (black) or in PEGDA-AA villi-like 3D scaffolds (red). Mean ± SD, n = 4. Scale bars: a and b = 100 µm; c = 1 mm. 
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Therefore, the fabrication parameters were optimized to 

account for the membrane absorption. Due to the light 
scattering effects produced by the membrane, scaffolds 
containing micropillars 475 ± 23 m high joined through a 
supporting base, were obtained in a single exposure process 
(Figure 7(b)). 

TEER measurements provide information about the 
integrity of the monolayer of polarized cells and were 
recorded as a function of the cell culture time. TEER values 
steadily increased with culture time for both the cells seeded 
on the 3D scaffolds and the standard monolayers cultured on  
porous filter membranes (Figure 7(c-d)). This behavior is 
attributed to the proper formation of a monolayer that is 
functional as a tissue barrier. TEER values for the cells 
cultured on the 3D scaffolds were significantly lower than 
those for the Transwell® control for all of the time points 
tested. In particular, at 21 days of culture, TEER values of 3D 
scaffolds were reduced by 10-fold with respect to flat 
monolayers on porous filter membranes, suggesting that the 
tight junctions are affected by the 3D topography and on the 
3D scaffolds their behaviour approaches in vivo 
measurements.. The permeability of the paracellular model 
compound FD4 was significantly higher in the 3D scaffolds 
(Figure 7(e)). The PEGDA hydrogel did not influence the 
Papp measurements. PEG-based hydrogel scaffolds are 
characterized by a high porosity and hydrophilicity. 
Specifically, hydrogels fabricated with 5% (w/v) PEGDA 6 
kDa have an average mesh size of 14 nm [45], therefore the 
scaffold does not represent a barrier to diffusion of molecules 
such as FD4, with an average diameter of 2.8 nm.  

These results are consistent with previous 3D models of the 
intestinal epithelium [36,46,47], where cells grown on 3D 
surfaces showed increased leakiness and had TEER values 
closer to those found in vivo. 

4. Discussion 

Tissue equivalents providing cells with a more 
physiologically relevant microenvironment are in demand for 
both clinical and in vitro testing applications. It is widely 
recognized that including cell-to-cell and cell-to-matrix 
interactions, together with proper chemical and mechanical 
signaling, would benefit the functionality of such constructs 
[4,5]. However, the complex 3D architectures found in tissues 
are neglected in most engineered tissues. One of the main 
reasons limiting the use of 3D tissue microtopography when 
studying epithelial tissues is the difficulty in producing 3D 
objects of complex shapes made of soft materials (E < 50 kPa). 
Conventional microfabrication techniques are ill suited to 
deliver structures with high aspect ratios and curvature, such 
as those forming natural epithelial tissues. Methods such as 
replica molding, 3D printing and photopolymerization have 
been used to produce scaffolds with 3D topographies for 

biomedical applications [48,49]. To obtain roundish 
geometries by replica molding requires complex fabrication 
design, while avoiding problems demolding soft hydrogels 
involves the use of intermediate molds and multiple 
fabrication steps [9]. 3D printing methods are ideal candidates 
to fabricate complex shapes but are limited in resolution, and 
require the use of sacrificial materials for manufacturing soft 
structures [50,51]. Photopolymerization can be used to 
produce 3D shapes in soft materials by methods such 
stereolithography or two-photon lithography, but it requires 
the use of expensive instrumentation [11,49]. 
Photolithography using 2D photomasks is a low-cost, single-
step and parallel fabrication technique that is standardized in 
the microelectronics field. When applied to materials that 
undergo radical polymerization, complex shapes can be 
fabricated by controlling the dynamics of the polymerization 
reaction through oxygen gradients [15,16]. In this study, we 
explored this concept further and applied it to a biomedical 
setup. Through this process we obtained, in a single and 
moldless fabrication procedure, microstructures of very soft 
hydrogels (E ~ 20 kPa) with high aspect ratio (1:6), roundish 
tip contours, and the anatomical dimensions of small intestine 
villi. The simplicity and low-cost of the fabrication technique, 
which only requires a UV lamp and inexpensive acetate 
photomasks, makes it easily compatible with well-established 
cell culture systems such as Transwell® inserts. Furthermore, 
this fabrication process can be easily parallelized, obtaining 
multiple scaffolds in one single exposure.  
PEG-based hydrogels have been extensively investigated as 
synthetic scaffolds in tissue engineering applications [22]. 
PEG acrylates photocrosslink in aqueous solutions, forming 
hydrogels. PEG-derived hydrogels do not withstand protein 
adsorption, so they are functionalized with peptides or 
extracellular matrix proteins to allow for cell adhesion and 
growth. Copolymerization with AA during the crosslinking 
reaction is an easy method to introduce anchoring groups for 
cell-adhesive biomolecules. Control of PEG and AA content 
on properties such as swelling, hydrophilicity and pH 
sensitivity can be precisely adjusted [19,20]. We observed that 
the amount of AA had a strong impact on the 
photopolymerization reaction and can be used as a parameter 
to modify the polymer growth regime and, ultimately, the 
shape and dimensions of the microstructures. We have also 
determined that, within the range of AA concentrations tested, 
the density of protein ligands incorporated into the hydrogel 
can be controlled by the AA concentration while leaving the 
mechanical properties of the structure unaltered. This provides 
an ideal platform to decouple the influence of mechanical and 
chemical cues on cell behavior.  

