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Abstract

Most of the current in vitro cell culture models do not accurately
reproduce the physiological behavior of cells in vivo. Therefore, they do not
represent the functional properties of the corresponding tissues. Increasing
evidences support the hypothesis that, by providing cells with a biomimetic cell
culture environment, physiological characteristics improve, approaching in vivo
situation. Such complex tissue-like microenvironments should approach the 3D
architecture, biochemical and mechanical properties of in vivo tissues. Tissue
engineering based approach combined with microfabrication techniques provide
unprecedented opportunities to go one step beyond the conventional 2D in vitro
tissue culture models and reliably reproduce in vivo tissue microenvironments.

Epithelial barriers protect the body against physical, chemical, and
microbial insults. The small intestinal epithelium is a multicellular tissue with
barrier characteristics, these meaning: cell polarization and limited intercellular
space for effective barrier function. Functional in vitro models of intestinal
epithelium have been pursued for a long time. They are key elements in basic
research, disease modelling, drug discovery, and tissue replacing and have
become prime models for adult stem cell research. In 2D cell cultures, intestinal
epithelial cell lines achieve polarization using Transwell® microporous filters.
However, this simplified model leads to a poor correlation between in vitro and
in vivo drug absorption tests. In vivo, intestinal epithelial cells are organized into
crypt-villus units, finger-like protrusions which are key elements in the
functionality of the tissue and absent in standard 2D models. Therefore, the
development of in vitro 3D tissue equivalents accounting for the dimensions,
architecture, and cell physiology of the in vivo human intestinal tissue still
remains a challenge.

Here we describe a simple and cost-effective method to fabricate soft 3D
villi-like microstructures with the anatomical architecture and dimensions. We
employ poly (ethylene glycol) diacrylated (PEGDA) and acrylic acid that
copolymerize and form soft hydrogels upon crosslinking through UV
photolithography. Hydrogels are networked materials with high water content,
which allow easy diffusion of soluble factors and oxygen. PEG-based hydrogels
possess highly tunable chemical and mechanical properties and have become
trendy materials to mimic and are the extracellular matrix and tissue basement
membranes. To get 3D villi-like microstructures, 2D photomasks were used in a
UV light-dependent polymerization process. During this process, several factors,



such as UV exposure time, photoinitiator concentration, and PEGDA molecular
weight and concentration, were studied to understand the mechanisms that allow
the formation of high aspect ratio soft microstructures. Then, these variables
were adjusted to control the microstructure dimensions and to obtain villi-like
microstructures resembling the dimensions, biochemical and mechanical
properties of villi in native tissues.

To allow cell adhesion and growth, we copolymerized PEGDA with
acrylic acid and we took advantage of the exposed carboxylic groups of the acrylic
acid to covalently incorporate laminin through the EDC/NHS coupling reaction.
We have stablished the ratio between PEGDA and acrylic acid to obtain on the one
hand, a successful copolymerization and villi-like structures formation and, on
the other a proper protein functionalization of the hydrogel.

Functionalized villi-like microstructured hydrogels have proven suitable
for epithelial cell growth. MDCK and Caco-2 cells, two epithelial cell lines have
proven to attach, grow and form monolayers of epithelial polarized cells lining
the villi-like microstructured hydrogels. Cell polarization was assessed by cell
morphology (cell columnar shape and position and orientation of the nuclei) and
the expression of polarization markers (villin, Z0-1 and f catenin) at the proper
location. Finally, we used Caco-2 cells to validate the functionality of our construct
as an in vitro model of intestinal epithelium. Caco-2 cells are the standard cells to
model the small intestinal barrier. Measurements of the transepithelial resistance
(TEER) of Caco-2 cell monolayers formed on the villi-like microstructures
showed values closer to in vivo situation than those found in Caco-2 monolayers
cultured on Transwell® inserts. These results are promising toward the use of our
in vitro model in drug absorption and toxicity tests, as well as biological studies
and disease modelling.
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1.1 ANATOMY AND BIOLOGY OF SMALL INTESTINE

The small intestine is a long tube, being the largest component of the
gastrointestinal tract. Its average length in an adult human is 7 m, varying from
2.7 m to 9.8 m, and it is approximately 2.5-3 cm in diameter.! It is the major site
where digestion and absorption of nutrients take place. The small intestine is
preceded by the stomach, and followed by the large intestine, and it comprises
three parts: the duodenum, jejunum and ileum (Fig. 1.1a). To maximize the
efficiency of its functions, the inner wall of the small intestine shows highly
adapted anatomical features: circular folds (Fig. 1.1a), which contain finger-like
projections called villi, and cells that have membrane protrusions called
microvilli. These structures increase the total surface area in contact with the
lumen (the inside of the tube) up to about 400 m2.23 The wall of the small intestine
is composed of four layers: mucosa, submucosa, muscularis, and serosa. The
mucosa is the innermost layer and it is in direct contact with the lumen. The
submucosa is a dense layer of connective tissue, which irradiates branches of
blood vessels, lymphatic vessels, and nerves into the mucosa. The muscularis
consists of two smooth muscle layers. The outer is a thinner layer that is arranged
in longitudinal muscle fibers; the inner is a thicker layer which contains circular
muscle fibers. Such muscle layers enable the digested food to be pushed along the
small intestine by waves of muscle contractions, called peristalsis. Finally, the
serosa consists of several layers of connective tissue which completely surround
the small intestinal tub (Fig. 1.1a).4

The intestinal mucosa is composed of three layers: epithelium, lamina
propria, and muscularis mucosae. The epithelial layer is a simple columnar
epithelium, which serves as physical and biochemical barrier, permitting
metabolic and digestive absorption of nutrients, electrolytes and water, while
maintaining a defense against pathogenic agents, and the immune homeostasis.2>
Also, it is responsible of the secretion of numerous hormone regulators of
digestive function, mucus, and antimicrobial proteins. The mucosa is highly
connected to the immune system, and has abundant immune cells underlying the
epithelium. The lamina propria is a connective tissue that lies under the
epithelium. It contains many blood and lymphatic vessels, which constitute the
routes that the absorbed nutrients follow towards other tissues of the body. It
also contains the cells of the immune system. The deepest layer of the mucosa is
a thin layer of smooth muscle cells (muscularis mucosae), which provides
movements to ensure that all epithelial cells are fully exposed to the lumen (Fig.
1.1b).
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Figure 1.1: a) Drawing of the gastrointestinal tract and anatomy of small intestine
(adapted from Encyclopaedia Britannica Online).6 b) Detailed illustration of
four layers of small intestinal wall: mucosa, submucosa, muscularis, and
serosa (http://faculty.southwest.tn.edu).

The small intestinal mucosa is made up of circular folds (plicae
circularis). These folds have many finger-like projections of the mucosa, known
as villi, extending from the luminal surface into de lumen of the small intestine.
Villi play an essential role in increasing the surface area for the absorption of
nutrients (Fig. 1.2a,b).4
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Figure 1.2: a) Terminal ileum in a colonoscopy, where the villi can be easily appreciated
covering the surface (https://www.youtube.com/watch?v=SDbjwMS 1vI).
b) Longitudinal cross section of small intestinal mucosa with long villi.
(library.med.utah.edu). c) Schematics of cross-section of the villi. (adapted
from Viswanathan et al.).” d) Longitudinal cross section of villi highlighting
the basement membrane (red line). e) Schematic model of the basement
membrane (adapted from Alberts et al.)8

Villi have dimensions of 0.2-1 mm in height,#° 125 pm in diameter,%10
and show a density of 20-40 villi/mm?2.411 Each villus is composed by a core of
lamina propria covered by epithelial cells. The lamina propria is composed
basically of collagen type I and type III, which form the scaffolding for the villus.12
Inside the lamina propria there are an arteriole, a venule, a blood capillary
network, and a lymphatic capillary or lacteal. The network of capillaries is in
charge of taking the amino acids and the glucose produced by digestion and the
lymphatic capillary absorbs fatty acids and glycerol, the products of fat digestion,
into direct circulation (Fig. 1.2c). Lamina propria forms a loosely packed
connective tissue that allows the presence of several cell types such as fibroblasts,
and immune system related cells, such as neutrophils, macrophages, dendritic
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cells, and lymphoid cells.13 At the outer part of the lamina propria and underlining
the layer of epithelial cells, there is a thin structure (hundreds of nm) called
basement membrane. This is a specialized form of extracellular matrix (ECM) that
forms stable sheets through self-assembly, which supports and separates the
epithelium from the lamina propria (Fig. 1.2d,e). The basement membrane gives
structural support and reinforces the epithelium and helps it to resist stretching
and tearing. Also, it is important for the anchoring, migration, and differentiation
of epithelial cells and influences their behaviour.1#

Attached on the basement membrane, columnar epithelial cells are
arranged in a monolayer. These cells are tightly packed and form a continuous
sheet called columnar epithelium (Fig. 1.2c).8 Once the nutrients are in the small
intestine, epithelial cells contain enzymes that help break down them into
components small enough to be transported into the bloodstream.# The intestinal
epithelium layer also acts as a permeable barrier, separating luminal contents
from the underlying tissue compartments thanks to strongly joined epithelial
cells and avoiding the free entrance of harmful agents.2

Besides the absorptive and selective barrier functions of the epithelial
cells, intestinal epithelium is the first line of defense to prevent pathogen
invasion. The first barrier pathogens encounter is a highly-hydrated mucus layer
(700 pm in height) (Fig. 1.3a).15> Mucus covers the epithelium surface and protects
the epithelial cells against chemical, enzymatic or microbial harming.1¢ Under the
mucus layer, the cells have a dense membrane-anchored matrix (30 - 100 nm),
called the glycocalyx (Fig. 1.3b).17 Main mucus and glycocalyx compounds are the
mucins, glycoproteins that are free in the mucus (MUC2) and membrane-bound
in the glycocalyx (MUC1, MUC3, MUC17).18 Bacteria enter into the mucus and can
be trapped in their pores, so they are excluded from the epithelial surface (Fig.
1.3a). In addition, small intestinal epithelial cells express innate immune
receptors and antimicrobial peptides and they can be activated to produce
mediators that recruit, activate and condition cells of the immune system.1® They
also allow colonization for the trillions of commensal bacteria, which are essential
for health.2 Moreover, the epithelium contains T cells (cell-mediated effectors)
located at the basement membrane between epithelial cells at a frequency of
about 1-2 per 20 epithelial cells.20 Also, the lamina propria is a part of the immune
system and contains lymphocytes (B cells and T cells), dendritic cells,
macrophages, eosinophils and mast cells.?2! Because of the majority of
immunological processes at the small intestine take place in the mucosa, the lack
of epithelial barrier integrity allows the pass of harmful substances, which can
lead to inflammation, infection, autoimmune diseases or cancer.222
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Figure 1.3: a) Schematics of the anatomy of the intestinal mucosa and its immune
apparatus. Also, it is detailed the location of mucus and bacteria. Intestinal
epithelial cells (IECs), antimicrobial peptides (AMPs), intraepithelial
lymphocytes, dendritic cells (DC); secretory immunoglobulin A (SIgA). b)
schematic detail of the glycocalyx anchored to epithelial cell membranes
(adapted from Mowat et al. and McGucKin. et al).21.23

The small intestinal epithelium, in adults, is continuously renewed in a
turnover of around 2-6 days. Proliferative cells are called intestinal stem cells
(ISC) and reside within invaginations at the base of villi known as the crypts of
Lieberkiihn (Fig. 1.4a). The intestinal stem cells give rise to several types of
epithelial cells: absorptive cells (enterocytes), Paneth cells, intestinal globet cells,
and enteroendocrine cells. The Paneth cells reside within the stem cell niche at
the bottom of the crypt, while the other three types of intestinal epithelial cells
migrate toward the tip of the villus (1.4b).28-31 These architectural crypt-villi unit
is relevant in the epithelial cell differentiation, and evidences the biochemical
gradients generated along the crypt-villus axis.2¢ Intestinal stem cells are located
at the bottom of the crypts, where they replicate for continuous self-renewal and
are responsible for cell population maintenance,2527 generating all lineages of
mature intestinal epithelial cells.282°
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Figure 1.4: The distribution of epithelial cell types in the small intestine epithelium.
Intestinal stem cells (ISC) are located near the crypt base and produce
transient-amplifying (TA) cells, which proliferate in the mid-crypt and
terminally differentiate to produce the different intestinal epithelial cell
types. Crypt base columnar (CBC) stem cells are interdigitated with Paneth
cells at the crypt base. Quiescent intestinal stem cells (qISCs). (Adapted from
Goodell et al. and Crosnier et al.)2425

Intestinal stem cells can be identified by the expression of leucine-rich
repeat-containing G-protein coupled receptor 5 (LGR5 gene).Recent findings in
stem cell identification and characterization have made possible to obtain crypt-
villus structures and all epithelial cell lineages from culturing single Lgr5+ stem
cells in vitro.3%31 Paneth cells are intercalated among the intestinal stem cells and
are thought to have a role in regulating host-microbial interactions by the
secretion of antibacterial proteins into the lumen, thereby providing protection
for the stem cell niche.32 Goblet cells are balloon-like cells with the nucleus at the
base and the rest of the cytoplasm occupied by secretory granules containing
mucin, the major component of the mucus.?* Enteroendocrine cells comprise
about 1% of cell population in the intestinal epithelium, produce hormones and
peptides in response to various stimuli and release them to initiate digestive
actions and protective responses.2433

Enterocytes are the dominant cell lineage (90% of total cells).
Enterocytes secrete hydrolytic enzymes to facilitate the efficient breakdown of
digested food and the absorption of nutrients. Enterocytes differentiate and
migrate up the tip where are shed off the villi in about 4 days.?434 Enterocytes are
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columnar cells, with a vertically elongated nucleus located just below the center
of the cell. They are highly polarized cells, meaning that their upper part, which
is called apical side, and it is in contact with the lumen, is separated from their
lower part, called basolateral side, which is in contact with the basement
membrane (Fig. 1.5a).3% At the apical domain, enterocytes show a large number
of cylindrical projections of the membrane, called microvilli, which increase
absorption surface area and contain the enzymes and transporters that are
needed for the digestion and absorption. The microvilli are easily identified on
bright field or fluorescence microscope as they form a diffused line called the
brush border.8 Each microvillus measures ~1 pum in height (Fig. 1.5b) and it is
composed of 20-30 actin filaments and associated proteins such as villin or ezrin.
Cell apical membranes exhibit a density of 2-:101° microvilli/cm? (Fig. 1.5c). At the
basal surface, enterocytes are attached to the basement membrane.

Enterocytes fit close together by tight junctions, adherent junctions and
desmosomes and form a continuous monolayer. All epithelial cells express tight
junction proteins and form tight junctions with other epithelial cells. Tight
junctions are located on the lateral membrane, close to the apical side, and create
the closest contact between cells in nature. At these areas cell membranes join
and seal the apical and basolateral compartments when epithelial sheets are
generated, thus creating a selective permeable barrier (Fig. 1.5d). Tight junctions
are composed by transmembrane adhesion proteins such as occludin or claudin
that join directly one to another in neighboring cells to occlude the intercellular
space. They also have a cytoplasmic plaque of proteins such as the zonula
occludens (Z0-1) that anchor to the strands to the actin cytoskeleton (Fig. 1.5¢).3¢

Enterocytes transport selected nutrients across the epithelium from the
lumen into the connective tissue underneath by different mechanisms.
Paracellular transport happens across the tight junctions between adjacent
epithelial cells. This transport route is characteristic of hydrophilic molecules
(Fig. 1.6a).37 Epithelial cells modulate their tight junctions to permit a flow of
solutes and water through spaces between neighboring cells.836 Passive diffusion
transports molecules through the cellular membrane driven by a concentration
gradient. It is the route for small and lipophilic molecules, such as of oxygen,
carbon dioxide and water (Fig. 1.6b).38 The transcellular transport uses specific
transporter proteins of the membrane that bind to the molecule to be
transported. Examples include luminal amino acids, iron and glucose (Fig. 1.6c).3°
Finally, endocytosis refers to the uptake of particles or large macromolecules
forming a vesicle. This vesicle is transported to the other side of the cell and then
released. Examples include the transport of insulin and cholesterol (Fig. 1.6d).38
Overall, tight junctions help to avoid the free pass of molecules through the space
between cells.
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Figure 1.5: a) Schematics of the enterocyte morphology, tight junctions and microvilli.
b) Transmission electron microscopy (TEM) image of microvilli
(http://remf.dartmouth.edu). Scale bar = 50 nm. c) Detailed drawing of the

microvilli (adapted from Delacour et al., and Alberts et al.).840 d) Top view of
an epithelial monolayer, where Z0-1 is stained in green). e) Tight junction
complex, showing the main protein components. ZO, zona occludens. Scale
bar = 20 um (adapted from Lozovatsky et al.).#! Schematics of tight junction
complex (adapted from Neunlist et al.).*2

Since the integrity of the epithelial barriers determines their
functionality, many techniques have been developed to quantify the barrier
integrity of epithelial monolayers grown on porous membranes. On the one hand,
permeability for small hydrophilic molecules is measured by sucrose or low
molecular weight fluorescent dyes. On the other hand, transepithelial electrical
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resistance (TEER) is a widely accepted quantitative technique to measure the
integrity dynamics of tight junction.*3

Lumen
a)| b) c) d)

I

v

Figure 1.6: Mechanisms of transport across intestinal mucosa. a) Paracellular transport,
b) passive diffusion, c) transcellular transport, and d) endocytosis. Tight
junctions in red, and active transporter in orange.

111 SMALL INTESTINE PATHOLOGY

The small intestinal epithelium can be affected by disorders such as
infections, lymphomas and tumors, obstructions, food intolerances, and
inflammatory diseases. These disorders alter the functionality of the epithelium
and its morphology. Alterations of the size and properties of villi produce defects
on the epithelium that have detrimental effects on their functions.**

Enteric infections interfere in the digestion and absorption of food. They
also cause a lot of unpleasant symptoms like diarrhea, bleeding, bloating, nausea,
vomiting, abdominal pain, and obstructions. Gastroenteritis is considered as one
of the leading causes of illness and death in children under 5 years’ age,
worldwide, but especially in developing countries. It caused over one million
deaths in 2010.4546 In most of the enteric infections, the mucosa suffers
architectural alterations: villi become shorter and blunt and crypts
hypertrophied.*” This is the case of Salmonella typhimurium, as it was found that
villus height and surface area decreased and goblet cell density increased
significantly after 14 days of infection.*® Also Staphylococcus aureus produce a
shortening of villi (20% in height reduction) and the elongation of crypts (35% in
depth increasing).49-51 Other bacteria such as Bacillus cereus and
enteroaggregative Escherichia coli also cause a shortening of villi by the necrosis
in the tip.52-54
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Food intolerances such as celiac disease also have a relevant prevalence,
affecting more than 1% of the people in Europe, with an increasing incidence of
15% every year.5> Celiac disease is essentially sensitivity to gluten, which is a
component of wheat. It is believed that there is an immunological response to
components of gluten, which results in abnormalities and inflammation of the
lining of the small intestine.5¢ Villi are shortened or even completely absent
because of the rapid loss of epithelial cells from the villus tip (Figure 1.7a).57:58 As
aresult, the mucosa becomes "leaky"; water and salts can leak out of the cells into
the intestinal lumen and they will be lost though diarrhea.

Crohn's disease is classified as an autoimmune disorder. It causes chronic
inflammation of the in the intestinal wall, and results in villus destruction due to
alymphoid aggregation in villi (Fig. 1.7b).5° Complications of Crohn's disease can
include bowel obstructions, inflamed ulcerous tracts, and fistulas. Most Crohn’s
patients have episodes of disease activity followed by remissions. This stress
leads to the anxiety and social withdrawal of more than 12.7 per 100,000
person/year in Europe.t9

Cancers of the small intestine (adenocarcinomas, carcinoid tumors,
lymphoma and sarcoma) are not the most common (0.42% of total cancer cases).
However, colorectal cancer is the third most common cancer worldwide and the
fourth most common cause of death. 1.4 million new cases and almost 694,000
deaths estimated to have occurred in 2012.61.62

Two other diseases that erode villi morphology are lymphangiectasis and
amyloidosis. Lymphangiectasis is an abnormality of lymphatic channels which
cause edema and diarrhea. When lymphatic channels become blocked, they
dilate, break and discharge their contents into the lumen. Characteristic white-
tipped villi together with low and round villi with a normal color illustrate this
disease (Fig. 1.7¢).%3 Amyloidosis is characterized by the deposition of fibrils
composed of variety of serum proteins, which form the so called amyloid
deposits. Such deposits infiltrate the lining of the intestine interfering cell
function and impeding digestion and absorption. Amyloid deposits infiltrated at
the tip of villi (Fig. 1.7d), erode their morphology and affect epithelium
functions.®4

The quality of life in patients who suffer enteric infections, food
intolerances, Crohn’s disease, or intestinal cancers, is severely affected, thus
demanding better therapeutics. Pharmacological treatments and palliative cares
do not benefit patients or elicit diminishing effect over time.5 A better
understanding of epithelium physiology and pathology is required to improve the
treatments, model diseases and investigate in new drug developments. Also,
because the loss of the highly specialized intestinal epithelium is associated with
high morbidity and mortality,®¢ there is a lot interest in tissue engineering and
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regenerative medicine applications,®’ specially in the case of the short bowel
syndrome, characterized by the loss of more than 70% of the intestinal length.¢8
For this purposes predictive models of the small intestinal epithelium are
required.®?

“heiy BE 3

Figure 1.7: Effects of small intestine diseases on villi. a) Celiac disease from several

grades (from Gujral et al).57 b) Lymphoid aggregates in the mucosa from a

Crohn’s disease patient’s ileum. The villus is broader than surrounding

classical villi, and the lamina propria is packed with lymphocytes (adapted

from Naganuma et al).5° c¢) Lymphangiesctasia. Lymphatic channels (*)

dilated and anastomosed in the mucosa, containing lined by flat epithelium.

Villi are broader and the lamina propria is packed with lymphocytes. (from

Omhiya et al).83 d) Amyloid deposits in villi (arrow) (from
global.britannica.com, PEIR Digital Library, and www.healcentral.org)
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1.2 IN VIVO AND IN VITRO MODELS OF SMALL INTESTINE
EPITHELIUM

Because oral drug administration remains the most prevalent and used
method for drug therapy,’® the pharmaceutical industry demands models to
accurately predict the in vivo absorption of a drug. The current small intestinal
models can be grouped in in situ-in vivo, explants and slices, and in vitro models.

1.21  INSITU-IN VIVO MODELS

Many intestinal diseases are studied in animal models because of
practical and ethical concerns associated with human experimentation, and the
need of observing the overall effects of the drug in a living subject. To study
intestinal disorders a wide variety of mammalian models are used, from mice to
pigs. As mice show similar intestinal development than human intestine, mice-
based models are the preferred for Crohn’s disease,”! autoimmune gastritis,’?
intestinal inflammation,”3 intestinal and colorectal cancer,’475 celiac disease,”¢
and gastroenteritis.”” Also, animal models are widely used in the study of
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intestinal drug transport.’? For this purpose, intestinal perfusion and
pharmacokinetic studies of plasma are usually carried out (Fig. 1.8).7°
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Figure 1.8: Schematic representation of intestinal perfusion and pharmacokinetic
studies of plasma (Figure adapted from Singh et al.).80

Animal models are needed to mimic the extremely complex physiology
of the intestinal epithelium and can serve as an important source of in vivo
information. However, due to their complexity, it is not possible to control and
study the independent contributions of the microbiota, intestinal epithelium, and
immune system due to their synergic interactions. The small intestine is a
complex organ and it is inaccessible to experimental manipulation and
observation in vivo. In addition, using numerous live animals is expensive and
have a lot of ethical concerns. On the other hand, drug efficacy and toxicity must
be estimated from in vivo clinical pharmacokinetics. Unfortunately, in vivo data
are usually unavailable at the early stages of drug discovery and development, so
in vitro models have become invaluable tools at these phases.

1.2.2  EXPLANTS AND INTESTINAL SLICES

As an alternative to animal models, the culture of intact small intestine
sections offers the closest scenario to the in vivo conditions. This methodology
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has the advantages of using the native environment and cell population, and allow
manipulation and observation, hindered when the tissue resides in the body. In
addition, large surface areas are available, and they preserve the mucus layer.
However, the limited diffusion of extracellular molecules into thick tissues
restricts the tissue viability, which could be limited from 2 hours to 14 days.8182
The everted gut sac is a technique that consists on preparing the
intestinal sac by inverting a segment of the intestine. The segment is turned inside
out, resulting in the epithelium with the villi at the outer part (Fig. 1.9a).

Do s = <)

b) c) Addition substances
X atapical or basolateral surface
Culture dish Gl explant Stainless ¢ ¢
BNy | steel grid

e j“ / Sample
- S \ collection
Saturated ~ Culture medium ~ Inner well 95% O,
filter paper and support 5% CO, Membrane
' +Intestinal transport

section measurements

Figure 1.9: Schematic representation of the a) everted explant gut procedure (Figure
adapted from Carvalho et al).83 b) A diagrammatic representation of the
intestinal explant culture on air-liquid interface (Figure adapted from
Randall et al)82 c) Schematic representation of the Ussing chamber.
Intestinal sections (red) are mounted between two chambers. The two
chambers respectively simulate blood stream and gut lumen. The mounted
intestinal mucosa actively pumps molecules from one chamber to the other
and the resultant molecular gradient between chambers can be measured.
Picture of a market Ussing chamber (www.warneronline.com).

Everted gut sac model is used to study the mechanisms and kinetics of
drug absorption.8485> Another option are the explants formed by biopsies (3 mm
in diameter) that are rapidly placed, mucosal-side up, onto cell culture systems
(Fig. 1.9b).82 The minimal forms of explants are the intestinal slices which are
obtained by precision-cut techniques. Intestinal slices (~400 pum thick) are
usually prepared by filling rat intestines with liquid agarose following cooling and
cutting and they can be cultured in vitro for 4 hours.8687 This model is widely used
to test the transport of molecules, metabolism, and toxicology through the
intestinal barrier.8® Intestinal slices are characterized by the so called Ussing
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chambers. Ussing chambers consist of two halves separated by the intestinal
section, which is previously opened as flat sheet.

The sample is placed in such a way that the apical membrane is facing
one half of the chamber, whereas the basolateral is facing the other half, thus
separating the solutions that independently bath each chamber (Fig. 1.9¢).8° They
are used to measure the transport of electrolytes, nutrients, and drugs across the
intestinal barrier. A miniaturized version of the Ussing chambers is used, together
with precision-cut intestinal slices, to predict drug absorption, to monitor drug
effects on the function of ion channels, and to measure possible interactions with
the absorption of nutrients.89.90

1.2.3  INVITRO MODELS OF INTESTINAL EPITHELIA

In vitro culture models are valuable tools for the study of the intestinal
barrier, epithelial cell differentiation, intestinal development, intestinal
pathologies, toxicity testing, drug development, and regenerative medicine. The
most used in vitro model of the small intestinal epithelium relies on culturing
intestinal epithelial cell monolayers in the so-called Transwell® inserts. A
Transwell® insert consist of a permeable porous membrane that separates two
compartments in a cell culture well.®? The upper compartment mimics the
environment of the apical cell side, facing the lumen, while the lower
compartment mimics the basolateral cell side, facing the basement membrane
(Fig. 1.10a). These membranes can contain pores ranging from 0.1 to 12 um in
diameter to ensure appropriate porosity and permeability for medium and cell
metabolites.?293 They are made of polycarbonate, polystyrene, polyethylene
terephthalate (PETF), and cellulose derivatives. In addition, membrane surfaces
can be coated by several proteins to enhance cell adhesion, as a mimicking of the
basement membrane. The proteins used most frequently are collagen (type I/1II
or 1V), laminin, or Matrigel™, a mixture of ECM proteins that have been extracted
from Englebreth-Holm-Swarm tumors in mice. Cells are seeded and cultured on
the inserts and form, upon their confluence, a barrier between the two
compartments (Fig. 1.10b). This system can be used to quantify the transcellular
transport, both the uptake of molecules into the cells from the apical
compartment and the efflux of molecules from the cells to the basolateral
compartment (Fig. 1.10b). It is also used to determine and monitor transcellular
transport changes upon barrier disruptors, and the electrical properties of the
cell monolayer such as the transepithelial electrical resistance (TEER) (Fig.
1.10b). Permeability and TEER are both indicators of the integrity of epithelial
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barrier, but they determine different parameters and should not be directly
compared.?*

Apical
compartment
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Figure 1.10: a) Transwell® insert of polycarbonate membrane (Corning). b) Schematic
illustration of in vitro 2D Transwell® assay, a monolayer of epithelial is
formed on a porous membrane separating two compartments. This system
allows the permeability quantification by using fluorescent dyes, or the
electrical properties measurements of the epithelial monolayer.

Transepithelial electrical resistance (TEER) measurement is a widely
accepted quantitative method to assess the barrier function and permeability of
intestinal epithelial monolayers cultured on permeable membranes.®* Since the
epithelial barriers are characterized by the presence of tight junctions, they are
able to specifically regulate the flow of molecules through the paracellular
space.?> Paracellular transport regulates the flow of hydrophilic molecules,
including the ions, and TEER is related to the ionic conductance of the
paracellular pathway in the epithelial monolayer. For this reason, TEER and the
integrity of an epithelial barrier can be directly correlated.

TEER measurements have been carried out for many years using a
conventional Voltohmmeter and an electrode pair, called chopstick electrode,
which applies a voltage difference (12.5 Hz square-wave AC signal) between both
sides the porous membrane. The resulting current (through the cells, on both
transcellular and paracellular pathways) is measured, leading to an ohmic
resistance. While transcellular resistance is made up by the apical and basal cell
membrane, the paracellular resistance comes from the cell-cell contacts and the
lateral intercellular space. Due to the high resistance of cell membranes, the
current predominantly flows through the paracellular pathway, describing the
global resistance of an epithelial monolayer as the resistance associated to their
tight junctions (Fig. 1.11).37 Resistances coming from the medium, the electrode-
medium interface, and the semipermeable membrane influence TEER
measurements and are removed by measuring the resistance of the system
without cell monolayers.
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Figure 1.11: a) Scheme of the electrical resistances associated to the intestinal epithelium.
Cell membranes resistances, at the apical (Ra) and basal (RsL) location, and
the resistance of tight junctions (Rr) that determines whether the
transepithelial resistance is high or low. Theoretically, the lateral
intercellular space (Ruis) could contribute a resistance in series with the tight
junction, but there is little evidence that this is physiologically significant.96
b) Scheme of the simplified electrical resistance associated to intestinal
epithelium contemplated by conventional Voltohmmeter measurements.

Despite the simplicity of the experimental measurements using
Voltohmmeter, measurements depend a lot on the positioning of the chopsticks
and the surface of the inserts. Impedance spectroscopy can be used to determine
TEER in a more robust manner and to have a more complete picture of the
electrical behavior of the system. In impedance spectroscopy the frequency of an
applied AC voltage is swept while measuring the amplitude and the phase of the
resulting AC current.#3 This methodology measures the complex ratio of voltage
to current, and includes contributions from resistive, capacitive, and inductive
components of the circuit. It has the advantage of complementing TEER
measurements recording the electric capacitance (at 1 -105 Hz) of the epithelial
cells. Within the considered frequency range, the high resistance of the
membrane causes the current to flow across the capacitor and allows ignoring
the membrane resistance and summarizing the apical and basolateral
membranes in one capacitance (Cca).*® Considering this, the electrical circuit
diagram can be simplified as shown Figure 1.12a. The typical impedance spectra
of epithelial monolayers are characterized by high impedances at mid-range
frequencies, related to TEER and capacitance Cc, and low impedance values at
high frequencies related to the impedance of the medium (Fig. 1.12b). Cell
capacitance provides additional information about the epithelial barrier
properties. For example, the abundance of brush layers, which consist mainly of
microvilli, correlates to a larger capacitance, because it increases the surface area
of the cell membrane.??
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Figure 1.12: a) Diagram of the equivalent circuit describing the contribution of the
transcellular and paracellular pathway to the total impedance, of the
epithelial monolayer. Ca, capacitance of the cell layer; Rmedium, ohmic
resistance of the medium; Rm, ohmic resistance of the membranes.
Capacitance of electrodes Cg, and ohmic resistance of the medium are also
represented. b) Simplified equivalent electrical circuit diagram for an
epithelial monolayer. c) Schematic impedance spectrum of a cell monolayer
at different frequencies (adapted from Benson et al.).43

The first attempt of culturing intestinal epithelial cells in vitro was done
at the 80s, when Qauroni et al. cultured cells from rat gut.?® Nowadays, primary
intestinal epithelial cells can be obtained with high purity from intestinal tissue,
but cells only survive for short periods of time.?® However, recent publications
have generated stable genetically modified intestinal epithelial cell lines, useful
for testing absorption of drug candidates.190 Alternatively, cell lines derived from
colorectal tumor are a proved effective option for developing enterocyte-like
cultures. Colorectal tumor derived cell lines, mainly Caco-2, are standardized as
preclinical experimental models to study drug transport processes through the
intestinal epithelium.

Caco-2 is a human colon adenocarcinoma-derived cell line that is used as
a model of the human small intestinal mucosa for the high-throughput screening
of drug permeability.19170 Caco-2 cells are typically cultured on Transwell®
inserts, have a fast proliferation and develop to a confluent differentiated
epithelial cell monolayer. This cell line, when differentiates, establishes tight
junctions, develop microvilli at the apical membrane, and produces enzymes
appearing in normal enterocytes, such as alkaline phosphatase.102 Caco-2 cells are
widely applied for studying intestinal permeability,103 drug absorption,04
intestinal metabolism and transporters,1%5 and toxicity.19 Caco-2 cells have
shown good correlation and prediction of intestinal permeability of passively
absorbed drugs.197 On the contrary, predictions in the case of drugs that are
absorbed by active transporters have shown low accuracy.1%4 HT-29 cells show
the typical morphology of epithelial cells, but they do not differentiate to
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enterocyte-like cells and a large portion of them is made up of goblet-like cells;
hence this line produces large amounts of mucin and is used for studying bacterial
adhesion.108 T84 is another cell line from cells of intestinal crypt used for the
study of food proteins.?2
Co-cultures are used to improve the in vitro models by adding the diverse
cell population of the small intestinal epithelium. To this end, several cell types
have been co-cultured on Transwell® inserts, such as Caco-2 and HT29 for the
production of a mucus layer.19? Caco-2, dendritic cells and monocytes have been
co-cultured to study immune processes in the inflamed intestinal mucosa.!10.111
In addition, co-culture can be compartmentalized by seeding Caco-2 cells on the
upper part of Transwell® and other cell types, such as macrophagesi? or
endothelial cells,!13 on the basal compartment. In these systems, immune cells,114
and pathogenic and non-pathogenic bacteria can be added.!15 On the other hand,
Transwell® insert can be modified to improve cell physiology , like Shen et al,
who developed a 3D printed insert for hanging culture of Caco-2 cells.116
However, colorectal tumor derived cell lines are not derived from small
intestinal epithelium and have severe limitations. These limitations are related to
their inconsistent expression of transporters and metabolic proteins depending
on the culture conditions.!'1? In addition, Caco-2 cell monolayers lead to an
“artificial” transepithelial electrical resistance (TEER) values greater than 300
Q-cm? compared to the native human small intestine which is 40-90 Q-cm?2.118119
The absence of small intestinal stem cells and other epithelial cell types limits the
relevance of the physiology and functionality of these standard in vitro models.
Despite many advantages such as easy cell culture and high
reproducibility, conventional in vitro models lack small intestine 3D structural
features, involved in the nutrient absorbance and the epithelium remodeling, and
relevant small intestine epithelial cell types such as goblet cells or stems cells. The
routinely culture platform used, Transwell®, also lacks the environment
complexity and transport activity associated with the native small intestinal
tissue. Porous membranes have flat surfaces, not comparable with the
characteristic 3D villus-crypt units of the small intestine. Even though many
approaches have been adapted to fill the gap between the conventional 2D culture
and native intestine, the complexity of in vivo is not represented in these models.
To overcome the limitations of the standard Caco-2 models cultured on
Transwell® inserts, new trends and emerging strategies have been attempted to
model small intestine in complex constructs, using biomaterials and
microtechnologies. These new models incorporate the mimicking of the
basement membrane, the development of the 3D architecture of the small
intestine, and the development of dynamic environments to apply fluid flow and
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peristalsis. We will consider the components needed to develop such complex
systems in what follows.

1.3 HYDROGEL MATERIALS FOR THE CULTURE OF SMALL
INTESTINE EPITHELIAL CELLS

The extracellular matrix (ECM) is a complex 3D fibrous meshwork, with
hydrogel-like structure composed of fibers and pores made of a variety of
proteins and polysaccharides.? Its heterogeneous composition provides cell
anchoring support, tissue structure, and directs cell fate.120 The small intestinal
epithelium is anchored to a specialized ECM, the basement membrane. The
basement membrane is a thin layer composed of laminin, collagen
(predominantly collagen IV), proteoglycans, and other structural and adhesive
proteins that create pores of 10 nm in size and small cavities of 1-5 pm in
diameter.14121,122 The major non-collagenous component, laminin,123.124 forms a
thick and almost continuous line, conformal with the villi architecture, along the
walls of the villi.125 The basement membrane controls the epithelial cell shape,
gene expression, adhesion, migration, proliferation, and apoptosis.2¢ Thus, an
engineered material for the cell culture of the intestinal epithelium should mimic
the chemical composition and structure of the basement membrane. To this aim,
hydrogels have become the most popular biomaterial.

Hydrogels are composed of hydrophilic polymer chains that form three-
dimensional networks upon cross-linking via covalent bonds or via physical
attraction, either intramolecular or intermolecular. These hydrophilic polymer
networks can absorb high amounts of water (often more than 90%) and swell
without dissolving, increasing their volumes in the swollen state (up to 103 times,
ratio swollen gel volume / dry gel volume).127 Hydrogels show a wide range of
porosities, from less than 100 A to more than 10 pm.!28 Their porosity facilitates
the transport of nutrients and waste.2? Hydrogels have been widely used for
biological applications due to structural similarities to the native ECM (Fig.
1.13).130-132 Hydrogels can be made using a variety of polymeric materials, which
can be of natural or synthetic origin. Natural polymers have as advantages their
inherent bioactivity, biocompatibility, and biodegradability. They are usually
fabricated from ECM components.

To mimic the basement membrane for epithelial cell cultures the most
used proteins are collagen and Matrigel™. Collagen matrices are widely used
because of their abundance in the basement membrane.133 Matrigel™ is a mixture
of ECM proteins, mainly laminin, collagen IV and enactin.13¢ However, Matrigel ™
has limited availability, batch-to-batch variability, pathogen transmission,
immunogenicity, technical challenges in handling, and experimental inertness.135
In addition, other natural-derived materials such as laminin, fibronectin,
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hyaluronic acid, and chitosan have been used in intestinal tissue engineering.136-
138 Despite several intestinal cell types, including stem cells, have been
successfully cultured on natural hydrogels, it is often difficult to tailor their
mechanical, chemical, and degradation properties.

a) b)

Basement
membrane

Figure 1.13: a) Schematic representation of an epithelial cell on the basement membrane
of heterogeneous fibrillar network. b) Synthetic hydrogel, and an illustration
of the polymeric network.

Hydrogels from synthetic polymers are attractive materials because they
offer greater control over physicochemical properties, low immunogenicity,
minimized batch-to-batch variations and long-term stability. However, most of
them often fail to recapitulate essential biological features such as
biodegradability or biological recognition.139140 These hydrogels are made of
monomers or polymers that create a cross-linked network mainly based on poly
(ethylene glycol) (PEG), poly (N-isopropylacrylamide) (PNIPAm), poly (2-
hydroxyethyl methacrylate) (PHEMA), and poly (vinyl alcohol) (PVA) (Fig.
1.14).141.142 These materials are usually combined with natural derived materials
or cell-adhesive ligands to improve their bioactivity.
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Figure 1.14: Molecular structures of polymer repeat units used for preparing synthetic
hydrogels: a) linear poly (ethylene glycol) (PEG), b) four-arm PEG, c) poly (N-
isopropylacrylamide) (PNIPAm), d) poly (2-hydroxyethyl methacrylate)
(PHEMA), and e) poly (vinyl alcohol) PVA (adapted from Kharkhar et al.).142

Hydrogel cross-linking strategies are based on chemical (covalent) or
physical (non-covalent) interactions among monomer or polymer chains.
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Physical cross-links include entangled chains, hydrogen bonding, ionic bonding,
hydrophobic interactions and crystallite formation.1#Z2 Even though they are not
permanent junctions, they keep the hydrogel from dissolving in aqueous media.
Natural-derived hydrogels are typically formed by physical cross-links. For
example, Matrigel™ gels with temperature, it forms liquid solutions at low
temperatures and gels at room temperature. Gelatin and collagen form liquid
solutions at high temperatures and gel at low temperatures. Polysaccharides,
such as alginate, form gels in the presence of CaZ*.

Chemical cross-links, on the other hand, are permanent junctions formed
by covalent bonds. One common way to create a covalently cross-linked network
is using chain or step growth polymerization mechanisms, in which end-
functionalized mono/macromers react to form oligomers and long chain
polymers.143 For example, click reactions are a class of reactions to covalently link
two reactants in a straightforward, modular and high-yielding manner, which
have become popular for synthesizing hydrogels. They use highly reactive
functional pairs such as thiol-vinyl, thiol-maleimide, and azide-alkyne. One
attractive feature of this type of cross-linking mechanism is that it does not
require any additional components, such as an initiator, but the gelation rates are
typically slow.142144 By free radical polymerization, polymers modified with one
or more vinyl groups react, in the presence of a photoinitiator and suitable light
wavelength, to create high-molecular-weight chains that are covalently cross-
linked in the network. Radical chain polymerizations are fast, and happen at time
scales from seconds to several minutes.4>

131  NETWORK STRUCTURE OF HYDROGELS

The chemical properties of the repeating units, monomers (or
macromers), and the method of cross-linking determine the three-dimensional
structure of hydrogels.132 Many of their properties, including the equilibrium
water content, compressive modulus, and diffusivity depend on the hydrogel
cross-linking density (px), which refers to the number of chains in a given volume
of hydrogel. Cross-linking density determines important parameters used to
define the network structure of hydrogels: the swelling ratio (Q), the polymer
volume fraction in the swollen state (vzs), the average (or effective) molecular
weight between cross-links (Mc), and the network mesh size (§). The swelling
ratio is the ratio between the volumes of water-swollen hydrogel to dry volume
and it affects the mechanical properties of the hydrogel. The polymer volume
fraction in the swollen state describes the amount of liquid than can be imbibed
in the hydrogel. The mesh size dictates the diffusivity of molecules through the
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network.131 For their characterization, hydrogel networks are usually considered
an “ideal” collection of chains between junction points (cross-links), but in reality
these networks contain defects such as loops, physical junctions, entanglements,
and dangling ends (Fig. 1.15).146.147

Ideal network Real network

Cross-link

Figure 1.15: Ideal and real network structure of hydrogel showing cross-links (blue
circles), mesh size (§) and molecular weight between cross-links (Mc),
physical junctions, entanglements, loops, and dangling ends.

Hydrogel swelling parameters can be determined using the equilibrium
swelling theory proposed by Flory-Rehner.148 The Flory-Rehner equation is
typically employed to relate the hydrogel swelling ratio, which is the inverse of
the polymer volume fraction, to its cross-linking density. Hydrogels can be
assumed as highly swollen systems (Q > 10), and neglecting polymer chain ends,
the Flory-Rehner equation simplifies to:

. 35
Q=p;¥° [—1/ : 2’“] Eq. 1
v,

where V1 is the molar volume of the solvent and x1 represents the interaction
between the polymer and the solvent. Finally, the mesh size can be estimated
following equation:

2M.C
_ 173 2Mcbn
= V2,s M—rl Eq 2
where M is the molecular weight of the monomer, Cn is the Flory characteristic
ratio and I the length of the bond along the polymer backbone. Mesh size at the
equilibrium swelling dictates the diffusivity of molecules through the network,
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and can be compared to the hydrodynamic radius of a molecule to determine
whether diffusion would take place (Eq. 3)

D < r
g s
= = 1__) Eq.3
Dy 13

Dg is the solute diffusivity in the hydrogel swollen state, Do is the unhindered
solute diffusivity in the swelling solvent, and rs is the radius of the solute.14?

1.3.2  POLY (ETHYLENE GLYCOL) (PEG) -BASED HYDROGELS

Poly (ethylene glycol) (PEG) is one of the most popular synthetic
materials used in biomedical applications, tissue regeneration, cell culture, tissue
models for wound healing, and cancer drug delivery.150.151 Because of its high
hydrophilicity, bioinert structure, lack of toxic or immunogenic response, low
cost, and water solubility is suitable for cell culture applications. In addition, it
has been approved by the food and drug administration (FDA). Also, PEG-based
hydrogels provide adjustable mechanical properties as their elastic modulus can
be tuned over a broad range of values to mimic the moduli of soft tissues (e.g., E
~ 5kPato E ~900 kPa).152 However, PEG-based hydrogels have no bioactive sites
for cells interaction, so they do not support cell adhesion and proliferation. It is
common to incorporate cell adhesive peptides to make them bioactive.13°
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Figure 1.16: a) Poly (ethylene glycol), b) poly (ethylene glycol) dimaleimide, c) poly
(ethylene glycol) diamine, and d) poly (ethylene glycol) diacrylate.

PEG macromers are often chemically modified to support cross-linking
mechanisms. These modified macromers are commercially available or can be
prepared in house.
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It is common the modification of the hydroxyl end groups by, maleimide,
thiol, amide, azide, sulfovinyl, or acrylate groups that can be cross-linked by click
reactions or free radical polymerization (Fig. 1.16).153 In addition, cell adhesive
molecules can be PEGylated to be anchored in these systems.154

Also, interpenetrating networks of gelatin methacrylate and hyaluronic
acid methacrylate polymerized with polyethylene glycol have been reported to
improve PEG cell adhesion properties. All these engineered PEG hydrogels have
demonstrated to support cell functions such as adhesion, migration, proliferation,
and the regulation of stem cell fate.155-157 In addition, basement membrane-
mimetic PEG hydrogels have been developed to replicate basement membrane
topography,158 the vascular basement membrane to study the neutrophil
extravasation,15® to provide a basement membrane model of the alveolar-
capillary barrier,16 to study the epithelial morphogenesis,'¢! and as intestinal
basement membranes to assess organoid growth.162

1.4 FREE-RADICAL PHOTOPOLYMERIZATION OF PEGDA

The most common method of cross-linking to form PEG-based hydrogels
is based on the use of PEG-acrylates, especially PEG-diacrylate (PEGDA) through
UV initiated free radical photopolymerization. This reaction has as main
advantage mild reaction conditions. In addition, it provides temporal and spatial
control over the hydrogel formation. Free radical photopolymerization initiates
without the need for high temperatures or extreme pH conditions and in a non-
purged environment.163 Also, in contrast to click reactions that are spontaneous,
photopolymerization can be controlled over time.