In vitro models of the human small intestinal epithelium are 
routinely used to determine the absorption and metabolism of 
drugs and these models play a crucial role in preclinical drug 
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development. Conventional systems are based on 2D Caco-2 
cell monolayers grown on permeable membranes, and these 
systems are accepted as standard by pharmaceutical 
companies and regulatory authorities. However, they lack 
physiological resemblance and this could lead to incorrect 
predictions about drug permeability [52]. Numerous attempts, 
using a variety of materials, have been made to diminish the 
gap between the conventional 2D models and human intestinal 
epithelium. Porous poly(lactic-co-glycolic) acid (PLGA) 
scaffolds have been micromolded into villus geometries with 
high aspect ratios [47,53]. These scaffolds promote epithelial 
differentiation and absorption [54] but PLGA has mechanical 
properties outside of the physiological range (E ~ 1-2 GPa). 
On the other hand, soft collagen hydrogels can be fabricated 
using a combination of laser ablation and sacrificial molding 
technique [9,36,46] or by micromolding using PDMS moulds 
[10]. However, these collagen scaffolds are degraded before 
the cell culture period needed for complete cell differentiation 
(usually 21 days for Caco-2 cells). In addition, collagen 
scaffolds are unsuitable for testing the permeability of rapidly 
absorbed hydrophobic drugs [36]. The use of synthetic PEG-
based hydrogels overcomes limitations on cell culture time, so 
long-term cell culture experiments are feasible. In addition, 
photocrosslinkable PEGDA-AA hydrogels offer great 
versatility to match the cellular requirements of different 
epithelial tissues. PEGDA chain size and concentration can be 
used to tune the mechanical properties of the hydrogel within 
a wide range (E ~ 5 – 900 kPa) [55], while carboxylic groups 
of acrylic acid can be used to anchor other extracellular matrix 
proteins such as laminin, which is also a major component of 
the basement membrane of epithelia. Indeed, we demonstrated 
that MDCK cells can form a polarized monolayer when grown 
on laminin functionalized scaffolds. Therefore, PEGDA-AA 
copolymerized hydrogels appear to be excellent basement 
membrane surrogates for engineered epithelial tissues. 

One of the major limitations of the standard Caco-2 cell 
model is its high level of resistance, with TEER values up to 
1000  cm2 [56,57], compared to values reported for human 
intestine (12 to 69  cm2) [58]. Aberrantly increased TEER 
values in current in vitro models have been attributed to the 
colon origin of the Caco-2 cell line. While tight junctions of 
the human small intestine have average pore radius of 6-13 Å, 
Caco-2 cells display average porosities of only 5 Å [59–61]. 
However, our results, and those of other researchers, 
demonstrate that Caco-2 cell monolayers can improve their 
TEER barrier properties by adding the native tissue 
architecture [36]. This can modulate the tight barrier 
properties associated with the curvature of the structures. 
Theoretical models of epithelial folds are based on evaluation 
of intraepithelial stresses. These take into account tensions 
generated at cell-lumen, cell-cell and cell-basement 
membrane contacts and predict pronounced modulations in 
cell thickness and cell shape depending on their position along 

groove-to-crest structure axis [62]. However, in vivo leakiness 
of the tight junctions increases from the tip of the villi to the 
crypt regions in normal juvenile intestines [63]. Therefore, by 
including the 3D intestinal architecture, the functional barrier 
characteristics of standard cell lines can better mimic those 
found in vivo [36] 