Free radical polymerization forms polymers by the addition of free
radical building blocks (Fig. 1.17).16¢ UV-initiated free radical polymerization is
described by three reaction steps: initiation, propagation, and termination (Table
1.1). It is initiated by the combination of irradiation with the appropriate
wavelength (usually UV) and the presence of a photoinitiator (PI). The
photoinitiator absorbs energy and decomposes with an efficiency f and rate
constant kq into two reactive free radicals (R*) with unpaired electrons. Acrylate
groups of the monomers (M) are sensitive to free radicals and unpaired electron
swipe carbon-carbon double bond (-C=C-) creating a new free radical monomer
(RM*). The constant rate for chain initiation is ki. Free radical monomers
propagate the reaction at a rate kp, creating polymer chains (Pm). These chains
have an unpaired electron and can again serve as free radicals. The last step is the
termination, which occurs when two unpaired electrons find each other creating
stable polymer chains as a rate kt. This reaction is inhibited in the presence of
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oxygen because it captures the radical species formed from the PI, forming
peroxides and avoiding polymer polymerization. Oxygen reacts with radicals
under the rate constant ko, .

a) RO,H

Pl — R* 0,

- RMrI RM,02H

e)
M** R
RUT A+ "R ] « R
M M M M M M

Figure 1.17: a) Schematics of free radical polymerization reaction (black) and oxygen
inhibiting mechanism (red). Radicals (R*) are generated from photoinitiator
molecules (PI) by the UV light. Acrylate monomers (M), react with radicals in
free radical monomers (RM*), which create polymer chains (Pm). Oxygen
(02), reacts with radicals creating peroxide molecules (ROzH, RMx02H). M is
the acrylate monomer, and red line represents the new formed bonds.

Description Reaction
Initiation:
kg
Decomposition P[ — 2fR*
* ki *

Chain initiation R*+ M — RM

Propagation RM; + M —» RM; 41
* * k

Termination: RM}, + RM}, —— Posm
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K
Oxygen inhibition R*+ 0, 2, RO,H

Table 1.1:  Kinetics and reaction steps in free radical photopolymerization.
Photoinitiator (PI), radicals from photoinitiator (R*), photoinitiator
efficiency (f), acrylate monomers (M), free radical monomers (RM*), polymer
(Pn), oxygen (02), peroxide molecules (ROzH, RMnO2H).165

The photoinitiator decomposition kd depends on its quantum yield (¢)

(ratio of molecules decomposed to the number of photons absorbed), molar
attenuation coefficient (€) (or molar absorptivity, ability of a chemical species to
attenuate light at a given wavelength), the intensity of the light absorbed (I) at
given wavelength (1), Avogadro’s number (Na), Planck’s constant (h) and the
speed of light (c) (Eq. 4).

_ $(2.303)In

= Eq. 4
d Navhe q

The dynamic concentration of all the species in a well-mixed bulk
reaction volume can be defined by a set of differential equations::166

dPI

~ar ~ KalPll Eq.5
% = 2kq4f[PI] — k,[R*][M] — 2k [R*][RM*] — 2k[R"]? a6
— ko, [R*][0;]
% = —k, [R*][M] — k,[R*][RM*] Eq.7
d[il:[*] = k,[R*][M] — 2k [RM"]? — 2k,[R*][RM"] Fq.8
— ko, [RM"][0]
% = 2k{[RM*]? + 2k[R*][RM"] + ko, [RM*][0,] Eq.9
d[ff] = —ko, [RM"][02] — ko, [R][0] Eq. 10

Combining these equations the rate of polymerization R, can be
estimated by:165

2fkq[P1]

Eq. 11
K, 4

R, = k,[M]
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Polymerization can be computed as the total fraction monomer
conversion (p) given by equation 12, where [M]o is the initial concentration of the
monomer:

Eq. 12

To determine fraction monomer conversion, the concentration of
monomer as a function of time has to be computed. Because of polymerization
(Eg. 11), monomer concentration will disappear over time, therefore:167

d[M] ,ka [PI]
~r = Ro =~ kp[M] —Et Eq.13

The concentration of photoinitiator also depends on the time and can be
obtained from integrating equation 5, considering the initial concentration [PI]o.
By this, equation 15 is obtained.

[PI] = [PI], e~*a* Eq. 14

d[M] ’2kdf[PI]o _ka,
o = —k, [M] 71% e 2 Eq. 15

By integrating equation 15, isolating (Eq. 16) and substituting in
equation 12 the fractional monomer conversion as a function of time can be
computed as:167

1
ln( M] ) _ <8kgf[PI]o)2 [ B 1] Eq.16
[M]o kqke
1
8K3f[PI]o)2 (_@)
] = ( ol ) [e 1 Eq. 17
1
8K3f[P1]o)\2[ (_Xdt)
p:1—e(ﬁ) [e 271 Eq. 18

By looking at this equation is evidenced that free radical
photopolymerization is controlled through photoinitiator-related parameters
such as its concentration, and through the intensity of light (energy dosage) and
the propagation and termination rate constants. In addition, oxygen plays a key
role because it diminishes the number of radical species that drive the
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polymerization, inhibiting the reaction. To take profit of free radical
polymerization, terminal hydroxyl groups of the PEG can be substituted by
acrylates to from PEG-diacrylate (PEGDA). PEGDA is the type of macromer most
used for photopolymerization. By free-radical polymerization, PEGDA repeating
units, often called monomers even if they are actually macromers, cross-link to
form long branched chains and cross-linked networks (hydrogels). This contrasts
with poly (ethylene glycol) monoacrylate (PEGMA), which creates linear chains
resulting in a soluble polymer network, because PEGDA monomers are
bifunctional and PEGMA are monofunctinal.166168 PEGDA hydrogels are highly
tunable, by varying their molecular weight or polymer concentration the
mechanical properties can be controlled.16?

o]
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Figure 1.18: Scheme of free-radical polymerization of PEGDA by the activation of 12959.
a) Cleavage of 12959 into radicals (R*), b) initiation of polymerization by the
radicalization of monomers. c) Propagation of the polymerization in d) linear
chains or e) branched chains. Red dots relate to unpaired electrons, x and y
relate to the size of the poly(acrylate) domains, and n relates to the size of
the PEG domains.
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For biomedical applications, PEGDA hydrogels are usually fabricated
using 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, known as
12959 (Ciba® IRGACURE® 2959, Switzerland) as photoinitiator. Figure 1.18
shows the free-radical photopolymerization reaction described in Figure 1.17
adapted to the PEGDA free-radical polymerization in presence of 12959.

PEGDA and 12959 have been used in mimicking many tissues, such as the
cornea,'’® bone,l7! cartilage,7?2 or hair follicle.l”3 It is a water soluble
photoinitiator with a limited solubility (~1% w/v)17* and it possesses a high
molar absorption at UV medium-wavelengths (200 - 320 nm). However, its molar
absorptivity spectrum (Fig. 1.19) limits the generation of radicals at wavelengths
up to 370 nm, with a value of 4 M1 cm! at 365 nm.175 At wavelengths below 350
nm, cellular encapsulation is precluded because of its phototoxic and mutagenic
characteristics.176
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Figure 1.19: (a) Molar absorptivity of 12959.177 (b) Molar absorptivity at different 12959
concentrations. Absorption spectrum of Ciba® IRGACURE® 2959 as % in
acetonitrile.178

1.5 MICROSTRUCTURING OF HYDROGELS

Hydrogels are usually fabricated and used as films or bulk structures.
Some cell engineering applications require the miniaturization of hydrogel
structures and the fine tuning of their architecture. Considering the small
intestinal epithelium, the crypt-villi architecture has proved to be relevant in the
physiology of this tissue. Thus, this three-dimensionality has to be considered
when fabricating a biomimetic hydrogel. Several methods are employed to
microstructure hydrogels and reviews classify them in micromolding,
microfluidics, stereolithography, 3D bioprinting, and photolithography.179-181

The functionality of many tissues is related to their 3D architecture, such
as the spongy part and the canaliculus of bone tissue, the palisades of the corneal
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limbus, the compartmentalized hair follicle, and the crypt-villi unit. For all of
them, relevant geometrical features are in the range of tens to hundreds of
micrometers. So, microstructuring techniques must work within this range.
Traditional microfabrication techniques have been extensively used and
optimized for hard materials,!82 but the implementation of these methodologies
for soft materials impose specific challenges. The main specific care is the
manipulation, because hydrogels are very soft, and can easily break. Many
hydrogels are sticky, which could also restrict the use of molds.

151  MICROMOLDING

Micromolding is an extensively used technique based on the use of hard
templates or molds from which the microstructure is transferred to another
material. These molds are usually fabricated by photolithography, soft
lithography (a technique used for replicating structures using elastomeric
molds), etching or laser ablation.183184 Molds from polydimethylsiloxane (PDMS),
poly(methyl methacrylate) (PMMA), polyurethanes, polyimines, or Teflon have
been employed as templates to produce hydrogels with topographic
features.170173185-187 Qne of the preferred materials used in micromolding is
PDMS due to its inertness, optical transparency and flexibility.188 A variety of
hydrogel shapes, morphologies and sizes can be precisely fabricated on a
template, ranging from less than 1 pm to larger than 500 um.189190 Polymeric
solutions are placed on the mold, and after cross-linking, hydrogels replicate the
shape of the template, being a negative of the original mold (Fig. 1.20). In
micromolding, hydrogels are cross-linked by temperature such as agarose, or
light, such as PEGDA, gelatin methacrylate or hyaluronic acid methacrylate.190-193

PDMS template

T rrIrTT
Temperature / UV light Hydrogel

-—>=-.-—>-.-.-.-.-.-

Polymer solution

Figure 1.20: Schematic presentation of hydrogel micromolding using a PDMS template.

The main problem when using molding with hydrogels is demolding, as
they might be sticky or very soft, so microstructures can be deformed or broken.
To overcome this restriction, molds can be coated with other polymers, or anti-
sticking layers. PNIPAAm is a temperature responsive polymer that has been
used as a coating for PDMS molds to demold agarose hydrogel microstructures.194
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An alternative option, useful for high aspect-ratio microstructures, it is proposed
the use of intermediate molds made of soluble materials such as gelatin,195 poly
L-lactic acid,1?¢ agarose,?7 or PNIPAAm.198 These intermediate molds are used as
sacrificial layers and are destroyed to demold the hydrogel of interest.

Micromolding is usually costly affordable and allows obtaining large-
surface areas with microstructures but with soft materials sometimes require
several demolding steps to create complex architectures.

1.5.2 3D BIOPRINTING

3D bioprinting is a rapid-prototyping method to create three-
dimensional architectures with high precision due to the accurate deposition of
wide range of materials to a desired location.199-201 [n addition, it allows the
printing of multiple cell types previously diluted in the polymer solution. 3D
bioprinting can be performed by inkjet bioprinting, microextrusion bioprinting,
and laser-assisted bioprinting.17°

Hydrogels can be made by inkjet bioprinters (Fig. 1.21a), which consist
on a syringe that ejects the polymer solution on a surface where a cross-linking

method is applied.
a) Inkjet b) Microextrusion c) Laser-assisted (LAB)
thermal piezoelectric pneumatic piston screw
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Figure 1.21: Schematic illustration of the 3D bioprinting approaches. a) Inkjet, b)
microextrusion, and c) laser-assisted bioprinting. Polymer solutions cross-
link once they reach the substrate. (adapted from Malda et al.)202

Depending on cross-linking method (temperature or UV light) different
materials can be fabricated such as PEG-based polymers,293 gelatin, alginate and
hyaluronic acid.204205 This technology reaches resolutions of 50 pm - 1 mm and
is able to work at high speed.2% For temperature-based cross-linking, the time for
hydrogel forming has to be reduced. Additional issues related to the technique
are clogging of the needle and formation of bubbles. Microextrusion bioprinting
uses a piston-dispenser to deposit the material (Fig. 1.21b). Hydrogels cross-link
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after their deposition, by ionic cross-linking such as alginate, thermal cross-
linking such as agarose, or photocross-linking such as PEGDA and GelMA.201.207
Again, clogging of the nozzles and their size limit its resolution to 5 pm - 1 mm.

3D bioprinting technique

Inkjet-based Extrusion Laser-assisted
Resolution/droplet size 50 pm-1 mm 5 um-1 mm >10 pm
Material viscosity /density Low High Low-High
Printing speed Fast Slow Medium-fast

Table 1.2:  Characteristics of inkjet, microextrusion, and laser-assisted technologies. 208

Laser assisted bioprinting does not use nozzles and can achieve high
resolution, less than 10 um.2% This technique uses focused laser beam pulses on
the absorbing layer of a ribbon, which is covered by a layer of pre-hydrogel
material, to generate a high-pressure bubble that propels the material toward the
collector substrate, where it gelifies (Fig. 1.21c). The most commonly used
hydrogels are alginate and collagen.208210211 Comparative considerations
between 3D bioprinting techniques are listed in Table 1.2.

1.5.3 MICROFLUIDICS

Microfluidics is a technology that aims the manipulation of fluids at the
submillimeter scale using a microscale devices built with microtechnologies.
Microfluidics offers the ability to work with small reagent volumes, confers
miniaturization, and can be used to perform experiments not possible at the
macroscale. Microfluidics relies on fluid handling using laminar flow, as the small
dimension of the channels usually hampers turbulent regime.

Devices containing microfluidic channels are usually made of PDMS.212
This technology has been applied for the fabrication of building-blocks and
microfiber hydrogels with a very good control of the size and shape of the
fabricated structures. These precise dimensions are mainly controlled by the fluid
flow rate. The simplest methodology is the fabrication of hydrogel microspheres
by emulsion. These microspheres can be made of PEGDA, agarose, and alginate.213
For the fabrication of more complex architectures, these microspheres are
assembled in 3D hydrogel structures at the millimeter scale.24# A particular
application of microfluidics for hydrogel microstructuring is the development of
complex microfiber networks.21> These microfibers fabricated from various
polymers such as alginate, collagen, PEGDA, and PLGA due to their rapid cross-
linking.179:216-219 Microfluidics can be combined with photopolymerization in the
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so-called flow lithography process, to fabricate large numbers of hydrogel
microparticles. These methodology requires the use of photocross-linkable
materials such as PEGDA, gelatin methacrylate or methacrylated hyaluronic
acid.220 [n addition, microfluidics have allowed the development of specific
devices that mimic highly controlled environments for cell culture, the so-called
lab on chip devices. The application of these devices to intestinal in vitro models
will be reviewed later on in this document.

154  STEREOLITHOGRAPHY-BASED TECHNIQUES

Stereolithography creates 3D shaped materials by using
photopolymerization by the precise irradiation of layer-by-layer materials. It
enables the fabrication of complex architectures and geometries in a very precise
way. The first layer of photopolymerized hydrogel is adhered to a built platform,
which is moved a defined step height for the polymerization of the subsequent
layer. This process is repeated until the shape of the desired structure is achieved
(Fig. 1.22). Microstructuring can be completed by two different methods: the
shape of each layer can be controlled by a computer and drawn by a laser beam,
or by applying different photomask at each exposition.179221 In the case of
photosensitive hydrogels stereolithography has been used to encapsulate cells in
three-dimensional structured PEGDA, gelatin methacrylate or poly(ethylene
glycol) dimethacrylate (PEG-DMA) hydrogels.222-224 Despite the excellent three-
dimensional control of the microstructures obtained, the additive one-layer-at-a-
time approach is laborious and time-consuming.
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Figure 1.22: Schematics of the stereolithography technique where a polymer solution is

polymerized layer-by-layer and controlled by the specific position of a
platform.
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Moreover, cross-linking only occur at the surface of the
photopolymerizable material (within the first few micrometers). In addition, the
lateral resolution is between 150 and 200 um and the minimum distance between
two adjacent layers is 50 pm, which gives quite a poor resolution in the z-
dimension.225

Two-photon polymerization can be also considered as a
stereolithography technique, and it can be used to create three-dimensional
microstructures in a simple and fast manner. Polymerization occurs in a liquid
based material which receives high power near-infrared (NIR) or infrared (IR)
femtosecond lasers. When two photons provide, simultaneously, sufficient power
at the focal point, free radical polymerization can be initiated into the volume of
the photosensitive material. Instead of the physical movement of a platform, two-
photon technique creates three-dimensional microstructures by changing the
laser focus position (Fig. 1.23). This technique enables the fabrication of
hydrogels with chemical patterns using polymers with different cross-linking end
groups, or cleavage groups. It also has the advantage of creating features as small
as 100 nm.226 As an example, Anseth and coworkers, have developed chemical-
micropatterned and physically microstructured hydrogels (PEG and bis(azide)-
functionalized polypeptides) for cell culture, tissue regeneration, and biological
arrays and/or assays.175227-229 As drawbacks, this technique is complex,
expensive, and limited to photosensitive materials.

UV light Ultrafastlaser pulses

Crosslinked
hydrogel

Crosslinked
hydrogel

Photo-crosslinkable
material

Figure 1.23: Drawing of the stereolithographic (left) and two-photon (right) techniques
(adapted from Koskela et al.).230

1.55 PHOTOLITHOGRAPHY
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Photolithography is the microfabrication technique most used in
microelectronics to create integrated circuits. The procedure consists on
depositing a thin layer of a photoresist on the top of the material to be
microstructured. Then, a photomask with a desired pattern, with light opaque
and transparent regions, is placed on top of the photoresist and it is exposed to
UV light through the mask. Photomasks can be made of metal or glass, but also
high-quality acetate sheets can be used if the dimensions of the microstructures
arerelatively large (> 50 um). The illuminated regions become either cross-linked
(negative photoresist) or degraded (positive photoresist), and a replica of the
design in the photoresist is developed with a solvent. At this point etching
techniques are used to transfer the pattern to the underneath material and finally,
the photoresist layer is removed (Fig. 1.24a).23! The technique is parallel in
nature and it allows the microfabrication of large-surface areas in a simple step.
The energy dosage is controlled by the intensity of the light source (usually
prefixed) and by the exposure time. However, the resolution of conventional
photolithographic techniques is limited by light diffraction to be on the order of
half the wavelength of the light employed (< ~200 nm).
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Figure 1.24: a) Schematic representation of conventional photolithography. b) Direct
photopolymerization of a hydrogel through a photomask.
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These diffraction phenomena are differentiated in Fraunhofer
diffraction, which occurs at far-field distances of the slits of the mask, and Fresnel
diffraction, which occurs when the light passes through an aperture and diffracts
in the near field. It occurs due to the short distance in which the diffracted waves
propagate. As example, mask and photoresist are usually separated by an air gap
or glass of some thickness (20 to 200 um), which affects the transfer of the mask
pattern. This limits the transferable minimal structure sizes at about 1 to 5 pm in
lateral resolution.232

Application Refs.
Cell encapsulation in microscaled hydrogels 190
Photopatterning for guiding cell behavior 233
Cell-laden microgels 220
Cell encapsulation 177
Hydrogel to mimic cartilage 234
Multilayer microfluidic hydrogels 235
Hydrogel stiffness and permeability studies 236
Aggregation of Pancreatic b-Cells 237
Stem Cell Culture and Gene Delivery 238
Cell migration in synthetic extracellular matrices 239
Protein encapsulation 240
Patterned vascular networks 241
Matrix Metalloproteinase-2 Mediated Release 242
Bone tissue engineering scaffold 171
Cornea engineering hydrogel 170
3D hair follicle-like hydrogel 173
Osteogenic differentiation 243
Smooth muscle cell proliferation 244
Vascularization of tissue Constructs 245
In vitro Model for Ductal Carcinoma 246

Table 1.3:  Different applications of microstructured PEGDA hydrogels in the field of
cell/tissue engineering.

Conventional photolithography resolution is enough for most cell culture
applications, because three-dimensional structures are in the range of tens of
microns to millimeters. To be used with photocross-linkable hydrogels, the
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photomask is placed on top of the hydrogel solution and UV is exposed through
the photomask. So, only UV irradiated areas will polymerize (Fig. 1.24b).
Exposure time must be precisely controlled because overexposition causes the
polymerization of areas that are under the masked regions, which may create
undesired patterns.?20 This technique has been successfully used to produce
microstructures on several hydrogels, mainly those containing acrylate groups in
their backbone, such as PEGDA, methacrylated hyaluronic acid, gelatin
methacrylate, and mixtures of these polymers.247-258 The cells can be cultured on
the hydrogel surface, but more often these materials have been widely used for
cell-laden applications.187.220.257 They have been also used to create chemical
micropatterns on hydrogels.233.259-261 A example of use in tissue engineering, are
honeycomb structures fabricated by several photolithographic steps, which
supported and surrounded individual hepatic microtissues.262 Although
photolithography is a very simple and low-cost process, this approach is not
straightforward when applied to create complex 3D structures on soft and thick
hydrogels. Microstructuring of PEGDA with high aspect ratio shape has been
carried out using pure PEGDA or highly concentrated solutions of PEGDA.263-265
These microfabrication techniques have been extensively used to microstructure
hydrogels, and in particular, they have been applied to PEGDA hydrogels for
biomedical applications (Table 1.3).

The combination of the elements explained in this section (hydrogels and
microstructures) to design new in vitro models of small intestinal epithelium is
reviewed in what follows.

1.6 COMPLEX IN VITRO MODELS OF SMALL INTESTINAL
EPITHELIUM

1.6.1 INTESTINAL ORGANOIDS

The identification of small intestinal stem cells by using the Lgr5 gene
marker has recently allowed the formation of intestinal organoids, called mini-
guts, cultured in vitro. Sato et al, developed the generation of long-term culture
of organoids with crypt-villi architecture from small intestine crypts, cultured in
a three-dimensional extracellular matrix (Matrigel™ ) (Fig. 1.25).31.266

These organoids contain all the main intestinal epithelial cell types,
including the stem cells. Intestine-like organoids can be obtained from adult or
neonatal mice small intestine tissue,267 human embryonic stem cells, and induced
pluripotent stem cells.268 Despite organoids serve as a model that mimics the
physiology and functionality of the small intestinal epithelium, they are closed
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structures that do not allow the access to the lumen, thus hampering their
potential applications.269
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Figure 1.25: a) Schematic drawing of the culture of crypts or isolated intestinal stem cells
to develop intestinal organoids. b) Intestinal organoids grown in vitro. While
grow organoids increase the number of crypt-like domains (differential
interference contrast images). The lumen is filled with dead cell material
(dark gray) (adapted from Buske. Et al)270

1.6.2  GUT-ON-A-CHIP MODELS

For the last decade, microfluidics has been used to study, in miniaturized
systems called lab-on-chip devices, physiological mechanisms and cellular
behavior in ways that have not been possible before. These microdevices can be
used to test the efficacy and toxicity of drugs and chemicals in automated, high-
throughput, approaches and to create in vitro models of human diseases. In vitro
models of small intestine have also been integrated in microfluidic chips, thus
creating the so-called gut-in-a chip models.

Kimura et al. fabricated a micropumped microfluidic device with two
compartments divided by a semipermeable membrane to mimic in vivo
conditions and study the transport activity of Caco-2 cells. This system integrated
optical fiber sensors on each compartment for fluorescence detection of labeled
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molecules. By measuring in-situ the labeled molecules, this system provides a
useful platform for drug screening and toxicity testing in dynamic environments
(Fig. 1.26a).271 Kim et al. developed a microfluidic device to mimic peristaltic
motions and intestinal shear stress (Fig. 1.26b). They obtained a confluent layer
of Caco-2 cells on a porous membrane and reported the development of villi-like
structures over long time periods. The permeability of the paracellular way and
Caco-2 differentiation were higher than in conventional 2D models and similar to
in vivo. In addition, they achieved a successful co-culture of commensal bacteria
(Lactobacillus rhamnosus GG) with Caco-2 cells.269 Surprisingly, markers of goblet
cells, mucus production, enteroendocrine cells, and Paneth cells were found on
Caco-2 cells. These findings on gut-on-a chip devices suggest that dynamic
conditions have dramatic effects on cell phenotype and differentiation, and
improve in vitro models of small intestine.272

Other integrated microfluidic platform, called NutriChip, also
reproduced a confluent layer of Caco-2 cells separated from a co-culture of
immune cells by a permeable membrane to mimic the activation of immune cells
in response to the transfer of nutrients across the epithelial layer (Fig. 1.26¢). This
system allowed monitoring of the response of immune cells to pro-inflammatory
stimuli by the Caco-2 activation against the pathogen agent LPS
(lipopolysaccharide) and it was observed an increase on the production of
inflammation biomarkers (IL-6).273 Considering the interaction of the intestinal
function with other organs, many authors have attempted to integrate within the
same chip different tissue models. Recently, Esch et al. have fabricated a modular
pumpless device that allowed combining Caco-2 cells with liver tissue (Fig.
1.26d). This system also incorporates transepithelial electrical resistance sensors
to monitor the gut epithelial barrier function.2’# Shuler and co-workers
developed a microscale cell culture analog system (nCCA)?7> that contained
interconnected compartments (lung, liver, and other tissues) in a chip. Then,
intestinal Caco-2 cell model was integrated (Fig. 1.26€),27¢ and recently, villi-like
structures have also been incorporated .277

Complex in vitro models, including organoids, 3D synthetic villi and gut-
on-a-chip have proved that the mimicking of physiological features enhance the
cell differentiation processes, and maintain epithelium and commensal bacteria
co-culture. In particular, the mimicking of the crypt-villus architecture small
intestinal epithelium has demonstrated its physiological relevance by the
improvement of paracellular permeability correlation. Microfluidic devices allow
for tight regulation of the cellular microenvironment, including fluid shear and
gradients of biochemical molecules, and offer high-throughput culture and
analysis of 3D tissues. However, for the most part, microfluidic devices remain
similar to 2D cell culture in the fact that the cells are seeded in a monolayer
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without surrounding support cells or encasement in extracellular matrix.
Moreover, these devices provide a limited space for cell growth and are difficult
to combine with conventional biological testing techniques.
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Figure 1.26: a) Photograph of the micropumped microfluidic device reported by Kimura
et al. which incorporates optical sensors for the measuring of fluorescent
dyes.2’1 b) The human gut-on-a-chip. Schematic of the gut-on-a-chip device
showing the flexible porous ECM-coated membrane lined by gut epithelial
cells cross horizontally through the middle of the central microchannel.
(Upper right) A photographic image of the gut-on-a-chip device composed of
PDMS elastomer that allows providing peristaltic-like motion. Schematic
showing transformation of a planar intestinal epithelium into villus structure
(from Kim et al.).160 ¢) Schematic of the NutriChip forming the miniaturized
gastrointestinal tract. The device contains epithelial cells and immune cells
in different compartments. d) Cross section of modular, pumpless body-on-
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a-chip platform for the co-culture of GI tract epithelium and 3D primary liver
tissue (from Esch et al).274 e) Image of the microscale GI tract cell culture
analog system consisting in a porous membrane integrated in microfluidic
system in contact with other tissue models (from Mahler et al).156

1.6.3 THREE-DIMENSIONAL MODELS OF SMALL INTESTINAL EPITHELIUM

Recent developments in biomaterials and microfabrication methods
have fostered the development of in vitro models that mimic the 3D features of
the small intestinal epithelium.278279-281 (Crypt-like topography has been
produced by photolithography and transferred to poly(dimethylsiloxane)
(PDMS) (Fig. 1.27a). Caco-2 cells cultured on these substrates showed lower
levels of differentiation on the micro-wells compared to flat substrates, attributed
to significant influence of crypt-like topography on intestinal cell phenotype.281
Wang et al. also, fabricated type I collagen membranes with crypt-like micro-well
topography (Fig. 1.27b).280 Slightly lower TEER values were found for Caco-2 cells
cultured on crypt-like micro-well membranes, compared to flat collagen,
suggesting that crypt-like topography affects tight junctions, as in vivo, where on
the crypts permeable tight junctions are found.282 Villi architecture has also been
produced by several techniques. Lee et al. fabricated villi scaffolds made of porous
poly (lactic-co- glycolic acid) (PLGA) by 3D printing.283 However, the technique
resolution did not allow the fabrication of small enough microstructures, which
had considerably larger dimensions (1 mm in width and 700 um in height) than
villi, and pores of about 100 pm. Even though the scaffold mimics the shape,
dimensions and pore size are far away from the in vivo situation.

Vilin )
e) -
7
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f

Figure 1.27:  Crypt and villi architecture reproduced on hard substrates. a) PDMS well
and b) collagen membrane with crypt-like topography (Wang et al.).280.281
c) Caco-2 cells cultured on PDMS inserts with villi-like topography, d)
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scanning electron microscopy image of PDMS villi inserts, and e) confocal
microscopy analysis of villin distribution on Caco-2 cells grown on PDMS
villi inserts (from Salomon et al.).284 f,g) Scanning electron micrographs of
the PLA biomimetic villus array (from Yang et al.).285

Molding techniques combining laser ablation and sacrificial molding

have allowed the fabrication of villi-like structures on soft materials such as
collagen (1 - 800 MPa) (Fig. 1.28a).183 This system was adapted to a custom-made
culture insert, so TEER and permeability measurements were performed.286
Results suggested that the 3D intestinal model could improve the correlation
between in vitro models and native human small intestine.104 This approach also
proved that the expression of MUC17 was highly enhanced in the 3D villi model,
compared to a monolayer culture (fig. 1.28b). This finding suggests that the
architecture of the villi induces physiological changes in human intestinal cells.287

Although topographic features of villi were recreated in collagen, this can
form a barrier to the diffusion of some drugs, and can be biodegraded after short
term-cell culture. To overcome these issues, alternatives such as PLGA have been
proposed. PLGA porous scaffolds allowed the diffusion of biomolecules. They also
allowed cell attachment and were suitable for the differentiation of primary cells
from crypt mice, mimicking the differentiation process in vivo (Fig. 1.28c).197
Epithelial cells were at different stages of differentiation along the crypt-villus
axis, and this altered where bacteria reside.288 Also, strains of commensal bacteria
can live and exert their effects against pathogenic Salmonella (Fig. 1.28d,e).
Recently, organoids were incorporated into these PLGA synthetic intestinal
niches, together with other cells including macrophages. It was seen that
lactobacillus enhance enterocyte differentiation, and bacteria (E. coli) negatively
affects growth and differentiation. 3D scaffold was also tubularized to be
implanted in mucosal defects in animals. Mucosa regeneration was achieved with
native-like  characteristics (Fig. 1.28fg).289 Other approaches use
polyethersulfone (PES) hollow fibers to mimic small intestinal tube. Caco-2 cells
formed cell monolayers on the inner surface and showed higher degree of
differentiation than conventional 2D models. However, the diameter of fibers was
too small (900 pum) compared to diameter of human small intestine (2.5 cm), and
no three-dimensional features were incorporated on the inner surface.2% Silk-
based porous scaffolds were fabricated with a screw-patterned hollow lumen
(400 pm ridge-like features) and were used as architectural and functional
construct by culturing several intestinal cell types (1.28h). Primary human
intestinal myofibroblasts were seeded within the scaffold and Caco-2 and HT29
cells were cultured on its surface. These synthetic intestinal tissues permit the
accumulation of mucus, and interact with Lactobacillus rhamnosus GG strain.
However, the three-dimensional architecture based on ridges do not faithfully
mimic the finger-like morphology of villi. In addition, TEER and permeability
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assays are difficult to implement. Moreover, tissue functions tend to decrease
after a few weeks of cell seeding.29!

Figure 1.28: 3D synthetic small intestine scaffolds based on laser ablation and sacrificial
molding techniques. a) 3D villi with Caco-2 cells (from Yu et al) 28 b)
Expression of MUC17 in Caco-2 cells (red: actin, green: MUC17) in 3D
collagen scaffold (from Kim et al.).146 c) Cell full coverage over a section of a
PLGA villus. d) Confocal microscopy image of PLGA scaffolds cultured for 21
days with Caco-2 (blue), and bacteria (red), and e) Caco-2 cells with probiotic
(red) and pathogen (green) (from Costello et al.).87.147 f) Hematoxylin-eosin
micrograph of the mucosa of mouse 28 days after implantation of synthetic
scaffold seeded with mouse-derived progenitor cells showing intact villus
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structure. g) Higher magnification of the highlighted area (from Shaffiey et
al.).148 h) Fabrication process for silk-based porous scaffolds for 3D human
intestine engineering, and a fluorescence image of a cell covered ridge.

The architecture of small intestine has been also captured into in vitro

models using decellularized animal small intestine segments. Native tissue has
been used as a template to generate scaffolds with three-dimensional intestinal
features. Chemical vapor deposition of silica was used to mimic the topography
of the intestinal basement membrane.??2 However, due to the fragile nature of
silica, the replicas were unsuitable for cell culture or to serve as molds. Recently
this method has been improved using poly (p-xylylene) polymer, which can serve
as a mold to fabricate PDMS replicas with the tissue architecture used as cellular
growth substrates.z%3

Overall, microfabrication techniques have proved that better in vitro
epithelial models can be developed by recapitulating the in vivo 3D tissue
architecture. However, to be of practical use in the in vitro modelling of diseases,
the preclinical screening for drug toxicity and the understanding of organ
development, these systems should be easy to fabricate and be compatible with
conventional cell culture and biological characterization techniques. This thesis
aims to further accelerate this shift from 2D to 3D biomimetic models by
providing a new cell culture platform for intestinal epithelial tissue.
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Hypothesis and objectives
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In vitro assays are recently shifting from the use of 2D cell monolayers to
the use of organotypic, 3D cell cultures, as it is becoming increasingly evident that
the “flat biology” approach is not predictive of in vivo tissue responses. In
particular, the current in vitro human intestinal models provide data that is not
predictive of the in vivo behavior. Our hypothesis is that, by developing a new
model that recapitulates the 3D architectural features of the native tissue in an
appropriate biomaterial, advanced in vitro models of the intestinal epithelium can
be produced. Therefore, the overall aim of this thesis is to engineer a small
intestinal in vitro model that mimics the villi-like architecture and the mechanical
properties of the intestinal epithelium able to support the growth of a functional
epithelial intestinal cell barrier. Towards this objective, specific objectives are
defined as:

e To fabricate hydrogel microstructures by photolithography, obtaining in
a single-step process self-standing villi-like microstructures resembling
the small intestine 3D architecture. To define the relationships between
the material properties, the process parameters and the obtained 3D
structures.

e To provide the hydrogels with the proper biochemical, mechanical and
physicochemical properties for their successful bioactivity. To
investigate the effects of processing parameters in the formation of the
3D villi-like microstructures.

® To evaluate the interactions between epithelial cells and the
functionalized microstructured hydrogels, analyzing the cell behavior
and the formation of a functional epithelial cell barrier. To determine the
relationship between the fabrication parameters and the epithelial
phenotype. To design and implement engineering processes leading to
interface the new in vitro models with conventional testing approaches.
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Materials and Methods
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3.1 FABRICATION OF PEGDA HYDROGELS IN A CLOSED CHIP

311  POLYMER SOLUTION FOR HYDROGEL FORMATION

Hydrogels were fabricated by the photopolymerization of
diacrylate-terminated poly (ethylene glycol) (PEGDA) molecules under
ultraviolet (UV) irradiation in a reaction called free radical polymerization, as
described in section 1.5 (Fig. 3.1).

UV light

. Y Hydrogel

® Photoinitiator
" PEGDA

PDMS
chip

Polymer solution

Figure 3.1: Simplified scheme of PEGDA photopolymerization in a closed chip.

The polymer solutions were based on PEGDA (Sigma-Aldrich, USA) of
either 575 Da (PEGDAs7s) or 6000 Da (PEGDAso0o0) of molecular weight diluted in
phosphate buffered saline (PBS) with a concentration of 10 mM P043-, 137 mM
NaCl, and 2.7 mM KCl, at pH 7.4 (ThermoFisher Scientific, Spain). 2-hydroxy-4'-
(2-hydroxy-ethoxy)-2-methylpropiophenone (12959) (Sigma-Aldrich, Spain) was
the photoinitiator added to the polymer solution. PEGDA concentrations studied
range between 5% w/v and 20% w/v, and 12959 concentrations between 5-10-
4% w/v and 1% w/v. PEGDA and 12959 were diluted in PBS at 65°C for 1 hour in
a glass vial (VWR, Spain), previously cleaned with ethanol 96% v/v (Panreac
Applichem, Spain), and dried under nitrogen air flow. Polymer solutions were
protected from light and stored at 4°C until further use (maximum storage time
1 week). When precipitates were observed, the solutions were filtered by a 0.22
um filter (Merck-Millipore, Spain).

3.1.2 PEGDA POLYMERIZATION SET-UP

The detailed experimental set-up designed for hydrogel polymerization
is outlined in Figure 3.2. We fabricated a chip formed by a polydimethylsiloxane
(PDMS, Sylgard 184 Silicon Elastomer, Dow Corning, Germany) container. The
chip was sealed by a flat sheet of PDMS at the bottom side and covered by a glass
coverslip (Fig. 3.2a,b). After UV irradiation and cross-linking, the hydrogel was
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formed and it kept attached to the coverslip. Then, the sample was flipped up to
access the hydrogel surface. PDMS prepolymer was prepared by mixing the base
liquid prepolymer with the curing agentin a 10:1 ratio and degassing the mixture
under vacuum for 1 h. The prepolymer was then placed between two flat poly
(methyl methacrylate) (PMMA) (Goodfellow, UK) pieces spaced 1 mm and cured
for 24 h at room temperature and 2 h at 65°C. We then created a circular hole of
10 mm in diameter by a punch of 10 mm in diameter (AcuPunch, USA) to contain
hydrogel solution. Two channels were fabricated using a scalpel to facilitate the
polymer flow inside the PDMS container, and two inlets were cut out by a 1.5 mm
punch (Uni-Core, GE Healthcare Life Sciences, Spain) (Fig. 3.2c). PDMS container
was thoroughly rinsed in ethanol 96% v/v, and blown dried with a nitrogen
stream before sealing. As the hydrogels are very soft and are difficult to handle,
they were polymerized on a coverslip that will act as a support. Glass coverslips
12 mm in diameter (Neuvitro, USA) were used for this purpose. Coverslips were
rinsed in ethanol 96% v/v, blown dried with a nitrogen stream, and then placed
on top of PDMS container, creating a space which was filled by the hydrogel
solution (Fig. 3.2d-f). For the cross-linking of the hydrogel, the chip was then
exposed to UV light in a Mask aligner instrument (SUSS MicroTec M]B4, Germany)
at the IBEC nanotechnology platform (Fig. 3.2g-i). Samples were placed 5 mm
below the light source of Mask aligner and exposed to UV light using a mercury
short arc lamp (OSR HBO 350 W/S, Germany), which has intensity peaks within
the spectral range of 250-435 nm (Fig. 3.3).

The mask aligner was calibrated for a power density of 25 mW/cm? by
an UV intensity meter (SUSS MicroTec, Germany) placed at same position of the
sample. After UV exposure, hydrogels adhered to the glass coverslips (Fig. 3.2k1)
were rinsed with PBS to remove non-cross-linked polymer and unreacted
photoinitiator, placed in a 24-well plate (Nunc™, ThermoFisher Scientific, Spain),
submerged in PBS, and kept at 4°C for the swelling process. According to previous
experiments carried out in our laboratory,2°¢ hydrogels were allowed to swell for
atleast 3 days to reach equilibrium swelling. During this swelling period, PBS was
changed every day to fully remove any non-cross-linked molecules.?% To increase
the experimental throughput, a parallel version of the chip was designed and
fabricated. The parallel chip had nine PDMS containers arranged on the same
piece of PDMS (Fig. 3.2j).

Depending on the final properties desired for the hydrogels, the exposure
time and 12959 concentration were controlled to ensure an appropriated degree
of polymerization.
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Figure 3.2: Schematics of the hydrogel fabrication set-up. a) Detailed top view and b)
cross-section of the chip. Photographs of c¢) a PDMS container, d) coverslip
placing on the PDMS container, and e) polymer solution flown inside of the
PDMS container. Diagram of the fabrication procedure: once the coverslip is
placed on top of the chip, the PDMS container is filled with the polymer
solution (f). Then, the chip is exposed to UV light (g). Finally, the coverslip is
removed and the disc-shaped hydrogel kept adhered on the coverslip (h).
Image of i) the set-up placed on the Mask aligner instrument. j) PDMS array
of nine containers. Photographs of k) 6.5% w/v PEGDAcooo and 1) 20% w/v
PEGDAs7s hydrogels. Scale bars = 5 mm.
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Figure 3.3: Intensity distribution at the spectral region of the mercury short arc lamp set
in the Mask aligner. Extracted from OSRAM datasheet.296

3.1.3  EFFECT OF THE PHOTOINITIATOR CONCENTRATION ON PEGDA
PHOTOPOLYMERIZATION

To study how the amount of photoinitiator affects PEGDA
polymerization, disc-shaped hydrogels were photopolymerized by using
different 12959 concentrations. Solutions of PEGDAs75 or PEGDAeooo at 5%, 10%
and 20% w/v in PBS were used for this purpose. These polymeric solutions were
mixed with several concentrations of photoinitiator (5:104% w/v, 0.05% w/v,
and 0.5% w/v of 12959) and were exposed to UV light for 150 s. The color
(transparent/white) of hydrogels was used as a parameter to qualitative assess
the polymerization degree. To clarify the relationship between polymerization
degree and the photoinitiator concentration, the fractional monomer conversion
(p) was theoretically estimated using equation 14 (section 1.4).

1

8Kaf[PI],\2 kqt
p=1-—exp <ﬁ) [exp (— —d) - 1] Eq. 14
kake

where rate constants of decomposition, propagation and termination are defined
by kd, kp, and ke The initial photoinitiator concentration [PI]Jo and the
photoinitiator efficiency (f) were also considered. The photoinitiator
characteristics are incorporated in the definition and quantification of k4 (Eq. 3),
where ¢ is the photoinitiator quantum yield, &€ the photoinitiator molar
absorptivity, I the intensity of UV light, Na the Avogadro’s number, h the Planck’s
constant, c the speed of light, and A the wavelength of initiating light (A).166

63



- sesmion

Taking into account that photoinitiator 12959 shows the highest molar
absorptivity (400 M1 cm1) at wavelengths below 340 nm,'77 and the spectral
emission of the lamp is centered at 313 nm, this wavelength and € = 400 M1 cm!
were selected for the calculations. In addition, 25 mW/cm? of UV intensity were
measured with a probe at 365 nm. Then, integrating the area under the intensity
curve between 286 nm and 340 nm (Fig. 3.3), an intensity of 37.5 mW/cm?2 was
estimated as total intensity irradiating the sample.

3.14  EFFECTS OF THE EXPOSURE TIME ON HYDROGEL HEIGHT

Disc-shaped hydrogels were used to investigate the effects of UV
exposure time on polymerization. For this purpose, 10% w/v PEGDAs7s, and 10%
w/v PEGDAsooo solutions were prepared in PBS, and 1% w/v 12959 was added as
photoinitiator. Polymer solutions were UV exposed during several times: 10 s, 25
5,405,100 s, and 150 s. To obtain images of the profile of disc-shaped hydrogels
suitable for height measurements, the imaging set-up of the OCA15 Plus Contact
Angle apparatus (DATAPHYSICS, Germany) was used. After letting the hydrogels
to swell for three days in PBS, wet samples were placed at the center of the contact
angle sample holder and photographs were taken. Then, images were analyzed
by Image] free software (http://rsb.info.nih.gov/ij, National Institutes of Health,
USA). The Height was measured describing a line from the coverslip to the top of
the hydrogel and a PDMS piece of 10 mm was used as reference. Data was plotted
and analyzed with OriginPro 8.5 software.

3.2 FABRICATION OF PEGDA MICROSTRUCTURED HYDROGELS

3.21 SET-UP FOR THE FABRICATION OF HYDROGEL MICROSTRUCTURES

To produce microstructures on PEGDA hydrogels a photomask was
placed on top of the glass coverslip (Fig. 3.4a). The photomask pattern design
consisted on a 0.5 x 0.5 mmZ2array of circular UV-transparent windows. Two
diameters of windows and window spacing were used: 1) a large one of 300 um
in diameter and spaced 300 um, which had a density of 4 windows/mm? (Fig.
3.4b,c) and made easier characterizations. 2) 100 pm in diameter and spaced 100
um, which had a density of 25 windows/mm? (Fig. 3.4d,e), based on the
anatomical geometry of human villi (about 125 um in diameter),%19 and on villi
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surface density (20-40 villi/mm?).* Photomasks were designed using AutoCAD
software (Autodesk) and printed on acetate films (CAD/Art Services, USA). To use
the parallel version of the chip (nine containers arranged on the same piece of
PDMS) photomask designing was also arranged in nine arrays of circular
windows in same photomask.

a) UV light
Hydrogel

/4

Photomask —> s = = =

PDMS container —— T \

Polymer solution

Coverslip

2 300 um

e

300 pm

5mm

Figure 3.4: Simplified scheme of the fabrication set-up of the hydrogel microstructures.
(a) Drawing of the photomask design used to microstructure hydrogels.
Detail of photomask pattern with UV-transparent windows of 100 um (b,c)
and 300 pm (d,e) in diameter.

a) Single UV exposure

. Microstructures

b) Double UV exposure

1stUV exposure 2nd UV exposure Microstructures
without photomask with photomask Hydrogel base

Figure 3.5: Schematics of UV exposure alternatives for hydrogel microstructuring. a)
Single UV exposure and b) UV exposure in two steps.
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For hydrogel microstructuring two alternatives were tried: 1) UV light
exposure in a single step, or 2) UV light exposure in two steps. In the first
alternative, hydrogels were exposed once with a photomask resulting in
microstructures that were not connected among them (Fig. 3.5a). The second
alternative was carried out to create a homogeneous hydrogel surface instead of
the dual hydrogel-glass (coverslip) surface of the first one. When performed in
two steps, the chip was UV exposed without photomask to create a thin layer of
hydrogel that we called a base (Fig. 3.5b) and, immediately, a second UV exposure
took place with the photomask for the microstructuring of the hydrogel.

322  GROWTH DYNAMICS OF THE HYDROGEL MICROSTRUCTURES

To study the growth of microstructures 10% w/v PEGDAs7s in PBS was
used as polymer solution. Hydrogels were fabricated using a photomask with
windows 300 pm in diameter to make the analysis easier. Microstructures were
fabricated by single UV exposure, at different exposure times ranging from 70 to
110 s at intervals of 5 s. Then, microstructures were imaged by bright field
microscopy in wet, taking top view captions to measure the diameter of the
microstructures. Five samples were imaged for each exposure time, measuring at
least 100 microstructures per sample. In addition, ten microstructures of each
exposure time were imaged by SEM to compute their height, following the
protocol described in section 3.2.4. Height and diameter values as a function of
the UV exposure time, and the contours of the microstructures as a function of
height and diameter were plotted with OriginPro 8.5 software.

3.23 EFFECTS OF THE FABRICATION PARAMETERS ON THE MORPHOLOGY
AND HEIGHT OF THE MICROSTRUCTURED HYDROGELS

Effects of the exposure times used to form the base (ranging 0-15 s) and
the microstructures (ranging 70-150 s) were analyzed by comparing the
resulting morphologies and dimensions of microstructures. Shape and
dimensions were also compared as a function of the PEGDA molecular weight
(575, 6000), and polymer concentration (5%, 7.5%, and 10% w/v). All
experimental conditions are listed in Table 3.1.