5. Conclusion 

A photolithography-based process based on dynamic 
polymerization to fabricate 3D hydrogel microstructures of 
high-aspect ratio and roundish geometries resembling the villi 
structures of the small intestinal epithelium is described. 
Using a polymerization process that controls the timescales of 
oxygen diffusion and depletion along the irradiation pathway, 
we demonstrated the production of 3D complex 
microstructures in a moldless and single fabrication step. The 
dimensions of the microstructures can be easily adjusted by 
modifying fabrication parameters such as the polymer 
composition and irradiation time. In addition, by employing 
poly(ethylene) glycol diacrylate and acrylic acid copolymers, 
the ligand density of hydrogel microstructures can be tuned in 
a simple way without significantly affecting their soft 
mechanical properties. The resulting hydrogel microstructures 
effectively support the growth of epithelial cells until a mature 
and confluent monolayer is formed. The simple fabrication 
procedure facilitates its integration with standard 
characterization techniques. Microstructured hydrogel 
scaffolds were successfully integrated in a Transwell® system 
to assess the barrier properties of the biomimetic intestinal 
epithelium formed. The microfabrication technology 
described here shows great potential as a method to routinely 
incorporate 3D structures mimicking microtopographies at the 
tissue level in cell culture systems. 
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Design and development of a microarray processing station
(MPS) for automated miniaturized immunoassays
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Abstract Here we describe the design and evaluation of a flu-
idic device for the automatic processing of microarrays, called
microarray processing station or MPS. The microarray pro-
cessing station once installed on a commercial microarrayer
allows automating the washing, and drying steps, which are
often performed manually. The substrate where the assay oc-
curs remains on place during the microarray printing, incuba-
tion and processing steps, therefore the addressing of nL vol-
umes of the distinct immunoassay reagents such as capture
and detection antibodies and samples can be performed on
the same coordinate of the substrate with a perfect alignment
without requiring any additional mechanical or optical re-
alignment methods. This allows the performance of indepen-
dent immunoassays in a single microarray spot.

Keywords Automation .Microarrays . High-throughput
screening . Immunoassays . Customization

1 Introduction

Immunoassays are powerful tools in detection of disease bio-
markers, thus hold great importance in clinical diagnostics and
prognostics (Rifai et al., 2006).Many biologically informative
molecules such as cancer biomarkers and cytokines are pres-
ent at very low concentrations (Lutz et al. 2008) in complex
samples. This makes the sensitivity one of the major chal-
lenges. The enzyme-linked immunosorbent assay (ELISA)
due to dual binding of capture (cAb) and detection antibody
(dAb) to two different epitopes of the same protein better
prevents non-specific bindings and is considered as the gold
standard for biomarker validation and quantification.
However, it is a single-plexed, labor intensive technique that
requires large amounts of sample, and has an overall low
throughput (Angenendt et al. 2003). Usually ELISAs are per-
formed on well plates by manual delivery of samples and
reagents and manual emptying, drying and washing of the
wells after the corresponding incubation times.

Antibody microarrays has emerged as a high-throughput
tool for detection of proteins in biological samples in reduced
volumes and exhibit sensitivities comparable to the conven-
tional ELISA (Yu et al. 2010; Cretich et al. 2014). The perfor-
mance of miniaturized immunoassays with minimal sample
consumption by means of incubation of small droplets of
sample has been already demonstrated effective by
Angenendt and coworkers (Angenendt et al. 2003). In this
study 1 nL samples directly labeled with fluorescent dyes or
enzymes were printed onto the capture Ab spots. Another
approach is the so called antibody colocalization microarray
(ACM) strategy, which demonstrates that cross reactivity
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issue in multiplexed immunoassays could be overcome by
spotting each cAb and each matched dAb to the same spot
of the microarray (Pla-Roca et al. 2012; Li et al. 2015). Yet, all
the processing steps i.e. blocking, washing were performed
manually; therefore, alignment became a problem since the
substrate had to be taken out each time for manual processing,
with the consequent use of customized realignment systems.

Herewe propose a new technology calledmicroarray process-
ing station (MPS) which allows automatic processing of micro-
arrays and the addressing of nL amounts of reagents on the same
location of a substrate in order to perform independent miniatur-
ized immunoassays and thus increase the number of distinct
immunoassay per substrate area. The use of the MPS in combi-
nation with a commercial microarrayer allows transforming a
simple microarrayer to an immunoassay station where the assay
can be processed with no human intervention. There are some
commercial systems that perform the ELISA in an automated
manner, for instance, EVOlyzer® workstation from TECAN
(TECAN website, http://diagnostics.tecan.com/products/liquid_
handling_and_robotics/freedom_evolyzer) and SOLO-based
ELISA workstation from Hudson Robotics Inc. (Hudson
Robotics Inc. website, http://www.hudsonrobotics.
com/products/other-products/compact-solo-based-elisa-
workcell/). However, they are expensive and massive systems,
and therefore; they are required to be allocated in central labs.
Moreover, since they perform ELISA onwell plates, they require
large amounts of samples and reagents.

On the contrary, once the MPS is allocated inside the
microarrayer it holds the substrate in its place during the print-
ing of the microarray spots and then it automatically performs
all the routine processing steps that are present in any immu-
noassay, i.e. rinsing, washing, blocking and incubation with
probing reagents. This allows us to automate the performing
of miniaturized immunoassays. In this work, we describe the
design, the assembly and the testing of this fluidic device.

2 Materials and methods

2.1 MPS components description

The microarray processing station (MPS) is comprised of a
washing bowl with a washing mesa, washing and waste con-
nections, waste aspiration area, drying nozzles and reagents
and washing solutions’ sources (Fig. 1a). The washing bowl is
the recipient where the substrate is placed in order to perform
the automatic washing and drying. The washing mesa is the
area (25 mm × 25 mm) where the microarray substrate
(25 mm × 25 mm or less) is positioned and fixed with a
magnetic clamping system. The washing mesa has on both
sides waste aspiration areas with 3 drains each allowing an
efficient drain of the solutions used on the washing proce-
dures. The apertures height is adjusted such that liquids’ and

gases’ flow is directed to the substrate surface in order to
ensure efficient washing and drying processes. The maximum
height of the substrate that can be used is 1 mm (the standard
thickness of microscope glass slides) although thinner sub-
strates can be allocated. The washing bowl is made of acrylo-
nitrile butadiene styrene (ABS) and fabricated with a conven-
tional 3D printer. Fluids (the reagents and the washing solu-
tions) are pumped and gases (for the drying processes) con-
trolled thanks to peristaltic pumps and solenoid valves’ man-
ifolds respectively. The MPS controlling system actuates the
peristaltic pumps and solenoid valves’ manifolds, following
previously programmed processing routines. Completely
dried slides could be obtained after blowing gas during
2 min. This time is larger comparable with the time required
when using microarrays spin dryers, which can be of few tens
of seconds although thanks to this system substrate can be
dried in situ without moving or touching the substrate.

Peristaltic pump tubing (Tygon® tubing, ID1/8″) is con-
nected to the washing bowl using barbed connections. The
maximum flow rate that can be achieved with each peristaltic
pump (KCS peristaltic pump, Kamoer Fluid Tech) is 120 mL/
min. The peristaltic pumps are based on step motors which
allow a precise control on the peristaltic pump actuation. The
electro valves’ manifold (solenoid valves from Gems® nor-
mally close type) when actuated let the pressurized gas pass
through and reach the drying nozzles. The gas used for the
drying process can be pressurized nitrogen or pressurized air.
Gas source can be either in-line, from a bottle or from an air
compressor. The peristaltic pumps and the solenoid valves are
controlled using a microprocessor (Arduino Mega®). Other
electronic components such Arduino power shield
(Sparkfun®), peristaltic pumps’ drivers (Makerbot®), power
supplies (5 Vand 12 V), USB cable connections to the PC and
cable connections to peristaltic pumps manifold and electro
valves where required to construct the controlling electronics
system. The detailed description of the distinct components of
the MPS is given in Online Resource 1. TheMPS can be fixed
on a metallic support and placed into different models of con-
tact microarrayers and inkjet printers.