After fabrication, microstructures were imaged by optical microscopy
and their morphology and height were assessed following the protocol described
in section 3.2.5. At least three microstructures of two samples were analyzed for
each condition.
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PEGDAs7s PEGDAso00
5% 7.5% 10% 5% 7.5% 10%
0s+70s 0s+70s 0s+70s 0s+70s 0s+70s 0s+70s
0s+90s 0s+90s 0s+90s 0s+90s 0s+90s 0s+90s
0s+110s 0s+110s 0s+110s 0s+110s 0s+110s 0s+110s
0s+130s 0s+130s 0s+130s 0s+130s 0s+130s 0s+130s
0s+150s 0s+150s 0s+150s | 0s+150s 0s+150s 0s+150s
5s+70s 5s+70s 5s+70s 5s+70s 5s+70s 5s+70s
55s+90s 55+90s 55+90s 55+90s 5s+90s 5s+90s
5s+110s 5s+110s 5s+110s | 5s+110s 5s+110s 5s+110s
5s+130s 5s+130s 5s+130s 5s+130s 5s+130s 5s5s+130s
5s+150s 5s+150s 5s+150s 5s+150s 5s+150s 5s5s+150s
10+70s 10+70s 10+70s 10+70s 10+70s 10+70s
10+90s 10+90s 10+90s 10+90s 10+90s 10+90s
10+110s 10+110s 10+110s 10+110s 10+110s 10+110s
10+ 130s 10+130s 10+130s 10+130s 10+130s 10+130s
10+ 150s 10+150s 10+ 150s 10+ 150s 10+ 150s 10 +150s
15+70s 15+70s 15+70s 15+70s 15+70s 15+70s
15+90s 15+90s 15+90s 15+90s 15+90s 15+90s
15+110s 15+110s 15+110s 15+110s 15+110s 15+110s
15+130s 15+130s 15+130s 15+130s 15+130s 15+130s
15+150s 15+150s 15+150s 15+150s 15+150s 15+150s
Table 3.1.  List of UV exposure times and polymer solutions used to study their effects
on the morphology of microstructures.

First UV exposure (Hydrogel base)
+
Second UV exposure (Microstructuring)

324  MORPHOLOGY ASSESSMENT BY SCANNING ELECTRON MICROSCOPY
(SEM)

Scanning Electron Microscopy (SEM) was used to image the geometry
and the surface morphology of microstructured hydrogels. As this technique
works under high vacuum, water must be removed from the samples without
affecting their three-dimensional structure. Two preparation methods were
assayed. In a first attempt, freeze-drying technique was used. For this purpose,
hydrogels were first rinsed in Milli-Q water to remove salts. Then, hydrogels were
immersed in liquid nitrogen and freeze-dried for 1 week at -50°C and 0.06 mbar
of pressure (Christ Alpha 1-4 SC, SciQuip, UK). As a second approach, critical point
drying was used. For this purpose, hydrogels were rinsed in Milli-Q water to
remove salts, and dehydration was carried out by their sequential immersion in
graded ethanol solutions in Milli-Q water: 30%, 50%, 70%, 80%, 90%, and 96%
v/v for 5-15 min each and twice for 100% ethanol. Then, samples were placed in
the chamber of a critical point dryer (K850, Quorum technologies, UK), sealed and
cooled. Ethanol was replaced completely by liquid CO2, and by slowly heating. CO2
achieved gas phase equilibrium at 35°C and 85.06 atm to be slowly drained.
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After either freeze-drying or critical point drying, hydrogels were imaged
by ultra-high resolution scanning electron microscopy (Nova™ NanoSEM 230, FEI
Company, The Netherlands) operating in low vacuum mode (0.5 mbar of water
vapor pressure). No conductive coating was required for imaging. Images were
analyzed by Image] free software to obtain microstructure dimensions. To obtain
the height of the microstructures, SEM images of tilted samples were used. The
real height was calculated by considering the tilting angle. In the images, height
was measured as the distance from top of the microstructure to its median (Fig.
3.6b).

Heighty,

Figure 3.6: SEM image processing to measure the height of microstructures. Schematics
of cross-section and top view and of a) non-tilted samples and b) tilted
samples. Dash line is the median of the microstructure in the image. Height
of microstructures was calculated by measuring the distance between the
median and the top of the microstructure. Then, heights were corrected by
the tilting angle.

3.25  MORPHOLOGY ASSESSMENT BY OPTICAL MICROSCOPY

To analyze the shape and dimensions of the hydrogel microstructures at
equilibrium swelling, samples were imaged by bright field microscope (Nikon
Eclipse Ts2, Japan) or stereoscope microscopy (Leica MZ10, Germany) in wet
conditions. To measure the dimeter, top view images were collected and then
measured. On the other hand, for the complete morphology analysis,
microstructured samples were vertically cross-sectioned and then imaged.
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Figure 3.7: Schematics of the sectioning process of microstructured hydrogels. a,b)
cross-sectioning of the hydrogels. c,d) Cut to obtain a single row of
microstructures. e) Height and diameter determination of microstructures,
f) when interstitial hydrogel (asterisk) is polymerized between
microstructures. Scale bars: b =1 mm, d = 0.5 mm.

First of all, hydrogels were sectioned in two pieces using a needle of 27G
%" (0.4 mm in diameter) (BD Microlance, Spain) as a scalpel (Fig. 3.7a,b). Then,
thin slices containing individual rows of microstructures were sectioned with the
same needle and used to image the cross-section of the microstructures (Fig.
3.7c,d). The cutting process was carried out keeping hydrogels submerged in PBS
and was monitored using a stereoscope or bright field microscopy.

The difficulties of this process were based on the manipulation of the
samples to avoid destroying hydrogels using the needle. Rows containing
microstructures with undesired fractures or uncompleted were discarded. One
row of each sample was imaged, containing more than ten microstructures.
Image] free software was used to measure the dimensions of the microstructures.
The height was determined by the distance between the tip of microstructures
and the base. When there was hydrogel between the microstructures, the height
was determined as the distance between the tip of microstructure and the profile
of the interstitial hydrogel. The diameter was measured at half of the
microstructure height (Fig. 3.7¢,f).

3.3 COPOLYMERIZATION OF PEGDA AND ACRYLIC ACID

PEGDA hydrogels need to be modified to support cell adhesion and
culture. Since PEGDA backbone does not have any functional group that would
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allow the incorporation of peptides or proteins, acrylic acid was added into the
polymer solutions. On the one hand, acrylic acid has a vinyl group, so it can
copolymerize with PEGDA by photopolymerization (Fig. 3.8). On the other hand,
acrylic acid has a carboxylic group, which serves as a functional site to
incorporate proteins by a carbodiimide-mediated reaction.297.298

PEGDA Acrylic acid
a) i i
/ﬁr{O\/\}no/[v /_&O
o /o
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Figure 3.8: Scheme of acrylic acid and PEGDA copolymerization. a) PEGDA and acrylic
acid monomers. Vinyl bond (red) takes part in free radical polymerization.
Reactive oxygen for the protein coupling. b) Radicalized (¢) monomers after
radical attack. c¢) Copolymerization resulting from acrylic acid and PEGDA.

c)

3.3.1 POLYMER SOLUTION FOR PEGDA-ACRYLIC ACID HYDROGEL
FORMATION

The polymer solution was based on PEGDA of either 575 Da (PEGDAs7s)
or 6000 Da (PEGDAso00), and acrylic acid (Merck Millipore, Spain) diluted in PBS
and containing 12959 as a photoinitiator. PEGDA concentrations ranged between
5% w/vand 20% w/v, acrylic acid concentration ranged between 0.06% w/v and
2.4% w/v and 12959 concentration between 0.1% w/v and 1% w/v. PEGDA and
12959 were diluted in PBS at 65°C for 1 hour in a glass vial previously cleaned
with ethanol 96% v/v and dried under nitrogen air flow. Then, acrylic acid was
added and allowed to dilute for 1 hour at 65°C. Polymer solution was protected
from light and stored at 4 °C until use (maximum storage time 1 week). In the case
of observing precipitates, the solutions were filtered by a 0.22 um filter.
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3.3.2  CHARACTERIZATION OF PEGDA-ACRYLIC ACID COPOLYMERIZATION

To analyze the success of the copolymerization reaction between PEGDA
and acrylic acid, the chemical modifications on the structure of the resulting
hydrogels were monitored by Attenuated total reflectance - Fourier transform
infrared spectroscopy (ATR-FTIR). This technique is based on measuring the
absorption of IR light when its frequency matches the vibrational frequency of
chemical bonds. To reduce water contribution in the recorded spectrum,
hydrogels had to be dried. As hydrogels suffered a dramatic shrinking after drying
because of their high-water content, large pieces of hydrogels were used. Disc-
shaped hydrogels were fabricated using a PDMS container of 2 mm in height and
12 mm in diameter. Polymer solutions containing 10% w/v PEGDAs7s or
PEGDAG&000, and 0.3% w/v or 1.2% w/v acrylic acid in PBS with 1% w/v 12959
were prepared. PEGDA solutions without acrylic acid were also prepared and
used as a reference. Hydrogels were polymerized by 300 s of UV exposure to
ensure the full cross-linking of the 2 mm in height. After fabrication, hydrogels
were removed from the coverslip and placed in a 12-well plate. Then, hydrogels
were first rinsed thoroughly with Milli-Q water, and then they were allowed to
dry during 24 h in a vacuum desiccator.

Fourier transform spectroscopy was performed on a spectrophotometer
(Nicolet iS 10, ThermoFisher Scientific, Spain) by using an ATR diamond and the
deuterated triglycine sulphate (DTGS) detector. ATR avoids the problem of strong
attenuation of the IR signal in highly absorbing media, such as aqueous solutions.
An average of 16 scans per hydrogel in the range of 500-4000 cm! with a
resolution of 4 cm! were performed. Raw data was processed and spectra were
plotted as an average of at least two samples per condition with OriginPro 8.5
software.

3.3.3  TOLUIDINE BLUE O (TBO) ASSAY TO QUANTIFY THE DENSITY OF
CARBOXYLIC GROUPS

Toluidine blue (tolonium chloride) is an acidophilic dye that reversibly
binds to acidic molecules (sulfates, carboxylates, and phosphates) in a pH-
dependent manner, and has been previously used in the detection of carboxylic
groups (Fig. 3.9).299:300
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Figure 3.9: Simplified scheme of the reversible reaction between TBO and carboxylic
groups. a) The TBO molecules in acidic solutions exist as protonated
positively-charged species. b) In alkaline solutions, deprotonated forms of
TBO and carboxylic groups can react. ¢) Absorption spectra of free TBO+ in
acidic solution that shows an intense peak at about 633 nm (solid line), and
the TBO anchored to acid group TBO-R in alkaline solution (dashed line).301

For the quantification of the carboxylic groups in the PEGDA - acrylic acid
copolymerized hydrogels, disc-shaped samples (10 mm in diameter and 1 mm in
height) were prepared. PEGDAs7s and PEGDAesooo at 5% w/v or 10% w/v in PBS
solution containing 1% w/v of photoinitiator (12959) were used. Acrylic acid was
added at concentrations of 0.06% w/v (8.3 mM), 0.12% w/v (16.7 mM), 0.3% w/v
(41.6 mM), 0.6% w/v (83.3 mM), 1.2% w/v (166.5 mM), and 2.4% w/v (333 mM).
PEGDA solutions cross-linked without acrylic acid were used as controls. After
fabrication hydrogels were removed from the coverslip and allowed to swell in
PBS at pH 10 at 4°C in a 12-well plate. To perform the TBO assay three hydrogels
of each condition were incubated overnight in 1.5 mL of a solution containing 15
mM toluidine blue O (Sigma-Aldrich, Spain) in PBS at pH 10 and at room
temperature in a rotating plate (Heidolph Rotomax 120, Spain) set at 100 rpm.
To remove any unbound dye, samples were frequently rinsed with PBS at pH 10
for 3 days. Thereafter, hydrogels were immersed in 2 mL of 50 vol.% glacial acetic
acid (Panreac Applichem, Spain) in Milli-Q water for 2 h. The acidic medium
caused the release of TBO solution from the hydrogel into the solution.300
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Figure 3.10: a) Scheme of the TBO assay. After fabrication, hydrogels were left to react
overnight in toluidine blue. Finally, hydrogels were soaked in acetic acid,
TBO was released and the absorbance of the resulting solution was
measured at 633 nm. b) Calibration curve for the concentration of toluidine

blue dye using optical density at wavelength of 633 nm. Detail of linear
fitting at the region between 0 and 40 pM.

Finally, the absorbance of the solution at 633 nm was measured with a
plate reader (Tecan infinite M200 PRO Multimode Microplate Reader,
Switzerland) (Fig. 3.10a). To get quantitative date, a calibration curve was
generated using solutions of TBO in 50 vol.% glacial acetic acid in Milli-Q water
with concentrations ranging from 0 to 600 uM. Figure 3.10b shows the light
absorbance of solutions containing a known amount of TBO at a 633 nm. The
linear portion of the graph was confined to the region between 0 and 37.5 uM
TBO. When sample solutions were more opaque than 37.5 uM TBO solution, they
were diluted until absorbance fitted within the range of detection. Then, the
dilution factor was multiplied if necessary to extract the final molarity of the
hydrogel samples. The average number of total COOH moles in the hydrogels was
plotted as a function of the total number of acrylic acid moles in the polymer
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solution. As a non-parametric study, Mann-Whitney U test and Kruskal Wallis test
were used to perform the statistical analysis.

334  MECHANICAL PROPERTIES OF PEGDA - ACRYLIC ACID HYDROGELS

To determine the effects of acrylic acid on the stiffness of PEGDA-acrylic
acid hydrogels, their mechanical properties were characterized by a compression
test. Disc-shaped hydrogels of 10 mm in diameter and 2 mm in height were
fabricated for these measurements. The samples tested were fabricated using
6.5% w/v PEGDAsooo solutions in PBS with 1% w/v of 12959 and acrylic acid in
concentrations ranging from 0.06% w/v to 1.2% w/v (Table 3.2). Polymer
solutions without acrylic acid were used as a control. Polymeric solutions were
photopolymerized by exposing them for 150 s under UV light. To ensure a precise
diameter for the mechanical measurements, swollen hydrogels that increased
their diameter were punched to obtain samples 10 mm in diameter.

Acrylic 0% 0.06% w/v 0.12% w/v 0.3% w/v 0.6% w/v 1.2% w/v
acid conc. 0 mM 8.3 mM 16.6 mM 41.6 mM 83.3 mM 166.5 mM

Table 3.2:  Acrylic acid concentrations used in the fabrication of hydrogels for the
mechanical testing.

Stress-strain curves were obtained in compression mode with a
mechanical testing machine (Zwick-Roell Zwicki Z0.5TN, Germany). This
instrument provides up to 10 N in the load cell and has 30 mm in diameter
compression plates (Fig 3.11a,b). Swelled hydrogels were placed at the center of
the compression plates for the measurements. To avoid loss of hydration during
the test, a few drops of PBS were added just before the beginning of the
measurements. Stress-strain curves were measured under unconfined
compression using a velocity of compression of 2 mm/min. The strain rate was
limited to 1%/min and the maximum strain was limited to 10%, in agreement
with similar procedures found in literature.302303 A small initial load of 5 mN was
used to promote an adequate contact between the hydrogel samples and the
compression plate. The stress, o, was calculated by dividing the normal force, F,
over the hydrogel cross-sectional area, A. The strain, g, was calculated as the
variation in the hydrogel height or plates distance, Ah, divided by the original
height or plate distance, H. Young’s modulus was calculated from the slope of the
linear part of the stress-strain curve, from 0 to 10% strain, where the samples
displayed elastic behavior (Fig. 3.11c). Three independent samples per condition
were used and statistically compared by Kruskal-Wallis test.
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Figure 3.11: Mechanical testing scheme: a) Picture of the Zwicki testing machine, b)
drawing of uniaxial compression test where F is the normal force applied, A
is the hydrogel cross-sectional area, and H the initial height of the hydrogel.
c) Typical stress-strain curve followed by Young’s modulus determination
(E), where stress is defined by o and strain by ¢.

335 EFFECT OF ACRYLIC ACID ON THE MORPHOLOGY OF
MICROSTRUCTURED HYDROGELS

To determine the effects of acrylic acid on the shape of hydrogel
microstructures, a solution of 6.5% w/v PEGDAsooo in PBS with 1% w/v 12959
was selected. To this solution, acrylic acid was added in concentrations ranging
from 0.06% w/v (8.3 mM) to 1.2% w/v (166.5 mM) (Table 3.3). Polymer
solutions without acrylic acid was used as a control.

Acrylic acid concentration

0% 0.06% w/v 0.12% w/v 0.3% w/v 0.6% w/v 0.9% w/v 1.2% w/v
0 mM 8.3 mM 16.6 mM 41.6 mM 83.3 mM 125 mM 166.5 mM

Table 3.3:  Acrylic acid concentrations used in the fabrication of hydrogels for the study
of the effects of acrylic acid on the morphology of the hydrogel
microstructures.

The solutions were used to fabricate hydrogel microstructures with the
photomasks containing windows of 100 pm in diameter, following the procedure
described in section 3.2. Microstructured hydrogels were fabricated by UV
exposure in two steps, using 10 s of exposure for the formation of the hydrogel
base and 70 s of exposure for the formation of the microstructures. After three
days of swelling, samples were cut into cross sections and the microstructures
were imaged in a bright field or stereoscope microscope. The height of
microstructures was determined between their top and the base as described in
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section 3.2.5. The diameter of microstructures was measured as an average of the
diameters at the tip and diameter at the bottom. Two samples per condition were
tested, with at least three measurements. Measurements were done by Image]
free software. Height and diameter were plotted as a function of acrylic acid
content with OriginPro 8.5 software.

3.4 PROTEIN FUNCTIONALIZATION OF PEGDA-ACRYLIC ACID
HYDROGELS

Proteins were coupled by carbodiimide reaction by taking profit of the
exposed carboxylic groups of PEGDA-acrylic acid hydrogels. (1-ethyl-3-(3'-
dimethylaminopropyl)-carbodiimide (EDC) (Sigma-Aldrich, Spain) and
N-Hydroxysuccinimide (NHS) (Sigma-Aldrich, Spain) were used as activator
agents (Fig. 3.12).297 Hydrogels were placed in a 24-well plate and they were
allowed to swell for three days. Then, they were rinsed in 500 pL of 0.1 M MES
buffer at pH 4.7 (ThermoFisher Scientific, Spain) for 10 min and incubated in 500
puL of EDC/NHS (50 mM/30 mM) solution in MES buffer for 30 min for the
activation of the carboxylic groups. After that, hydrogels were rinsed twice with
Milli-Q water and they were incubated with a protein solution (several proteins
were tested). Proteins solutions were prepared in 50 mM HEPES (Sigma-Aldrich,
Spain) and 137 mM NaCl (Sigma-Aldrich, Spain) buffer at pH 8.5, and hydrogels
were incubated for 1-2 hours to covalently couple the protein to the hydrogels.
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Figure 3.12: Cross-linking strategy used for the coupling of proteins to hydrogels.
Carboxyl groups of hydrogels were first activated with EDC and modified
with NHS to form a semi-stable NHS-ester. Subsequent amine-coupling of the
protein results in a covalent bond (amide bond) between the protein and the
hydrogel.

Three strategies were used for protein incubation. The first one was
immersing the hydrogels in 500 pL of the protein solution (Fig. 3.13a). This
approach is the most used in literature,297 but it implies a waste of proteins. A
second alternative was based on placing a drop of 20 pL of highly concentrated
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protein solution (>0.1 mg/mL) on top of hydrogel (Fig. 3.13b). As confinement of
the drop on top of the hydrogels was an issue we used a sliced pipette tip as a
container, filling it with 50 pL of high concentrated protein solution (Fig. 3.13c).
Different proteins were used to functionalize the hydrogels: collagen type I
(Sigma-Aldrich, Spain), Streptavidin Texas Red® (ThermoFisher Scientific,
Spain), fibronectin (Sigma-Aldrich, Spain) and laminin (Sigma-Aldrich, Spain). To
determine the success of the protein coupling reaction, hydrogels were
functionalized with fluorescent-conjugated proteins and imaged.

a) Protein solution b) c)

Drop Pipette |
Hydrogel i - tip

|

Figure 3.13: Protein incubation strategies. a) Soaking hydrogels in the solution, b) placing
a drop on top of hydrogel, and c) using of sliced pipette tip as a container. d)
Photograph of the sliced pipette tip placing on the hydrogel sample.

341  CHARACTERIZATION OF HYDROGEL FUNCTIONALIZATION BY
INFRARED SPECTROSCOPY (ATR-FTIR)

ATR-FTIR was used to verify each step of the functionalization process
described above. To this end, polymer solutions of 10% w/v PEGDAsooo in PBS
containing 1.2% w/v acrylic acid (166.5 mM) and 1% w/v 12959 were prepared.
Disc-shaped hydrogels of 2 mm in height and 12 mm in diameter were fabricated
by exposing the solutions for 300 s to UV light. Then, hydrogels were activated
with EDC/NHS solutions of two molarities (6 mM/5 mM and 50 mM/30 mM).
After that, the samples activated with 50 mM/30 mM EDC/NHS were
functionalized with 500 pL of protein solutions containing collagen type I at two
concentrations (0.04 and 0.4 mg/mL). A sample of 4 mg/mL collagen type I
solution was analyzed as a reference. Samples were first rinsed thoroughly with
Milli Q water, and then, they were allowed to dry during 24 h in a vacuum
desiccator. IR spectra were acquired by a spectrophotometer (Nicolet iS 10,
ThermoFisher Scientific, Spain). Samples were scanned in the range of 500-4000
cm! with a resolution of 4 cmL. 16 scans were performed per hydrogel and the
average data were collected. Spectra were plotted with OriginPro 8.5 software
and correspond to the average of at least two samples.
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3.42  PROTEIN FUNCTIONALIZATION AS A FUNCTION OF THE ACRYLIC ACID
CONTENT

To study the effect of acrylic acid content in the amount of protein
coupled to the hydrogel, disc-shaped hydrogels were prepared. The polymer
solution contained 7.5% w/v PEGDAsooo in PBS with 1% w/v 12959, and either
0.12% w/v (16.6 mM) or 0.6% w/v (83.3 mM) acrylic acid. Samples were
activated following the EDC/NHS protocol and then functionalized with 500 pL of
0.05 mg/mL Streptavidin Texas Red® protein solution. As controls to test
unspecific protein adsorption a set of samples without EDC/NHS activation were
also incubated with the protein solution. The amount of coupled protein was
analyzed by fluorescence microscopy. Hydrogels were mounted with
Fluoromont-G (BioNova cientifica, Spain), and a coverslip was directly placed on
top them. They were imaged with a Nikon Eclipse E1000 microscope (Nikon,
Japan) using the G-2A filter. Ten pictures/sample (magnification: 10X) were
taken keeping same capture parameters of three replicas per condition. Pictures
were processed on Image] free software. The mean gray value of each image was
obtained by the sum of gray values of all the pixels in the image divided by the
number of pixels. The intensity average values and standard deviation were
plotted with OriginPro 8.5 software. As a non-parametric study, Mann-Whitney U
test and Kruskal Wallis test were used to perform the statistical analysis

343 STUDY OF THE STABILITY OF PROTEIN FUNCTIONALIZATION

Fluorescence microscopy was used to determine the robustness of the
protein coupling reaction by evaluating its stability after repeating rinsing. To this
end, disc-shaped hydrogels (10 mm in diameter) were fabricated from a solution
0of 10% w/v PEGDAs7s and 0.9% w/v acrylic acid (1.25 mM) in PBS containing 1%
w/v12959. The solution was exposed 150 s under UV light. Then, hydrogels were
functionalized with 500 pL of 0.05 mg/mL Streptavidin Texas Red® protein
solution following the protocol described previously. After the functionalization,
hydrogels were thoroughly rinsed with PBS 1, 3, or 10 times. After these rinsing
cycles the fluorescence of the samples was measured. For this purpose, hydrogels
were mounted with Fluoromont-G, and a coverslip was directly placed on top of
them. Three samples of each condition were prepared and observed on a
fluorescence microscope (Nikon Eclipse E1000, Japan) using the G-2A filter. At
least 5 pictures/sample (magnification: 10X) were taken, keeping same capture
parameters (MetaMorph software, USA). Then, images were analyzed by Image]
free software. The mean gray value of each image was obtained by the sum of gray
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values of all the pixels in the image divided by the number of pixels. The intensity
average values and standard deviation were plotted with OriginPro 8.5 software.

On the other hand, another set of hydrogels were prepared using the
same polymer solutions and fabrication parameters to evaluate the influence of
storage time on the protein functionalization. Hydrogels were stored at 4°C in PBS
for 1, 3, or 7 days, changing the buffer solution every day. The fluorescence of the
samples for each time point was analyzed as described above.

3.5 CELL CULTURE AND CHARACTERIZATION

351  CELL CULTURE OF NIH-3T3 FIBROBLASTS

NIH-3T3 fibroblasts were purchased from American Type Culture
Collection (ATCC, US). Passages 3 to 5 were expanded in 75 cm?2 Nunc™ flasks
(ThermoFisher Scientific, Spain) in low glucose Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco/Brl Life Technologies, Paisley, UK) supplemented with
10% v/v foetal bovine serum (FBS) (Gibco, UK), 1% v/v penicillin/streptomycin
(Invitrogen, CA, USA), 1% v/v L-glutamine (Invitrogen, CA, USA) and 1% v/v
sodium pyruvate (Invitrogen, CA, USA). When cells achieved 90% of confluence
they were detached from the flask by treating them with Trypsin-EDTA (0.25%
w/v) (25200, ThermoFisher Scientific, Spain) and incubating them at 37°C for 5
min. Then, the cell suspension was diluted in cell medium and centrifuged at 1000
rpm. Finally, the supernatant was removed and the cells were resuspended in 5
mL of cell medium. The cell density was adjusted by counting cells in a Neubauer
chamber (Sigma-Aldrich, Spain). Cell seeding on microstructured or flat
hydrogels was carried out by as described in section 3.5.4. After seeding, cells on
hydrogels were maintained in an incubator (Galaxy® 14S, Eppendorf, Spain) at
37°C and 5% CO2 and cell culture medium was exchanged every 2 days.

3.5.2 CELL CULTURE OF MADIN-DARBY CANINE KIDNEY (MDCK) CELLS

MDCK (Madin-Darby canine kidney) cells were a kind gift of the
Integrative cell and tissue dynamics group of IBEC. Passages 2 to 4 were
expanded in 75 cm? Nunc™ flasks in low glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% v/v foetal bovine serum (FBS), 1% v/v
penicillin/streptomycin, 1% v/v L-glutamine, and 1% v/v sodium pyruvate.
When cells achieved 70% they were treated with Trypsin-EDTA (0.25% w/v)
under incubation at 37°C for 15 min. To stop the effect of the Trypsin-EDTA, cell
suspension was diluted in cell medium and centrifuged for 5 min at 1000 rpm,
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and supernatant eliminated. Then, the cell pellet resuspended in 5 mL of cell
medium. A Neubauer chamber was used to count cell density and adjust it. The
cell seeding on hydrogels was carried out as described in section 3.5.4. After
seeding, cells on hydrogels were maintained in an incubator at 37°C and 5% CO:
and cell culture medium was exchanged every 2 days.

353 CELL CULTURE OF HUMAN  EPITHELIAL  COLORECTAL
ADENOCARCINOMA (CACO-2) CELLS.

Caco-2 cells were kindly provided by the Physiology department from
the Faculty of Pharmacy (University of Barcelona). Passages 74 to 77 were
expanded and maintained in 75 cm? flasks in Dulbecco’s Modified Eagle Medium
with sodium pyruvate, glutamine, and 4.5 g/L glucose (41965 Gibco, Spain)
supplemented with 10% foetal bovine serum (FBS), containing 1% v/v
penicillin/streptomycin, and 1% v/v non-essential amino acids (Gibco, UK). Cells
were maintained in an incubator at 37°C with 5% CO2 with medium exchange
every 2 days. When they achieve confluence values of 50% to 75%3%4 they were
treated with 0.02 mM Trypsin-0.5 mM EDTA (25300, ThermoFisher Scientific,
Spain) and incubated at 37°C until cells were fully detached (15-20 min). Then,
the cell suspension was diluted in cell medium and centrifuged. Finally, the
supernatant was removed and cells were resuspended in cell medium. Cell
density was adjusted by counting cells in a Neubauer chamber. Cell seeding on
hydrogels was carried out as described in section 3.5.4. Caco-2 cells were seeded
at low (2.5-10% cells/cm?) and high (5-105 cells/cm?) densities. After seeding on
the hydrogels, the samples were also maintained at 379C in an incubator with 5%
COz with regular medium change every 2 days.

3.54  CELL SEEDING STRATEGIES

After fabrication, hydrogels were left to swell at least 3 days in PBS.
Before cell seeding, hydrogels were immersed in 1 mL of 10% v/v
penicillin/streptomycin (Invitrogen, CA, USA) in PBS for 1 h in a new 24-well
plate. UV sterilization was avoided to prevent damaging proteins. Cell seeding
was carried out by adding 1 mL of a cell suspension, at different cell densities as
a function of the cell type and the experiment, on a 24-well plate containing the
hydrogels (Fig. 3.14a) and placing carefully the plate in the incubator to let the
cells deposit homogeneously everywhere. After 1 day of cell culture, hydrogels
were placed in a new sterile 24-well plate. Surface cell seeding density (cell/cm?)
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was calculated by multiplying cell suspension density (cell/mL) per well area (1.9
cm?).

In addition, two other cell seeding alternatives were explored. The first
one was placing a drop of a highly-concentrated cell suspension (> 106cells/mL)
on top of the hydrogels for 1 hour to allow cell adhesion (Fig. 3.14b), to confine
cell adhesion to the hydrogel. Then, 1 mL of culture medium was added to fully
cover the hydrogels. However, this strategy sometimes resulted in an
inhomogeneous cell seeding. The last strategy consisted on covering the
hydrogels with 500 pL of a low-density cell suspension (< 105cells/mL) and
placing the samples on a rotating plate at 100 rpm for 10 min, to concentrate most
of the cells at the center of the well plate and ensure hydrogel cell coverage (Fig.
3.14c). Unfortunately, very often a lot of cells moved and located under the
coverslip during spinning.

a) b) c)
Hydrogel Cell (:)

suspension "

Figure 3.14: Cell seeding strategies for hydrogel cell culturing. a) Simple deposition, b)
placing a drop of cell medium on top of hydrogel, and c) rotating the samples
to concentrate the cells at the center.

3.55 NIH-3T3 CELLS ADHESION ON MICROSTRUCTURED HYDROGELS

Fibroblasts were used as a cell model to assess if PEGDA-acrylic acid
hydrogels supported cell culture, meaning that cells were able to attach and cover
the microstructures forming a monolayer. To this aim, flat samples were used.
Hydrogels were fabricated from 20% w/v PEGDAs7s in PBS solution containing
2.5% w/v acrylic acid and 0.1% w/v 12959. Samples were exposed 200 s under
UV light. After letting the hydrogels swell for 3 days, samples were cut in 7x7 mm
squares. Then, they were functionalized with 500 pL of 100 pg/mL fibronectin
solution in PBS. Polymer solution without acrylic acid was used as a control. NIH-
3T3 fibroblasts were seeded at a density of 105 cells/cm?2 and cultured for 4 hours.
For NIH-3T3 fibroblasts, nuclei and F-actin were chosen as markers to study cell
adhesion and morphology. Samples (with and without acrylic acid) were fixed
and nuclei were stained with Hoechst and F-actin with Phalloidin (a high-affinity
fluorescence-conjugated F-actin probe), following the protocol described in
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section 3.5.8. Three replicas for both conditions were used, and three images
were taken at 10X magnification for each sample for randomly selected areas
using a fluorescence microscope (Eclipse E1000). Images were analyzed by
Image] free software. Cell adhesion was obtained by counting the cell nuclei per
area. Then, the cell adhesion relative to cell seeding density was calculated and
plotted with OriginPro 8.5 software as average of nine pictures. Mann-Whitney U
test was used to perform the statistical analysis.

To determine if fibroblasts covered the microstructures forming a
monolayer, polymer solutions of 10% w/v PEGDAs7s in PBS containing 1.25%
w/vand 0.1% 2959 were used. Microstructured hydrogels were fabricated using
a photomask with windows of 300 pm in diameter and a single UV exposure time
of 170 s. Samples were functionalized with 500 pL of 50 pg/mL fibronectin
solution in PBS. Fibroblasts were seeded at a density of 2.5:10# cells/cm? and
were cultured for 7 days. Then, hydrogels were fixed and nuclei were stained with
Hoechst and F-actin with Phalloidin, following the immunostaining protocol
described 2.5.3, and fluorescence images were taken with a Nikon E1000 and a
Leica SPE microscopes. Cell coverage was calculated by counting of cell nuclei on
three microstructures of three samples, and on the glass coverslip as a control,
and was plotted with OriginPro 8.5 software. In addition, confocal microscopy
(Leica SPE) was used to obtain detailed images of the cells at different sections of
the microstructures.

3.5.6  MDCK CELLS COVERAGE ON MICROSTRUCTURED HYDROGELS

MDCK cells were used as an epithelial cell model to optimize the protein
concentration for cell adhesion on our hydrogels. Cells were seeded on PEGDA-
acrylic acid hydrogels functionalized with several laminin concentrations.
Polymer solutions of 10% w/v PEGDAs7s in PBS containing 1.25% w/v acrylic
acid and 1% 12959 were used. Disc-shaped samples of 10 mm in diameter were
fabricated by UV exposure of 150 s. Hydrogels were functionalized with 500 uL
of laminin solutions at concentrations of 10, 50, or 100 pg/mL of laminin. MDCK
cells were seeded at a density of 2:105 cells/cm? and cultured for 24 h. As control,
MDCK cells were cultured on a 24-well plate without hydrogels. Cell surface
coverage was assessed by bright field microscopy (Leica DM IRBE, Germany). At
least three images of randomly selected areas were taken of three identical
replicas using a 10X magnification. Then, images were analyzed by Image] free
software. Cell covered areas were measured and the relative covered surface
areas (cell covered area/image area) were calculated and plotted with OriginPro
8.5 software. Mann-Whitney U test was used to perform the statistical analysis
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In addition, MDCK cells were used to study cell polarization on the
microstructured hydrogels fabricated with different conditions. First, two
polymer solutions were used to test the influence of polymer concentration on
cell polarization: (1) 5% w/v PEGDAs7s and 0.6% w/v acrylic acid in PBS
containing 1% w/v 12959, and (2) 10% w/v PEGDAs7s and 1.25% w/v acrylic acid
in PBS containing 1% w/v 12959. Microstructures were fabricated by a single UV
exposure of 170 s, using a photomask with windows of 300 um in diameter.
Hydrogels were functionalized with 500 pL of 100 pg/mL laminin solution. Then,
MDCK cells were seeded at 2.5:-10* cells/cm? and the cell coverage on
microstructures was checked by bright field microscopy at days 7, and 14. At day
14 samples were imaged by fluorescence and confocal microscopy to evaluate cell
morphology and the presence of epithelial cell markers. For this purpose, cell
nuclei were stained with Hoechst and F-actin with Phalloidin following the same
staining protocol as in the case of fibroblasts. To evaluate cell polarization, the
expression of a tight junction-related protein, Z0-1, and cell-cell adhesion-related
protein, [-catenin, were studied following the immunostaining protocol
described in section 3.5.8.

To test the influence of the microstructure size on the cell coverage,
microstructures were fabricated using two photomasks with windows of 100 um
and 300 um in diameter and identical polymer solutions and exposure times
(10% w/v PEGDAs75-1.25% acrylic acid, and 5% w/v PEGDAs75-0.6% acrylic acid,
exposure time 170 s).

On the other hand, the influence of the hydrogel base on cell coverage
was studied using photomasks with windows of 100 pum in diameter. Polymer
solutions of 5% w/v PEGDAs7s and 0.15% w/v acrylic acid in PBS containing 1%
w/v 12959 were microstructured by double UV exposure of 10 s for the formation
of a hydrogel base and 150 s for the formation of the microstructures. These
samples were compared to equivalent microstructures without hydrogel base.
Functionalization was done by placing a drop of 20 uL of a 500 pg/mL laminin
solution on top of microstructures. MDCK cells were seeded at 2.5-104 cells/cm?
and cultured for 21 days. Cell coverage was checked at day 14 and 21 and cell
nuclei and F-actin were analyzed by fluorescence microscopy, and confocal
microscopy.

Finally, to test the influence of PEGDA molecular weight on the cell
coverage, polymer solutions of 10% w/v PEGDAsooo and 0.6% w/v acrylic acid in
PBS containing 1% I2959 were used and compared to microstructured hydrogels
made of PEGDAs7s. Hydrogels were fabricated using photomasks of 100 pm
windows under UV light exposure of 10 s for the formation of a hydrogel base and
150 s for the microstructuring. Then, hydrogels were functionalized with a 20 pL
drop of 500 pg/mL laminin solution, on top of microstructures. MDCK cells were
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seeded at 1.5-10% cell/cm?2 and cultured for 14 days. Hydrogels were qualitatively
assessed by stereoscope microscopy and cell nuclei and F-actin by confocal
microscopy. Experimental conditions tested are listed in Table 3.4.

Samples were mounted using the holder mounting described in section
3.5.8. Through an inverted confocal microscope, Leica SPE, serial sections at 10X
magnification were taken and stacked to obtain three-dimensional
reconstructions. The size of z-sections varied depending on the sample, ranging
from 1to 5 um.

Photomask
Study Polymer Solutions window diameter
Polymer 5% w/v PEGDAS575 - 0.6% w/v acrylic acid 300 pm
concentration 10% w/v PEGDAS575 - 1.25% w/v acrylic acid
Microstructure 5% w/v PEGDA575 - 0.6% w/v acrylic acid 100 pm
size (diameter)  10% w/v PEGDA575 - 1.25% w/v acrylic acid 300 pm
Hydrogel base 5% w/v PEGDAs7s5 - 0.15% w/v acrylic acid 100 pm
PEGDA 10% w/v PEGDA6000 - 0.6% w/v acrylic acid 100 pm

molecular weight

Table 3.4:  Experimental conditions for the study of MDCK cells coverage on
microstructured hydrogels.

3.5.7 CACO-2 CELL POLARIZATION ON MICROSTRUCTURED HYDROGELS

As Caco-2 cell requirements are different from those of fibroblasts and
MDCK, cell adhesion was tested using two protein concentrations for
functionalization. Disc-shaped hydrogels were fabricated from 6.5% w/v
PEGDAsooo and 0.3% w/v acrylic acid (41.6 mM) in PBS containing 1% 12959.
PEGDA-acrylic acid hydrogels were functionalized in 500 pL of laminin solutions
with concentrations of 50 and 100 pg/mL. Finally, hydrogels were seeded at a
density of 5:105 cells/cm? and cultured for 24 h. Cell adhesion and spreading
measured as surface coverage was assessed by bright field microscopy (Nikon
Eclipse Ts2).

To study the cell polarization and the coverage of the 3D surface, PEGDA-
acrylic acid hydrogels were microstructured using the polymer solutions and
fabrication parameters producing the shape and dimensions closest to the villi of
native intestinal tissue. Microstructured hydrogels were fabricated from 6.5%
w/v PEGDAsooo and 0.3% w/v acrylic acid (41.6 mM) in PBS containing 1% w/v
[2959. A photomask with windows of 100 um in diameter was used. The
fabrication process was carried out by 10 s of UV light exposure of 10 s for the
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formation of the hydrogel base and 70 s of UV exposure for the formation of the
microstructures. Then, the hydrogels were functionalized by using a sliced
pipette tip and a drop of 50 pL of a 250 pg/mL laminin solution placed on top of
the microstructures for 1 h. Cells were seeded at a density of 5:105 cells/cm?. Cell
culture was imaged at 7, 14 and 21 days by bright field microscopy (Nikon Eclipse
Ts2) to determine the cell coverage. Cell polarization was assessed by cell
morphology, so cell nuclei and F-actin were stained and imaged. In addition,
epithelial cell markers, ZO-1, $-catenin, and villin (the major protein associated
with actin in the microfilament core of intestinal microvilli)3°5 were stained. Cell
markers were analyzed by fluorescence and confocal microscopies. As controls,
Caco-2 cells were cultured on Transwell® inserts of 12 mm in diameter containing
polycarbonate porous membranes of 0.4 um in pore size (Sigma-Aldrich
CLS3401, Spain). Cells were seeded at same cell density as on hydrogels and
cultured for 21 days.

Samples containing microstructured hydrogels were mounted using a
holder mounting described in section 3.5.8, and samples from Transwell® were
prepared cutting the membranes and mounting them between two coverslips
with mounting medium. Through inverted confocal microscopes (Leica SPE, SP2)
serial sections at 10X magnification were taken and stacked to obtain three-
dimensional reconstructions. The size of z-sections varied depending on the
sample, ranging between 0.5 and 2 pm.

3,58 IMMUNOSTAINING

Cell morphology and cell polarization were studied through the
immunostaining of nuclei, filamentous actin (F-actin), and epithelial cell markers
and were performed in the 24-well plates used for cell culture. Cells on hydrogels
were fixed with 500 pL of 4% w/v paraformaldehyde (Sigma-Aldrich, Spain) at
room temperature (RT) for 30 min on a rotating plate set at 100 rpm. Then,
samples were rinsed twice with 500 pL of 50 mM Tris-Cl and 150 mM NaCl buffer
saline (TBS) solution (ThermoFisher Scientific, Spain) at RT for 5 min on a
rotating plate (100 rpm).

To permeabilize the cell membrane, cells were washed with 500 pL of
TBS containing 0.1% v/v Triton X-100 (Sigma-Aldrich, Spain) (T+) at RT for 30
min on a rotating plate (100 rpm). To prevent nonspecific binding of the
antibodies, samples were blocked. Blocking was carried out incubating the
samples in 500 pL of TBS containing 3% v/v donkey serum (Gibco, UK) and 0.3%
v/v Triton X-100 (T++) at RT for 2 hours on a rotating plate (100 rpm). After
blocking, samples were incubated in 500 pL of T++ containing the primary
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antibodies. Goat anti-Z0-1 (ab190085 Abcam, UK) was used at 2 pg/mlL, rabbit
anti-B-catenin (ab2365 Abcam, UK) at 5 pg/mL and mouse anti-villin (ab201989
Abcam, UK) at 1 pg/mL. The incubation was performed for 2 hours at room
temperature on a rotating plate (100 rpm) and overnight at 4°C. Then, the
samples were washed three times with 500 pL T+ for 5 min at 100 rpm. After that,
samples were blocked by the incubation in 500 pL of T++ for 2 hours at room
temperature.

Then, samples were incubated with secondary antibodies or 160 nM
Alexa Fluor® 568 Phalloidin (ThermoFisher Scientific, Spain) in 500 pL of T++ 2
hours at room temperature. Anti-goat Alexa 568 (A11057, ThermoFisher
Scientific, Spain) was used at 2 pg/mlL, anti-rabbit Alexa 647 (Jackson
Immunoresearch, USA) was used at 2 pg/mL, and anti-mouse Alexa 488 (A21202,
ThermoFisher Scientific, Spain) at 2 ug/mL. Then, samples were washed three
times in 500 pL of T+ and incubated in 500 pL of T++ containing 16.2 puM Hoechst
33342 (ThermoFisher, Spain) or 300 nM DAPI (ThermoFisher Scientific, Spain),
which stain nucleic acid, for 15 min on a rotating plate (100 rpm) and washed
twice in 500 pL of TBS.

Considering the full height of hydrogels, a mounting holder was designed
and fabricated to prevent the squashing of the microstructures (Fig. 3.15).

b) \
PDMS ‘ Hydrogel
ring—= | T i
Coverslip Mounting media

Figure 3.15. Schematics of mounting set-up for the microscopy imaging of
microstructured hydrogels. a) Picture of the PDMS ring placed on a coverslip.
Cross-section (b) of the mounting. c) Picture of the hydrogel sample mounted
in the PDMS ring. d) Illustration of how samples were placed on the confocal
microscope.

A PDMS ring of 10 mm in its inner diameter and 1 mm in height was
fabricated and placed on a large coverslip (600 x 24 mm) (Menzel Glaser,
ThermoFisher Scientific, Spain). The PDMS ring and coverslip were sonicated in
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ethanol 96% v/v for 5 min and then blown dried with a nitrogen stream before
sealing it without any treatment. The container was then filled with Fluoromont-
G and the microstructured hydrogels, which are adhered on a coverslip after
fabrication, were placed on top, embedded in the mounting medium (Fig. 3.14).
This set-up allowed the imaging of the microstructures by confocal microscopy.

3.59  ANALYSIS OF CELL NUCLEI MORPHOLOGY AND ORIENTATION

Cell nucleus is deformed and oriented by the spatial disposition of the
cell.3%6 Therefore, nuclei morphology and orientation with respect to the basal cell
surface could be used as markers for cell polarization. For this purpose, the shape
and orientation of the nucleus of Caco-2 cells cultured for 14 and 21 days on
microstructured hydrogels were analyzed and compared to cells cultured on
Transwell® (0.4 um pore size polycarbonate membrane) for 21 days (negative
control) and on representative images of a cross section through the center and a
longitudinal cross section of a villous of small intestine (positive control), from
the medical cell biology web site of the Yale School of Medicine.307

Microstructured hydrogels and Transwell® samples were observed
under a Leica SPE and SP2 laser-scanning microscopes. Samples after 14 days (3
replicas) and 21 days (2 replicas) of cell culture were used. Confocal z-stack
images were acquired at 1 um intervals, and processed using Image] to identify
each nucleus individually (Fig. 3.16a). First, the image threshold was adjusted to
isolate the nucleus from the background. Second, thresholded images were
converted to binary (Fig. 3.16b). Finally, nuclei were fitted to ellipses by using the
analyze particles tool (Fig. 3.16c). Aspect ratio (major axis/minor axis) and
orientation (o) of the ellipses in the image framework were measured by default
(Image] software). However, such angle (a) does not directly correspond to the
angle described between the nuclei and the surface of the microstructure. To
obtain the normal angle of the nuclei to the hydrogel surface (6) we proceeded as
follows (Fig. 3.16d). First, the contour and center of the microstructures were
identified for each image. Secondly, the position vectors between the position of
the center of the microstructure and the center of each nucleus (ellipse) were
evaluated. Then, the angle defined by these vectors in the image framework (f3)
was measured (Fig. 3.16c). Finally, we could obtain the nuclei orientation on the
surface (0) by subtracting the angle of the ellipse (a) from the angle of the position
vector (B), as equation shows (Fig. 3.16d). The same procedure was carried out
with the images of cross section through the center of native villi.
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0=B—«a Eq. 19
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Figure 3.16. Schematic representation of image processing in the nuclei orientation
analysis. a) Confocal stack of microstructured hydrogel, showing the nuclei
in blue, b) binary image, and c) ellipse fitting. Microstructure contour is
depicted as a dashed red line, and its center as a red dot. The arrow in c)
represents a vector from the center of the microstructure to the center of an
ellipse (nucleus). d) Drawing of the nuclei angle estimation. Angle of the
nuclei major axis (a) and the vector (§) with respect to horizontal axis, and
normal nuclei angle with respect to the microstructured surface (0). e)
Confocal stack of cells on a Transwell® showing the nuclei in blue.
Orthogonal views were used to the ellipse fitting. f) Drawings relating cos26
with nuclei orientation.

In the case of Transwell® (3 replicas) cross sections were obtained by
using the orthogonal view tool (Image]) from the confocal reconstructions. Nuclei
were ellipse fitted and the angle of the ellipse orientation («a) was taken as nuclei
orientation, because Transwell® has a flat surface which was aligned with the

88



horizontal axis. To obtain 8, complementary angle was subtracted (Fig. 3.16¢€).
The same procedure was carried out with the images of longitudinal cross section
of native villi.

The nuclei aspect ratio of Caco-2 cells cultured on Transwell® and on
hydrogel, were plotted and compared with the aspect ratio of the nuclei from the
images of cross-sectioned native villi. The angle of nuclei respect to the surface
was plotted in a wind rose diagram, and the alignment between the nuclei
orientation and the direction normal to the surface was assessed by the order
parameter <cos 26>. If nuclei were perpendicular to the surface, <cos 26> value
was 1, whereas if nuclei were parallel to the surface, its value was -1 (Fig. 3.16f).
Graphs were plotted with OriginPro 8.5 software and Mann-Whitney U test and
Kruskal Wallis test were used to perform the statistical analysis.