Installation of theMPS on amicroarrayer TheMPS station
is fixed to a metallic support that matches the slide tray area of
the SpotBot microarrayer fromArrayit® (Fig. 1b). The bottom
magnets of theMPS are used to fix the position of theMPS on
the microarrayer. The overview of the integrated system can
be seen in Fig. 1c. Once installed printing and washing rou-
tines can be performed inside the microarray chamber (See
Online Resources 2 and 3). The programming of the MPS is
explained in the next section and its coordination with the
printing routine of the microarrayer is explained in section 2.4.

Programming the automated routines Arduino micropro-
cessor was programmed using C++ language. The automated
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routines (steps) can be divided to: (i) system priming (filling of
the tubes), (ii) system empting (empting of the tubes), (iii)
wash and dry routines, and (iv) reagents loading and (v)
mixing. The automated routines can be set by simply sending
information of the velocity and the functioning time of the
peristaltic pumps and the opening time of the drying nozzles
(See Online Resource 4). The mixing routine is performed by
changing peristaltic pumps’ pumping sense repetitively in or-
der to induce pulsations on the flow when operating. This
pulse introduces agitations that increase the efficiency of the
incubations such as, the blocking steps.

Coordination of the microarrayer software and the MPS
actuation softwareMicroarrayer software and MPS software
run in coordination thanks to the use of Quickmacros®. This
program coordinates both of the programs externally without
the requirement of any modification of the microarray soft-
ware (see Online Resource 1).

2.2 Testing of MPS performance

Alignment of repetitive addressing of micro spotsMultiple
deliveries of the nL solutions to the exact samemicro spot was
assessed by repetitive addressing of microarray coordinates
without removing the substrate and realigning. For that, two
rounds of printing performed first with AlexaFluor555-
conjugated donkey anti-goat IgG (Invitrogen, CA, USA) and
second with AlexaFluor647-conjugated goat anti-rabbit IgG
(Invitrogen, CA, USA) with partially overlapping regions on
Oncyte-Supernova nitrocellulose film slides (Grace Biolabs,
USA). After each spotting round washing was performed with

theMPS to remove the excess of the antibodies (assessment of
the washing conditions are explained in the following section)
and the surface was completely dried with the drying system.
The antibodies were diluted at 100 μg/mL in phosphate buffer
saline pH 7.4 (PBS) containing 10% glycerol in order to avoid
the evaporation of the spots (Optimized printing conditions
are given in Online Resource 1). Printings were performed
with SpotBot® 2 Personal microarrayer equipped with a
946MP4 series stainless steel contact pin (Arrayit Corp.,
CA, USA). Printing chamber was humidified up to ~60 %
(small variations observed upon changes in ambient humidity)
with the humidifier of the printer and was maintained at that
value throughout the experiment in order to minimize evapo-
ration of solutions while printing. The default factory settings
of the microarray such as; substrate height and contact time
were adjusted after the insertion of the MPS (Microarray
Processing Station) module. All the chemicals were purchased
from Sigma-Aldrich unless stated otherwise. The 946MP4
pins had a 100 μm × 100 μm foot print and used to deposit
~1.1 nL (as listed in the datasheet of the product) spots at 0 s
contact time with a pitch of 500 μm. The slides were visual-
ized with GenePix® 4000B microarray scanner (Molecular
Devices, CA, USA) with AF555 and AF647 settings. In order
to facilitate representation, false colors green and red were
used for AF555 and AF647 respectively. The experiment
was repeated at least at three different times.

Washing efficiency of the MPS In order to evaluate the ma-
terial erosion upon washing with MPS, three replicate arrays
of AlexaFluor555-conjugated donkey anti-goat IgG that was
diluted at 100 μg/mL in PBS_10% glycerol were printed with

Fig. 1 Microarray processing
station (MPS) description and
installation. a MPS close view
with the distinct parts indicated
with labels. b Installation of the
MPS on a commercial contact
microarrayer (SpotBot® 2,
Arrayit corporation, USA). c
Overview of the integrated
system showing the MPS, the
microarrayer, the pumping system
and the control unit
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a pitch of 500 μm on Oncyte-Supernova nitrocellulose film
slides (Grace Biolabs, USA) and SuperEpoxy slides (Arrayit
Corp., CA, USA) each. The slides were incubated 1 h at room
temperature and scanned with GenePix® 4000B microarray
scanner (Molecular Devices, CA, USA) with AF555 settings
just before washing. The washing routine implemented by the
MPS (microarray processing station) included consecutive
washing and aspiration steps first with PBS_0.5 % Tween
(PBST) and then with MilliQ (Online Resource 1). After each
minute of washing and drying cycle, the slides were scanned
with GenePix® 4000Bmicroarray scanner with the same laser
power and gain settings. The GenePix® Pro Analysis and
Acquisition software was used to quantify the spot fluores-
cence intensity from the scanned images. The experiments
were repeated at two different times.

Assessment of spot-to-spot interference A special printing
scheme was selected in order to evaluate the possibility
of adjacent spots contaminating one another upon wash-
ing. Briefly, a spot of AlexaFluor555-conjugated
streptavidin (Invitrogen, CA, USA) was printed into
the central coordinate of an empty square array of bio-
tinylated sheep anti-mouse IgG, Biot-IgG (Jackson
ImmunoReseach Laboratories Inc., USA) with a pitch
of 200 μm on Oncyte-Supernova nitrocellulose film
slides (Grace Bio-labs, USA). The spot spacing was
chosen lower than the one used in the rest of the ex-
periments (300–500 μm) to have an idea of the neces-
sary lower limit of the spot spacing in order to avoid
spot-to-spot contamination. The protein solutions were
prepared at 100 μg/mL in PBS_10% glycerol and the
printing was performed at ~60 % humidity. The slides
were incubated for 1 h at RT and later washed with the
MPS following the optimized washing routine explained
in the previous section. At least 5 arrays were printed in
distinct regions of the nitrocellulose pad. The slides
were visualized with Nikon E1000 Fluorescence
Microscope (Japan). The images were analyzed using
ImageJ software.

Validation of the MPS using a two-step assay The possibil-
ity of performing biochemical assays using nL volumes
was first tested using a two-step assay. Biotinylated
anti-mouse IgG (Biot-IgG) (100 μg/mL) in PBST was
printed on a nitrocellulose coated slide and let incubate
for 1 h. After 1 min of automatic rinsing with PBST
using the MPS station, the substrate was dried using the
in situ drying system for 2 min. Next, distinct dilutions
of IRDye® 800CW streptavidin (LI-COR® Biosciences,
USA), from 1000 ng/mL to 1 ng/ml, were addressed on
the biotinylated antibody spots printed on the nitrocel-
lulose substrate. Printing volume was approximately
1 nL for each reagent. Direct printing of the streptavidin

onto spots that did not contain biotin was used as neg-
ative control. Odyssey® Infrared Imaging System (LI-
COR® Biosciences, USA) was used to determine signal
intensities. The images were analyzed using Image
Studio V3.1 software.

3 Results and discussion

We have validated theMPS showing that both the commercial
microarrayer and the pumping system function correctly,
which makes it possible to perform miniaturized immunoas-
says. Several aspects have been evaluated such as the align-
ment of multiple spotting, efficiency of the washing process
and performance of immunoassays with minute amounts of
sample and reagents.

3.1 Alignment of spotting

The same microarray coordinates can be addressed as
many times as required since the substrate stays on
place during the washing and incubation steps. In order
to demonstrate that two rounds of printing were per-
formed first with AlexaFluor555-conjugated donkey anti-
goat IgG (AF555) and second with AlexaFluor647-
conjugated goat anti-rabbit IgG (AF647) on nitrocellulose
film slides. Perfect overlapping between the two spotting
rounds was achieved (Fig. 2) despite several washing
and drying processes were performed between each
spotting round. This result clearly shows that the sub-
strate remains in the exact same position during the
incubation, drying and washing steps and that the
clamping system used was effective.