3.6 TRANSEPITHELIAL ELECTRICAL RESISTANCE (TEER) MEASUREMENTS
OF CACO-2 CELL MONOLAYERS

3.6.1 TEER MEASUREMENTS BY A VOLTOHMMETER

Transepithelial electrical resistance (TEER) is a quantitative technique
widely used to measure the integrity of semipermeable cell barriers. TEER of
epithelial monolayers is usually measured in a standardized set-up which
consists on cell monolayers cultured on semipermeable filter inserts
(Transwell®) that creates two separate compartments (upper and lower
compartment) (Fig. 3.17a). An electrode can be introduced in each of the
compartments to measure the electrical resistance between them when the cell
monolayer is formed (Fig. 3.17). At the end, TEER expressed in Q-cm?, is
calculated as the measured resistance multiplied by the surface area of the cell
monolayer. In the present study, electrical measurements were performed in
collaboration with the Physiology department of the Faculty of Pharmacy (UB).
We used an Epithelial Voltohmmeter (Millicell-ERS system, Merck-Millipore,
Spain), which applies an AC square wave of 20 mV of amplitude at a frequency of
12.5 Hz (Fig. 3.17b). Measurements are carried out using alternating current (AC)
because direct current (DC) can damage both the cells and the electrodes. A pair
of electrodes popularly known as “chopstick” electrodes was used. Each stick of
the electrode pair (4 mm wide and 1 mm thick) contains a silver/silver chloride
pellet to measure voltage and a silver electrode to allow the pass of current.
STX3/“chopstick” silver electrode pair was used, which allows adjusting the
distance between electrodes to avoid sample damaging and inaccurate
measurements (Fig. 3.17c). To use our hydrogels with the standard Transwell®-
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based approach, we had to be sure that once hydrogels were installed in the upper
compartment all the electrical current was forced to pass through them, as
shortcuts due to bad sealing between the hydrogels and the Transwell® walls

would return false results.

Electrode
d) pair
Chopstick
electrode Transwell
Uppercompartment
Cellmonolayer
Lowercompartment

Porous membrane

Figure 3.17: Standardized set-up of TEER measurements by voltohmmetry. a) 6-well
plate of Transwell® porous membrane with inserts of 24 mm in diameter. b)
Voltohmmeter, and c) STX3/“chopstick” silver electrode pair. d) Scheme of
TEER measurements on Transwell® membrane system with a cell
monolayer. Pass of current is drawn by a red dash line.

Two experimental approaches were assayed: 1) in situ hydrogel
polymerization and 2) outside polymerization and posterior sealing. In situ
polymerization consisted in filling Transwell® inserts of 12 mm in diameter with
polycarbonate membranes with pores of 0.4 um in size (Sigma-Aldrich CLS3401,
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Spain) with the polymer solution. Then, a coverslip and a photomask were placed
just below the Transwell®. This set-up did not allow the use of the Mask aligner
because the system had to be irradiated from the bottom part (Fig. 3.18a). As an
alternative UV source, a UV spot cure lamp (Excelitas Technologies UV omnnicure
s1000, Germany) was used, which made possible to place the UV source at the
bottom of the Transwell® (Fig. 3.18b).

a) b)
<— Transwell i
(¢ ))OmniCure b}
Hydroge| L ) SERIES 1000
Porous membrane -" -5
Coversli .= '
<— Coverslip |
R - [ -4
Photomask — :_“;@

A 4

Figure 3.18: a) Scheme of the in situ hydrogel polymerization approach In situ hydrogel
polymerization approach. b) UV spot cure lamp.

The second approach was implemented on Transwell® inserts of 24 mm
with polycarbonate membranes with pores of 0.4 um. Firstly, the insert was
reversed and the outer part of the porous membrane was sealed with PDMS.
PDMS prepolymer was prepared by mixing the base polymer with the curing
agent in a 10:1 ratio and degassing the mixture under a vacuum for 1 h. The
prepolymer was then deposited on the boundaries of the outer part of porous
membrane, leaving a circular PDMS-free space of about 10 mm in the center (Fig.
3.19a-c). Transwell® and PDMS were left to dry in a tissue culture cabinet hood
(Class II Type A2 Biological Safety Cabinet) for 24 hours, in sterile conditions.
Then, microstructured hydrogels, fabricated onto coverslips, were detached from
them by a scalpel and placed carefully inside the Transwell® (in the inner part)
(Fig. 3.19d-f). Then, the hydrogels placed in the Transwell® inserts were left to
dry the excess of PBS by placing them in the tissue culture cabinet hood for 15
min, in sterile conditions. After that, a ring-shaped pressure sensitive adhesive of
300 pm in height (Lintec, Japan) was cut (10 mm inner diameter, 20 mm outer
diameter) and was placed around the hydrogel, to seal the system (Fig. 3.19g-i).
To test TEER with this system, microstructured hydrogels were fabricated using
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polymer solutions of 6.5% w/v PEGDAsooo in PBS containing 0.3% w/v acrylic
acid and 1% w/v 12959. Polymer solutions were exposed at UV for 10 s to form
the hydrogel base, and then 70 s to form the microstructures. After fabrication
and swelling for 3 days, samples were removed from the coverslips and placed in
the Transwell® membranes. Then, functionalization was carried out by placing a
sliced pipette tip as a container on top of hydrogel, and filling with 50 puL of a 250
pg/mL laminin for 1 hour. Caco-2 cells were seeded at 5-105 cells/cm? and
samples kept at 37°C and 5% CO2 and filled with culture medium, changed every
two days.

a)

Hydrogel Adhesive

Figure 3.19: Overview of hydrogel sealing on Transwell®. a) Top view, and b) cross-
section after PDMS (brown) deposition on the outer part of the porous
membrane (dashed line). d) Scheme of hydrogel (blue) placing in the inner
part of Transwell® and e) cross-section. g) Scheme of the sealing of the inner
part by the use of an adhesive (yellow), and h) cross-section. Modified
pictures of Transwell® after c) PDMS deposition f) hydrogel incorporation
and i) addition of the adhesive.

TEER measurements were carried out at day 7 and day 21 of culture. To
increase the accuracy of the results, readings were done per triplicate for each
sample. To subtract the effect of hydrogel material on the resistance
measurements, hydrogels without cells were also measured. Transwell® without
cells as a negative control of barrier formation, and Transwell® cultured with
Caco-2 cells as a positive control of barrier formation were also used. In addition,
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at day 21 ethylenedinitrilo-tetraacetic acid (EDTA) treatment was applied by
incubating the samples in a 50 pM EDTA solution for 5 min at 37°C, and then
measuring the TEER. Three samples for each condition were used. The
experimental layout is shown below (Fig. 3.20).

Transwell Transwell + Hydrogel

l l’
U

Figure 3.20: Experimental layout of the TEER assay on Transwell® inserts. Control
samples (with and without cells) on Transwell® without hydrogels were
placed in the same 6-well plate, as the samples with hydrogel (with and
without cells) were placed in a different 6-well plate.

The resistance of the cell monolayer (Rmonolayer) was calculated by
subtracting the resistance measured on cell-free inserts (Transwell® or
Transwell® with hydrogel) (Roiank) from the total resistance measured across the
cell monolayer for both the samples with and without hydrogel (Rtotal), see
equation 20. Results were then multiplied by the total surface area of the insert
or hydrogel (estimated from confocal microscopy experiments) to express TEER
in Q-cm? (equation 21). Data analysis and plots were carried out with OriginPro
8.5 software. Mann-Whitney U test was used on the statistical comparison of two
conditions.

Rinonolayer = Rtotal = Rblank Eq. 20

TEER yonolayer = Rmonolayer Xtotal surface area Eq. 21

3.6.2  TOTAL SURFACE AREA QUANTIFICATION BY CONFOCAL MICROSCOPY

For the microstructured hydrogels, their total surface area is an
important parameter. Here, we estimated this value by reconstructing 3D images
of the microstructures by fluorescent confocal microscopy z-stacks. After
fabrication, samples were activated and functionalized with 500 pL of
0.05 mg/mL Streptavidin Texas Red® protein solution.

93



Through an inverted confocal microscope (TCS SPE, Leica, Germany)
serial sections of about 1 um in thickness at 10X magnification were taken and
stacked to obtain three-dimensional reconstructions of the samples. The samples
were oriented in such a way that microstructures were close to the objective (Fig.
3.15d). Thanks to the working distance of the 10X objective (3 mm) the whole
height of the microstructures was imaged. One representative sample of each
type of microstructured hydrogels was used to obtain three-dimensional
reconstructions. Once obtained 3D reconstructions, at least five different regions
of the rendering, containing different number of microstructures, were analyzed.
The total surface area of 3D microstructures was determined by the surface tools
of IMARIS software. To relate the 2D and the 3D surface areas (Fig. 3.21), a surface
corrector factor (SCF) was determined as the fraction between these two
measurements (Eq. 21).

3D total Surface area
SCF =

Eq. 22
2D Hydrogel area d

a)
SCF
a <«
D e—
a

Hydrogel area =a? 3D hydrogel surface area

b)

Figure 3.21: Illustration of the 2D 3D total surface area, parameters used in the calculation
of the surface corrector factor (SCF).

3.6.3 TEER MEASUREMENTS BY IMPEDANCE SPECTROSCOPY ANALYSIS

Impedance spectroscopy is usually performed by the application of AC of
small amplitude signal within a frequency range and measuring the amplitude
and phase response of the impedance as a function of the frequency.?* When
applied to cell monolayers, impedance spectroscopy provides additional
information about the capacitance of the cell layer with respect to the single
frequency method (Voltohmmeter). Impedance, Z, is the ratio of the voltage to the
current in on AC circuit. Impedance is a complex function and can be expressed
by a real (R) and imaginary part (j is the imaginary unit and X the reactance)
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(equation 23) or, on the polar form, as a modulus |Z| and an angle (8) that gives
the phase difference between voltage and current (equation 24).

Z= R+jX Eq. 23

Z=Z|- ® Eq. 24

Impedance spectroscopy measurements were performed in
collaboration with the Biomedical Applications Group from the Centro Nacional
de Microelectréonica (CNM) of the CSIC (Spanish National Research Council). This
group has developed a bioreactor with two chambers and integrated electrodes
for impedance spectroscopy measurements and the electronics for monitoring
the impedance of cell barriers along the time and within a range of frequencies
(Fig. 3.22). This system has been successfully used to perform electrical
impedance spectroscopy (EIS) measurements on a model of blood brain barrier
model.398 This device consists of two plates with interdigitated electrodes that are
sealed together with a porous membrane in between. This sealing creates two
separated compartments in a similar way that a Transwell®. Cells are cultured on
the porous membrane which with the help of two sheets of pressure-sensitive
adhesives (PSA) (Adhesive Research, UK). Silicone gaskets of 0.5 mm in height
define three independent cell culture chambers (4 x 20 mm in size) in a circular
device of 45 mm in diameter (Fig. 3.22).3%8 To ensure the correct supply of cell
medium while measurements take place, upper and lower plates have a
microfluidic system. To use this system, we adapted the fabrication process to
perform the in-situ polymerization of our hydrogels with and without
microstructures. For this purpose, a porous membrane with two adhesive (PSA)
covers was used instead of a coverslip. The dimensions and layout of the PDMS
container of our fabrication chip were also modified and a new version with three
individual channels of dimensions 7 x 30 mm was produced (Fig. 3.23). In
addition, the photomasks were also redesigned now to contain three areas (7 x
30 mm) of arrays of windows 100 um in diameter that aligned with the
membrane areas (Fig. 3.23a). The pools created by PDMS were filled with the
polymer solution and exposed under UV light using the Mask aligner instrument.

Three types of membranes were used: polycarbonate of 1 um pore size
(WHA70604710, Sigma-Aldrich, Spain) and 0.4 um pore size (HTTP04700,
Merck-Millipore, Spain), and 1 pm pore size polytetrafluoroethylene
(JAWP04700, Merck-Millipore, Spain). A nylon mesh was also used instead of the
porous membrane, and was homemade cut and placed between the adhesive
sheets. To test the influence of the porous membrane on the microfabrication
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process, UV absorbance of the membranes was measured by a
spectrophotometer (UV-VIS JASCO, Spain) within the range of 260 - 600 nm and
0.1 nm resolution. In addition, the intensity of UV light through membranes was
measured at 365 nm by a UV intensitymeter (Model 100, Suss Microtec, Germany)
and compared to the intensity measured directly under the light source.

a) - Silicone b)
- Gasket
- PSA

Porous
membrane

p: Silicone
Gasket

Hydrogel Cell
fabrlcatlon culture

g)  Upper plate

Interdigitated Cells

v v

electrodes

Interdigitated electrodes L — Low er plate

Figure 3.22: Schematic set-up for electrical impedance spectroscopy measurements of
cells grown on hydrogels. a) Assembling parts of the bioreactor (modified
from Yeste et al.)3%8 including a schematic decomposition of the b) circular
device containing the porous membrane. Experimental set-up procedure for
mounting the hydrogels in the chamber. Using circular insert (c), hydrogels
(in cyan) are fabricated on the surface of a porous membrane (d), and Caco-
2 cells (green dots) are cultured on them (e). Finally, the circular insert was
placed within the bioreactor. f) Picture of upper and lower plates where
interdigitated electrodes are shown. g) Drawing of cross-section of one of the
channels of the device. The porous membrane (violet dash line) fitted by
adhesive (PSA) and silicone gaskets to develop cell culture wells.
Interdigitated electrodes are represented in yellow, and pass of current in
red dash double arrows.
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Figure 3.23: Hydrogel Fabrication set-up modified for EIS measurements. a) Illustration
of the modified pieces of set-up. PDMS stencil in brown, porous membrane
fixed by PSA in gray, and a circular photomask with three arrays of windows.
b) Cross-section of the final fabrication device.

After fabrication, the swelling of the hydrogel can make them detach
from the membranes and produce current leakages in TEER measurements. To
keep hydrogels well adhered to the porous membranes, polycarbonate
membranes were silanized using 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA, Sigma-Aldrich, Spain). We selected this silane because polycarbonate
surface can be photo-chemically activated3?® by the immobilization of silanes In
addition, TMSPMA has an acrylate group that can bind PEGDA and keep hydrogels
covalently attached. Two protocols were used for the silanization procedure. In
the first one, membranes were dried in the oven at 65°C for 30 minutes. Then,
their surface was activated by placing them in an oxygen plasma cleaner (Harrick
Scientific, Expanded Plasma Cleaner PDC-002, USA) for 2 min. Immediately after
that, the membranes were immersed in the silane solution for 10 min. Silane
solution was made by diluting TMSPMA at 2% v/v in absolute ethanol and 3%
v/v of glacial acetic acid (1:10 acetic acid:Milli-Q water). Then, membranes were
thoroughly rinsed by ethanol absolute and dried in the oven at 65°C for 30 min.
The second protocol was based on the use of an UV cleaner (Bioforce
Nanoscience, UV.TC.220, USA) for 15 min to photo-chemically activate the surface
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of membranes.3%® The same silane solution was used and membranes were
immersed for 1 to 2 hours. Then, membranes were thoroughly rinsed by ethanol
absolute and dried in the oven at 65°C for 30 min. Polymerization on PFTE
membranes and nylon mesh was attempted without further modifying these
membrane materials.

Impedance spectroscopy measurements were carried out on 1 um pore
size polycarbonate membranes silanized by the second protocol. Microstructured
hydrogels were fabricated using polymer solutions of 6.5% w/v PEGDAsooo in PBS
containing 0.3% w/v acrylic acid and 1% w/v 12959. Three channels were filled
with the polymer solution and were exposed at UV for 10 s to form the hydrogel
base, and then 70 s to form the microstructures. The hydrogels attached on
membranes were rinsed in PBS and allowed to swell in PBS for at least 3 days.
Functionalization was done by immersing the porous membranes in 5 mL of 50
pg/mL laminin solution for 1 hour. Caco-2 cells were then seeded on each of the
three individual hydrogels by carefully depositing 250 pL of cell suspension
containing 2.5-106 cells/mL, to achieve a density of approximately
5-105 cells/cm?. To ensure cell attachment at the proper location, membranes
were placed in an incubator but not fully covered by the cell medium for 1 hour.
Then, porous membranes where placed on a 96 mm in diameter TPP petri dish
(Sigma-Aldrich, Spain) covered by cell medium and placed inside an incubator,
changing the cell medium every two days. After 14 days of cell culture,
membranes were placed between two silicon gaskets and then the “sandwich”
was placed in the modular bioreactor closed using screws.

TEER assays were performed by the measurement of impedance spectra
at 20 frequencies, ranging from 100 Hz to 1 MHz, using an a portable 4 wire
bioimpedance meter.310 First, measurements were done in parallel at the three
channels of the circular device and the resulting impedance (of each channel)
across the cell monolayer on the hydrogel Zmeasured Was recorded. Then, the
hydrogels containing cells were removed from the porous membrane and the
impedance of the silanized membranes (Zsm) was measured. In addition, the
impedance of the porous membrane alone Zslank was used as a control. To obtain
impedance spectra of cell barriers, the Zsm was subtracted from the Zmeasured and
fitted (using the least-square method in Matlab) to an equivalent electric circuit
that describes the impedance spectra of a cell barrier.#? Equivalent circuit
analysis of the measured impedance spectra was performed to obtain the
electrical parameters that can be applied to characterize the cellular barrier
properties. In this circuit, the current flows through the junctions between cells
(paracellular route) or through the cell membrane of the cells (transcellular
route). The tight junction proteins in the paracellular route contribute to an
ohmic resistance (TEER) in the equivalent circuit.
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Figure 3.24: Diagram of impedance-based equivalent circuit a cellular monolayer that
includes capacitance of the cell membrane (Cm), resistance of the cell
membrane (Rm), resistance of the paracellular route (TEER), resistance of the
medium (Rmedium), and electrode capacitance (Cg). This circuit can be
simplified because high membrane resistance force current through the
other paths, total impedance, Z, results in a contribution of transepithelial
electric resistance (TEER) of the paracellular electrical pathway, the ohmic
resistance of the membranes (Ri), and the capacitance of the constant phase
element (b).

The lipid bilayer in the transcellular route contributes to a parallel circuit
consisting of an ohmic resistance (Ri) and an electrical capacitance, modeled by a
constant phase element (CPE), which describes faithfully the dielectric properties
of many cell membranes (Fig. 3.24).311 To obtain TEERmonlayer expressed in Q-cm?,
the impedance at 100 Hz and surface area of microstructured hydrogel were
multiplied (Eq. 21). Data analysis and plots were carried out with OriginPro 8.5
software.

3.7 STATISTICAL ANALYSIS

All statistical analysis were carried out taking into account the normality
of the samples and their variance to choose between parametric or
nonparametric methods. In the case of parametric methods, for 2 samples
comparison t-test was used, and for more than 2 samples comparison One-Way
ANOVA tests. In the case of non-parametric methods, for 2 samples comparison
Mann-Whitney U test was used, and for more than 2 samples comparison
Kruskal-Wallis test was used. All tests were performed using Matlab 2010
software and OriginPro 8.5 software.
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4.1 PREPARATION AND CHARACTERIZATION OF PEGDA
HYDROGELS IN A CHIP

We first validated the experimental set-up designed for the fabrication of
PEGDA hydrogels. As hydrogels are very soft materials, a critical point was
handling after fabrication. To solve this practical issue, we decided to use as cover
on our chip a material to which hydrogels will adhere during polymerization.
Later, this cover with the hydrogel will be retrieved and flipped to work with the
sample. Despite previous works reported the use of silanized glass coverslips to
keep the hydrogel covalently attached on them?187263312 we found out that
hydrogels adhered well to non-treated coverslips.The chip designed is efficient
and allows the successful polymerization of PEGDA solutions in hydrogels. The
main factors that influence the polymerization process, such as the concentration
of the photoinitiator, the time of UV exposure, and the presence of oxygen are
studied in this section.

411  THE CONCENTRATION OF PHOTOINITIATOR RULES THE DEGREE OF
POLYMERIZATION IN PEGDA HYDROGELS

PEGDA photopolymerization is initiated by the activation of the
photoinitiator (I12959) under UV light. We first studied the polymerization of
PEGDA as a function of 12959 concentration. To do this, different concentrations
of PEGDAs7s and PEGDAsooo were polymerized in the presence of several
concentrations of 12959: 5-104% w/v, 0.05% w/v, and 0.5% w/v. Disc-shaped
hydrogels were fabricated by exposing them at 150 s under UV light. Figure 4.1
shows pictures of the hydrogels obtained for each polymerization condition. For
the smallest percentage of photoinitiator used, no polymerization was observed
regardless the polymer concentration of the solution. For the other
concentrations, hydrogels were obtained.

Depending on polymer concentration and photoinitiator concentration
hydrogels showed different opacity. For each PEGDA molecular weight, the most
opaque samples were found with the highest polymer concentrations and largest
values of photoinitiator content. The hydrogel opacity has been reported to
increase with its cross-linking density when using PEGDA solutions with polymer
concentrations of up to 60% w/v.313 This means that for the same UV exposure
time the degree of polymerization depends on the concentration of the
photoinitiator.
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Figure 4.1: Photographs of photopolymerized PEGDA hydrogels fabricated from
solutions containing several concentrations of photoinitiator (12959). Note
that at smallest photoinitiator concentration no polymerization was
observed. Scale bar =12 mm.

To better understand the role of 12959 concentration on the
photopolymerization process, fractional monomer conversion was theoretically
estimated from equation 18 (section 1.4) and plotted as a function of the exposure
time for increasing 12959 concentrations (Fig. 4.2). Values of constants and
parameters related to 12959 and the UV light source experimentally used are
listed in Table 4.1. Photoinitiator concentration was limited to 1% w/v because it
is reported as the limit of solubility of [2959 in water-based solutions.178

Parameter Value Units Reference
kp 21.65 m3 mol-t st 314-316
ke 2516 m3 mol-1 s-1 314-316
f 0.5 - 317
@ 0.29 - 318
£ 40 m2 mol-! 12,13
1 375 Kgs3 measured
Na 6.022 1023 mol-1 320
h 6.63 10-34 Kgm?2 st 320
c 3108 ms1 320
A 3,13:107 m 15,16

Table 4.1:  Free radical polymerization related parameters used in this work converted
to international units.
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Fractional monomer conversion for the different 12959 concentrations
describes an exponential function that levels off long UV exposure time. This
saturation value depends on the actual 12959 concentration. It does not reach
100% in all cases, just for the highest 12959 concentrations (1% and 0.5% w/v).
The graph also shows that for concentrations of photoinitiator below 0.05% w/v,
fractional monomer conversion saturates at low values, while the time required
for to achieve saturation is out of the experimental range considered.

The relationship between the photoinitiator concentration and UV
exposure time required for the cross-linking of hydrogels, has been previously
reported and it is reproduced in our experimental system.259321 We observed that
for the smallest photoinitiator concentration assayed (5:10-4% w/v), even if
theoretically the monomer conversion with 150 s of UV exposure is about 10%,
experimental no hydrogel formation was found. This is in agreement with the
results found by Dendukuri et al, who reported that a minimum degree of
monomer conversion is needed to obtain polymer gelation.316 We also observe
from Figure 4.2b that, for the UV exposure time used experimentally (150 s), the
fractional monomer conversion predicted by the theoretical plot agrees with the
less cross-linking in samples fabricated with photoinitiator concentration of
0.05% w/v with respect to 0.5% w/v (Fig. 4.1).
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Figure 4.2: a) Theoretical plot of fractional monomer conversion of PEGDA polymer
solutions as a function of UV exposure time. Different 12959 concentrations
were used, 1% (black), 0.5% (red), 0.1% (blue), 0.05% (green), 0.005%
(magenta), and 5-10-4% (orange). b) Zoom of the time interval of interest.