3.2 Protein wash-off profiles

In conventional protocols, after printing, the microarrays
are washed for at least couple of minutes with a buffer
and this step is repeat 2–3 times with a fresh buffer to
make sure that all the unbound proteins wash off
(Angenendt et al. 2003; Pla-Roca et al. 2012).
Therefore, it was predicted that much shorted times of
washing should have been enough. In order to assess
this, we printed AF555 IgG and measured the RFI be-
fore and after numerous cycles of washing. Here, be-
sides the nitrocellulose film slides on which the proteins
are adsorbed by physical interactions, epoxy functional-
ized slides were also used. Epoxy groups form irrevers-
ible covalent bonds with amino functional groups of the
proteins. It is observed that after the initial wash off,
the amount of material deposited stabilizes for both of
the surfaces (Fig. 3). To remove the unbound proteins
from the surface 1 min of washing was enough. This
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value was fixed as the washing time in the processing
routine.

Usually this process require the use of gaskets and the use
of multichannel pipettes or washing automatic manifolds that
implies using approximately 1 mL of washing buffer per sim-
ilar substrate area and around 16 mL of washing buffer per
processed microarray (if 16 well gaskets were used). Here we
use an automatic pumping system that continuously delivers a

fresh washing solution (PBSTandMilliQ) with a velocity that
also induces agitation due to the peristaltic pump pulsing. The
volume of fresh washing solutions (PBST and MilliQ) used is
120 mL since the washings was performed for 1 min with a
120 mL/min pump. This volume is more than the one used per
microarray in manual processing. Yet, the time of washing is
much less and the process is automated. In a typical washing
step, the slides are manually washed 3 to 5 times with 5 min of
shaking each. Besides, by means of washing with MPS, sub-
strate is kept in its position and all the expensive or scarce
reagents such as capture and detection antibodies and samples
can be printed to the exact same spot repetitively allowing us
to perform immunoassays in a single microarray spot.

3.3 Spot-to-spot interference

With this technology, an array of nL spots that are like
miniaturized chambers where a different immunoassay
takes place, are fabricated with a micron scale separa-
tion. This raises the question that upon a washing pro-
cedure the excess of biomolecules deposited at one spot
could contaminate the adjacent spot during a washing
procedure and consequently give a false signal.

In conventional methods, the capture antibodies are
printed and the slides are incubated with the samples
and a cocktail of detection antibodies, where the cross
reactivity is an issue (Pla-Roca et al. 2012) but the
spot-to-spot interference is irrelevant since the whole
microarray is incubated with the sample and detection
antibody solutions. Whereas in our case, since indepen-
dent assays are performed in each spot of the microar-
ray, spot-to-spot interference may become an issue. In
order to address this question and validate the MPS
washing procedure not only in terms of removing the
unbound proteins but as well in terms of spot-to-spot
interference AF555 labeled streptavidin (SA_AF555)
was printed into the center coordinate of a square pat-
tern of biotinylated anti-mouse IgG (Biot-IgG) spots.
The spacing used was 200 μm, which is less than the
spot spacing used for the immunoassays (i.e. 300 μm).
Streptavidin-biotin recognition couple was selected be-
cause it is one of the strongest non-covalent interactions
known in nature. This extreme scenario was tested in
order to make sure that even under these circumstances
there was no significant spot-to-spot contamination. In
Fig. 4a the SA_AF555 spots are seen in red and the
surrounding Biot-IgG spots are visible in the zoomed
image (Fig. 4b). The intensity profile along the yellow
line (Fig. 4c) crossing both the SA_AF555 and Biot-
IgG spots clearly shows that the amount of protein that
is captured by the adjacent Biot-IgG spots is not signif-
icantly higher than the background signal. The
SA_AF555 spots presented variations in intensity due

Fig. 2 Multi-spotting alignment. Fluorescent images showing that
spotting several times to the exact same spot is possible. First spotting
round was performed with AF555 IgG (Scale bar =500 μm) and the
second with AF647 IgG. Between each spotting round a washing
process was performed automatically. The zoomed image at the bottom
shows the perfect alignment achieved between the spotting rounds. Scale
bar =200 μm
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Fig. 3 Protein wash-off profile. Graph showing the change in relative
fluorescence intensity (RFI) upon increased time of washing on different
substrates. AF555 IgGwere microarrayed on the nitrocellulose film slides
(black) and SuperEpoxy slides (red) and scanned before (0 min) and after
washing steps (from 1 to 4min). After the first cycle of washing the signal
remained stable indicating that the excess amounts of printed antibody
was washed off during the first cycle of washing
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to the local adsorption inhomogeneities and the fact that
the concentrations of the SA_AF555 printed where high.

3.4 Validation of two-step recognition assay

As a proof of concept we assessed the possibility of
performing immunoassays with MPS, we performed a
two- step recognition assay. First the biotinylated anti-
mouse IgG (Biot-IgG) were printed and then the distinct
dilutions of IRDye® 800CW labelled streptavidin, from
1000 ng/mL to 1 ng/ml, were addressed on the biotinyl-
ated antibody (Biot-IgG) spots. Direct printing of the
streptavidin onto spots that did not contain biotinylated
anti-mouse IgG was used as negative control. Both
Biot-IgG and labelled streptavidin were printed by the
microarrayer and processed by the MPS in a fully au-
tomated way. The volume of reagents (i.e. Biot-IgG and
labelled streptavidin) used was 10 μL each, whereas the
volume of washing solution (i.e. PBST and MilliQ) used
was 120 mL each time the slide was washed after print-
ing. The total volume of the washing buffer consumed
is more than the one used per microarray in manual
processing. However, by means of washing with MPS,
the substrate was kept in its position and all the proteins
used for the assay were printed to their corresponding
spots on the slide allowing us to perform this two-step
recognition assay on each microarray spots. Therefore,
all the expensive or scarce reagents such as Biot-IgG
and labelled streptavidin in this case, were used in min-
ute amounts (i.e. 10 μL).

As it is seen in Fig. 5 we were able to detect streptavidin at a
concentration of 10 ng/mL. No signal was observed on the spots
that didn’t contain the Biot-IgG, which demonstrates the specif-
ic recognition. The limit of detection of this assay can be im-
proved by using classical amplification methods (Miersch et al.
2013; Zhou et al. 2015). In any case the signal amplification
protocols may be introduced to the automatic routine as well.

On this immunoassay performed by the MPS, five concen-
trationsof reagentshasbeen testedonanareaof3mm×2,5mm
(7.5 mm2). This area can be smaller if the spot pitch is re-
duced. If this assay would have been performed on a classical
16-pad nitrocellulose slide we would have needed fifteen
pads, which correspond to almost one whole slide
(588 mm2). Therefore; high throughput screening can be
achieved with the MPS by using one single slide.

In Fig. 5 we can see the comets at the highest concentration
spots (1 μg/mL) as a consequence of washing direction. The
presence of comets is a common problem inmicroarray assays
performed manually (Gonzalez et al. 2008). In order to mini-
mize the effect of comets and consequently a possible spot-to-
spot contamination, spots were printed from lower to higher

Fig. 4 Spot-to-spot interference. a Image showing fluorescent labeled
streptavidin SA_AF555 spots printed at the center coordinate of a
square pattern of Biot-IgG spots with 200 μm spacing; b Zoomed
image of the indicated square area, where the surrounding Biot-IgG can
be appreciated; c Intensity profile along the yellow line crossing both the
SA_AF555 and Biot-IgG spots. Fluorescent labeled streptavidin (SA_
AF555) captured by the adjacent Biot-IgG spots is not significantly
higher than the background signal. Scale bars correspond to 100 μm

Fig. 5 Two-step recognition assay processed using a MPS. a Image of
IRDye® 800CW labeled streptavidin (dilution from 1000 ng/mL to 1 ng/
ml) printed on biotinylated antibody spots (+Ab). No signal was observed
on the negative controls (−Ab). b Scheme depicting two-step protocol
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concentrations with respect to the washing direction and the
highest possible flow rate was used.

4 Conclusion

We have developed a new device called microarray pro-
cessing station (MPS) that enables performing miniatur-
ized biochemical assays when integrated on a commer-
cial microarrayer. It was shown that the repetitive ad-
dressing of distinct solutions on the same coordinate of
an array becomes feasible without requiring complex realign-
ment strategies. The MPS allows processing the microarrays at
the same location where they are printed and thus no substrate
realignment strategy is required. It was found that even if the
mechanism of grafting of the desired protein was different (i.e.
physical adsorption or covalent bonding) the excess of unbound
proteins present after a printing process is effectively washed
off with the MPS washing routines, and that due to the efficien-
cy of the washing routines no spot-to-spot contamination was
observed. Finally a two-step recognition assay was performed
using the MPS in order to demonstrate that a commercial
microarrayer can be converted to an automated immunoassay
station when a MPS is integrated on it.
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