To experimentally analyze the cross-linking degree in hydrogels, FTIR
measurements were performed. The FTIR spectra of the hydrogels (10% w/v
PEGDA and 1% w/v 12959) were used to study the double bond conversion, using
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as areference the C=C peak at 1600 cm~! (Fig. 4.3). While the number of carbonyl
groups do not change during photopolymerization, vinyl groups are reduced as
much as polymerization advances. The low intensity peak of C=C compared to
carbonyl stretching demonstrate the high cross-linking ratio of the fabricated
hydrogels and that the conversion of C=C is almost complete (Fig. 4.3c).
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Figure 4.3: a) Drawing of the molecular structure of the PEGDA hydrogel. b) FTIR spectra
of PEGDA hydrogels with absorption bands of C-H stretch vibration at 3508
cm-1,322 CHz stretch at 2880 cm-!,322 C=0 stretch at 1729 cm-1,323 C = C stretch
at 1600 cm 1,324 and C-O at 1100 cm-1.325 Main representative peaks of the
PEGDA remain unaltered. c) Detail of the region of interest. Vinyl related peak
show a very low intensity, meaning a high degree of cross-linking.

12959 is a photoinitiator widely used in the fabrication of PEGDA
hydrogels for biomedical applications. 12959 has been successfully used for cell
encapsulation of a wide range of cell types from fibroblast to stem cells.175326
12959 is cytocompatible at low concentrations (< 0.05% w/v) but its cytotoxicity
increases with increasing photoinitiator concentrations.326327 In addition, free
radicals formed in the presence of the photoinitiator and UV light cause
significant levels of cell death in encapsulated cells.327 In our experiments, cells
will be placed on top of the hydrogels after fabrication, and most of the non-
reacted radicals and non-decomposed 12959 molecules would be washed away,
thus minimizing the potential cytotoxic effects on cell culture. In what follows,
12959 concentrations from 0.1% to 1% will be considered, which would lead to
fractional monomer conversion rates of 0.980 to 0.995 for the exposure times
explored (~150 s).
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41.2 UV EXPOSURE TIME ENABLES TO CONTROL THE HEIGHT OF THE
HYDROGELS

The total energy applied to the polymer solutions controls their
polymerization degree. In our experimental set-up, for a container of 10 mm in
diameter, the energy dose applied is 29.5 m]/s. To study the effects of UV
exposure time on the fabrication of PEGDA hydrogels, samples were exposed a
set of times ranging from 10 to 150 s. Disc-shaped hydrogels were produced in a
container of 1 mm in height. We found out that the height of the polymerized
hydrogel increased quickly within the range of exposure times employed (Fig.
4.4). This is consistent with the amount of photoinitiator employed in this process
(1% w/v), which, according to Figure 4.2, leads to 80% - 100% of fractional
monomer conversion after just 50 s of UV exposure time. Indeed, the pictures of
the profiles of the hydrogel obtained (Fig. 4.4) and their heights show
polymerized structures achieving the height of the total container after 50 s of UV
exposure (Fig. 4.4c). These results demonstrated that in our set-up UV exposure
time plays a critical role in controlling the height of the hydrogels. This is in
agreement with previous studies of the effects of UV exposure time on PEG
hydrogel thickness, which determined that polymerization depth increases with
the energy dosage and UV exposure time, and strongly depends on photoinitiator
content. 224,321,328

Pictures and measurements of Figure 4.4 correspond to samples in
equilibrium swelling. Hydrogels swell and can retain a significant amount of
water within their structure. The time for equilibrium swelling was determined
in previous experiments as 2 to 3 days for PEGDAso00.2%* Due to swelling, the
maximum hydrogel heights reported in Figure 4.4 are higher than the height of
the PDMS container. Swelling ratio for PEGDAsooo (40%) is larger than for
PEGDAs7s (16%), being this reflected in the pictures of the hydrogels and their
heights.236 In our case, hydrogels grow from the upper part (glass coverslip),
where the free radical reaction is initiated, toward the bottom part of the
container. Our results, in agreement with previous studies, 177223 suggest that
polymerization takes place differently as a function of depth. To initiate
polymerization, a sufficient amount of photoinitiator need to be activated, which
requires a minimum energy dosage. As the total energy received by the sample
depends on time, short periods of UV exposure will not provide enough energy to
polymerize the whole polymer solution. This is the case of UV exposure of 10 s
(Fig. 4.4).
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Figure 4.4: Effect of UV exposure time on the hydrogels height. a) Pictures of disc-shaped
hydrogels after swelling process obtained at 10 s and 150 s of UV exposure.
b) Pictures of the hydrogel profiles made at different UV exposure times. c)
Graph showing the height of hydrogels after swelling as a function of UV
exposure time (mean + SD). The dash blue line shows the height of PDMS
container.

In fact, light goes through the polymer solution until reaching the
photoinitiator molecules, which absorb the light producing reactive species (free
radicals) that drive the polymerization. This absorption leads to a gradual
decrease of light intensity along the propagation direction (z) that can be
calculated using the Beer-Lambert law. Then, the light intensity (I) at a specific
depth in a thick sample is described by equation 25, which ignores the diffusion
of both the initiator and bleached initiator degradation products at the

polymerization time scale.17”

I = Ioe—2.303 eCz Eq 25
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In this equation, Io is the intensity of radiation at the upper surface, € is
the molar extinction coefficient of the photoinitiator, and C is the concentration
of the photoinitiator. Considering 12959 concentrations within the range of 0.1%
to 1% w/v, equivalent to 4.46 and 44.6 mol-m-3, we have estimated the intensity
profile along the depth of the polymer solution (Fig. 4.5a). For 1% w/v of [2959,
at 1 mm of distance from the surface, the irradiation is only 17% of the UV light
intensity at the upper surface, while for 0.1% w/v 0f 12959, the UV intensity reach
84% of the surface value. As a consequence of this gradient of light intensity, a
gradient of photoinitiator molecules and radicals formed is created along the
vertical direction (Fig. 4.5b).177 This fact implies that if 1% w/v of 12959 is used,
to produce enough radicals at large distances from the UV source, long exposure
times are required to reach the energy needed to initiate radical formation.
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Figure 4.5: Normalized UV light intensity profile I/Io (a) as a function of depth of the
PDMS container (z), for 0.1% w/v (black), 0.5% w/v (red), and 1% w/v 12959
(blue). b) Schematic model of light intensity decay leading to a vertical
gradient of photoinitiator molecules (PI) and molecules converted to radicals

(R%).

Considering the measurements of the height of hydrogels for different UV
exposure times (Fig. 4.4), the energy received can be easily estimated for a given
depth by multiplying the intensity and the UV exposure time:

E(z,t) = [je 2303eCzt Eq. 26
Figure 4.6a shows the energy dosage calculated from equation 26 and the
estimated energy dosages from the experimental measurements. For these

calculations, the initial intensity used was the calculated above, Io = 29.5 m] /s and
the second of exposition. The x axis of the graph represents the total thickness of
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the sample (Fig. 4.6). To minimize the errors that might arise from using the
height values measured after swelling, values from PEGDAs7s are used because it
shows the lowest swelling ratio (Fig. 4.4). These approximation yields excellent
agreement between theory and experiments. It is noticeable that, while hydrogel
heights are still increasing (10 to 40 s), the estimated energy dosages received at
each of the measured heights remains within the same range (80 - 250 m])
without significant differences. One can then infer that such a value is the minimal
energy needed to initiate enough radical formation for the formation of a gel.
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Figure 4.6: Plot of energy dosage (a) as a function of depth of the PDMS container (z) for

10 s (dotted line), 25 s (dot-dot-dashed line), 40 s (dot-dashed line), 100 s

(dashed line), and 150 s (black line) of UV exposure time. Estimated values

from experimental data are in red (mean * SD). d) Schematic representation
of the hydrogel growth progression.

4.1.3  EFFECTS OF OXYGEN IN THE POLYMERIZATION OF PEGDA HYDROGELS

In a free radical polymerization process, the lifetime of radicals is highly
sensitive to the presence of oxygen.31¢ The reaction rate of PEGDA with radicals
is two orders of magnitude smaller (ki = 106 L. mol-1s-1) than the reaction rate of
oxygen with radicals (koz = 108 L mol-! s'1). As a consequence, oxygen is scavenged
by the radicals, inhibiting polymerization.329330 Therefore, the initial presence of
oxygen in the polymer solution and the oxygen diffusion within the system must
be considered for the success of polymerization. In the present set-up, an initial
oxygen concentration of 0.27 mM331 is present in the polymer aqueous-based
solution, and oxygen can diffuse through the PDMS walls of the container (oxygen
diffusion = 102 m2 s1)332 and through the air-liquid interfaces created by the
inlets that deliver the polymer solution inside the chip (Fig. 4.7).
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Figure 4.7: Schematics of a) top view and b) cross section of the experimental set-up.
Red dash lines illustrate the sources of oxygen diffusion into the polymer
solution.

In our system, despite the presence of initial oxygen dissolved within the
polymer solution and the oxygen diffusion, PEGDA photopolymerization takes
place, as it has been demonstrated. The explanation is that oxygen is quickly
consumed by radicals, which are continuously generated by UV irradiation, and
such as local oxygen depletion allows the polymerization.32° However, the oxygen
consumed can be renewed by the oxygen diffusing through the air-liquid
interfaces and PDMS walls. To estimate if such oxygen diffusion has an effect on
PEGDA polymerization in our experimental set-up, we computed the so-called
Damkohler number (Da) to determine the relationship between oxygen diffusion
and oxygen depletion in the system.265 The Damkohler number can be computed
as:

Da — R?/Dg
* 7 0], /%elPIII Fa-27

Where R is the radius of the region exposed to the UV, Do is the diffusion
coefficient of oxygen within the polymer solution, ¢ is the quantum yield of the
photoinitiator, € is the molar extinction coefficient of the photoinitiator, [PI] is the
molar concentration of the photoinitiator, I is the intensity of the UV light, and
[Oz]o is the molar concentration of oxygen initially dissolved in the polymer
solution. When Da << 1, the oxygen diffusion in the system is fast, so the oxygen
concentration can be considered as constant, and it is never depleted, therefore
polymerization is inhibited. On the other hand, if Da >> 1, the oxygen diffusion is
slow, so oxygen concentration is locally depleted and polymerization can
occur.265

For a PDMS container of 10 mm in diameter, 0.1% to 1% w/v of
photoinitiator 12959 (Table 4.1), polymer solutions containing between 5% and
20% w/v of PEGDA, and 37.5 mW/cm? of light intensity (power density), the Da
has been calculated using the values listed in Table 4.2.
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Parameter Value Units Source

R 5-103 m Measured
Do 10 m?2 st 31,32
[Oz]o 0.27 mol m-3 331
[PI] range 4.46 - 44.6 mol m-3 Measured
[ 0.29 - 318
€ (A=313 nm) 40 mZ mol-1 12,13
[ (A=313 nm) 9.75-104 mol m2 s-1 Measured

Table 4.2:  Parameters used in the calculation of Damkoéhler number. Do, was
approximated by a linear interpolation from the values corresponding to
oxygen diffusion in PEGDA at 40% w/v (DgEGDA 40% = 10-10 m2 s-1) and in the
buffer without PEGDA (DEBS = 2.10-9 m2 s-1).333.334 [02]o was considered as
the oxygen concentration in water at 1 atm and 20°C.331

With the values of Table 4.2, the Damkohler number was calculated to be
in the range of 4.7-103 to 4.7-10% on the surface of the chip, depending on the
concentration of the photoinitiator, and between 3.9-103 and 9.6-103 at the
bottom of the chip (1 mm of distance). As Da >> 1 with our experimental set-up
and photoinitiator concentration range, oxygen diffusion would not be a limiting
factor for polymerization, even considering amount of the intensity decay at the
bottom of the PDMS container.

4.2 FABRICATION OF MICROSTRUCTURED PEGDA HYDROGELS

Once checked that in our experimental set-up PEGDA solutions
polymerize and form hydrogels, trials were performed to ensure that by the use
of photomasks hydrogels could be polymerized forming microstructures. Several
photomasks containing arrays of UV transparent windows of 500, 300, 200, and
100 pm in diameter were used to polymerize polymer solutions of PEGDA (5%
w/vand 10% w/v). A PDMS container of 2 mm in height was used to avoid being
limited in the vertical size by the spacer of the chip. Figure 4.8 shows the bright
field microscopy images of the microstructures obtained. Microstructures are
arrays of individual, high aspect ratio pillars attached to the glass coverslip. The
pillars were grown at a density of 100, 270, 625, and 2500 pillars/cm?2 for UV
transparent windows having 500, 300, 200 or 100 pm in diameter, respectively.
Itis remarkable that they show a quite homogeneous shape except at the borders
of the mask area, where microstructures were smaller than the ones outside the
edges (Fig. 4.8e).
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Figure 4.8: Top view of microstructured hydrogels after fabrication using photomasks
with windows of a-b) 500 pm, c¢) 300 pm, and d) 200 pm. e) Top view image
of an array of microstructures fabricated by using a photomask with
windows 300 um in diameter. The inset shows the boundary where
microstructures were smaller. Scale bar: b=5mm, c=1mm,d =500 pm, e =
2.5 mm, inset = 300 pm.

These pillars keep standing up and, in addition, when the well plate is
shaken, the pillars move following the direction of the buffer and they even show
a slight bending. This behavior is because they are formed by a very soft material.
In fact, studies carried out at our group showed that hydrogels formed from
polymer solutions with concentration in the range of 5 % to 10% w/v of
PEGDAso00 have elastic modulus values ranging 3 kPa to 11 kPa (Altay, internal
report), in agreement of recently reported measurements (10% w/v PEGDAsooo
< 30 kPa).23¢ Although PEGDA?700 with concentrations of 20% w/v have been used
to replicate accurately complex 3D microenvironments to study 3D geometric
and mechanical cues in vitro,222 most of the reports that fabricate PEGDA
microstructures by photolithography use 100% w/v PEGDA or highly
concentrated PEGDA solutions. Such polymers lead to microstructures with
elastic modulus in the range of MPa.335 As an example, Dang et al. fabricated
pillars of 1 mm in height and 500 pm in diameter using pure PEGDA and use this
sample as a mold.263 High aspect ratio microstructures have also been fabricated
from PEGDA2s0 (microneedles array)26* and PEGDAs75.265

We have seen that the fabrication of microstructures with both the high
aspect ratio features and the mechanical properties of the intestinal epithelium is
possible. In what follows, we report the systematic study of the formation of these
microstructures and the factors that rule the polymerization (UV exposure time,
molecular weight and polymer concentration of PEGDA, and the presence of
oxygen) when producing them.
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421  GROWTH DYNAMICS OF MICROSTRUCTURES IN PEGDA HYDROGELS

The initial stages of growth of the microstructures were analyzed by
measuring their diameters and heights at the several time points. To do this, 10%
w/v PEGDAs7s hydrogels were microstructured by using a photomask with
windows 300 pm in diameter (to facilitate the measurements). The hydrogels
were fabricated by a single UV exposure, exposing samples to times comprised
within 70 s to 110 s, at 5 s intervals. Polymer solutions were prepared in PBS
containing 0.1% w/v of [2959. According to Figure 4.2, these exposure times are
considered to obtain a fractional monomer conversion between 75% and 85%.
For the range of UV exposure times studied, it was found that hydrogel
microstructure height increased as the exposure time also increased (Fig. 4.9). In
agreement with the observations for the non-microstructured hydrogels, pillars
grow from the upper portion of the polymer solution and, when increasing the
UV exposure time (energy dosage), the growth propagates in the vertical
direction. In addition, it was observed that microstructures acquired rounded
caps, and their walls were not vertical, but displaying a biomimetic rounded
profile.

Figure 4.9: Pictures of the hydrogel microstructures at initial stages of growth. Top view
and SEM images of representative microstructures fabricated by a,f) 70 s, b,g)
80's,ch) 90s,d,i) 100 s, and e,j) 110 s of UV exposure. Scale bars: a-e,gh =
100 pum, =50 pm, i,j = 200 pm.

Figure 4.10 shows the experimental measurements of the diameter (by
bright field microscopy) and the height (by SEM) of the microstructures within
the UV exposure time range assayed. We observed that images from optical
microscopy led to values of the pillar diameter that were similar with those
obtained by SEM. Therefore, we assumed that structures were not modified
significantly by SEM sample preparation and used SEM images to get the values
of height for the growing microstructures. The diameter of polymerized
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microstructures was initially ~60% smaller than the window diameter of the
photomask. As the UV exposure time increased, both the height and diameter of
the pillars increased. The diameter became stable after 95 s of exposure, reaching
a maximum value of around 320 pm, in close agreement to the diameter window
of the photomask used. On the other hand, the height increased also with the
exposure time, reaching maximum values of 190 um, far from being limited by
the height of the container (1 mm). We did not reach saturation in height because
for the 12959 concentration (0.1% w/v) and the exposure time used (110 s), we
were not at the maximum of the fractional monomer conversion (Fig. 4.2) yet.
Figure 4.10b combines both diameter and height data representing the contours
of the microstructures obtained for each UV exposure time. Profiles do not
represent the exact microstructure contours, just schematic plots. These contours
show the bullet-like shape of the growing microstructures. These pillars keep
standing up and, in addition, when the well plate is shaken, the pillars move
following the direction of the buffer and they even show a slight bending.
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Figure 4.10: a) Plot of the diameters (black) and heights (red) of microstructures as a
function of the UV exposure time (mean * SD). b) UV exposure time-
dependent contours of the microstructures.

In view of these results another set of microstructures was fabricated by
exposing polymer solutions at 110 s, 125 s and 150 s to UV light. This time,
structures were detached from the surface and their dimensions were measured
in wet conditions by bright field microscopy. While the diameter of the
microstructures did not change significantly, their height in wet conditions
increased from 275 * 3 um to 384 + 5 pm after 110 s and 150 s of UV exposure,
respectively (Fig. 4.11). This growth dynamics observed on the hydrogel
microstructures fabricated with our experimental set-up is in agreement with the
work published by Jariwala et al, who used a windows diameter of 16 mm and
spacer of 1 mm in height to polymerize materials made of acrylated monomers.336
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Figure 4.11: Pictures of the hydrogel microstructures at initial stages of growth. Top view
pictures taken by bright field microscopy after a) 70 s, b) 85 s, and c¢) 150 s
of UV exposure that illustrate the change in size as a function of exposure
time. Scale bars =300 pm.

They found that materials grew in diameter and height until reaching the
diameter of the photomask, and from there they were still increasing their height.
In addition, the same growth behavior was published by Li et al., who fabricated
smaller (below 25 um in height) microstructured PEGDA hydrogels, with a high
aspect ratio (3:1). They reported that the diameter and the height of the
structures increased as a function of the UV exposure time producing pillars with
bullet-like shape contours similar to the ones found here.337 On the other hand,
although we expected fractional monomer conversions close to 100% for the 150
s of UV exposure time and the 0.1 % w/v of photoinitiator concentration
employed (see Fig. 4.2), samples did not reach the total height of the container for
this time. This could be explained because photomask acts a filter absorbing
about 24% of UV light, according to experimental measurements.
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Figure 4.12: Effects of the UV exposure time on hydrogel microstructuring. Pictures of the
microstructure profiles fabricated using a 7.5% w/v PEGDAsooo polymer
solution and a single UV exposure of a) 90 s,b) 110 s, c) 130 s, and d) 150 s.
Scale bar = 300 um.

To produce hydrogel microstructures with dimensions close to those of
native villi of the intestinal epithelium, we focused our efforts in producing
microstructures from photomasks of windows 100 um in diameter, using
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different polymers solutions of PEGDAs7s and PEGDAsooo and 1% w/v of 12959.
Then, we studied the effects of UV exposure time on these microstructures. It can
be observed that isolated pillars are found for 90 s of exposure while for larger
UV exposure times, hydrogel polymerized on regions that are theoretically
unexposed (Fig. 4.12). A closer look-up at this process by SEM microscopy
revealed that microstructures fabricated using photomasks with windows of 300
um formed a continuous thin film of hydrogel material that covers the surface
surrounding the microstructures (Fig. 4.13).

To visualize this thin layer of hydrogel, the sample was cross-sectioned.
This hydrogel layer was already reported when arrays of PEGDA microstructures
were polymerized using photomasks with windows (1 um in diameter) too close
(spaced 3 pm).338

Figure 4.13: SEM images of hydrogel microstructures and the hydrogel thin layer. a) A
hydrogel microstructure (M) and the hydrogel extent (arrowheads). b) Inset
from image (a) (red square). The dash line marks the limit with the coverslip.
Scale bars: a=100 pm, b = 25 pm.

For exposure times longer than 130 s, this uncontrolled polymerization
filled almost half of the space between the microstructures. At 150 s, on polymer
concentrations above 7.5% w/v, unexposed regions fully polymerized and
resulted in a completely polymerized block of hydrogel (Fig. 4.14). Because of this
uncontrolled polymerization, at some point the effective height of the
microstructures starts to reduce until the upper part becomes flat and their
effective height can be assumed as zero.

Overall, these observations suggest that the morphology of the
microstructures depends on the photomask and the UV exposure time, but there
are other factors affecting the polymerization of the microstructures, which may
also affect their shape and dimensions. This deserves to be understood in our
experimental system for a better control over the morphology of the
microstructures.
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Figure 4.14: Effects of the interstitial polymerization on the height of the microstructures.
Pictures of the microstructure profiles fabricated by the UV exposure times
of 150 s, using a) 10% w/v PEGDAecoo0o, b) 7.5% w/v PEGDAs7s5, and c¢) 10%
w/v PEGDAs7s polymer solutions. The M indicates the microstructures
formed on the UV exposed region; the U indicates the polymerized hydrogel
on unexposed regions, and the arrowheads indicate the boundaries of the
polymer formed on the unexposed areas. Scale bar = 400 pm.

42.2  DETERMINING THE FACTORS RULING THE POLYMERIZATION OF
PEGDA MICROSTRUCTURES

Light intensity acts as a catalyst in free-radical photopolymerization, so
itis important to determine how the light transmission through the slit apertures
of the binary photomask is. In our set-up, light must go through the acetate mask
and the glass coverslip before reaching the polymer solution. Light passing
through a slit may experience diffraction, and be partially deflected to unexposed
regions. As the diameter of our apertures (windows = 10-*m) is >> than the
wavelengths of the light passing through, (A = 3107 m), Franhoufer diffraction
effects can be neglected.33® On the other hand, the edges of the photomask
patterns usually generate diffraction effects, which follow the Fresnel diffraction,
especially if there is a gap between the photomask and polymer solution.
Gumuscu et al found these effects to be relevant on fabricating PEGDA
microstructures, and tried to solve it by reducing the spacing between the
photomask and polymer solution, and thereby the diffraction of UV light at the
edges of mask patterns.25° In our experimental set-up, a coverslip of a thickness
0of 130 - 160 pum is placed between the photomask and the polymer solution. This
distance was found to be enough for producing a 45% width error.34° In addition,
the acetate photomask can produce light scattering before the light exits the slit.
The result is that light might invade unexposed regions near to the slit edge and
polymer solution may cross-link between microstructures, while the opposite
extreme (far away, at the bottom of the PDMS container) is not affected.25%341 The
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light passing through the slit of the photomask has a Gaussian intensity
distribution, the cross-linking starts earlier in the central region between two
adjacent opaque regions, where the light intensity is maximum (Fig. 4.15). In
addition, on unexposed areas a few free radicals are generated because UV light
is difficult to completely block at the edge of the slit, which may enhance the
polymerization .342343

Although the light intensity profile could partially give response to the
microstructures shape and interstitial polymerization, photoinitiator, free
radicals, and monomers also play an important role to explain this phenomenon.
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Figure 4.15: Effects of the photomask on the profile of the intensity light. a) Cross section
of the chip, and b) top view, where dashed line indicates the boundaries of
the windows of the photomask.

Recent publications have also described polymerization under
unexposed regions of photomasks, which result in microstructures not faithfully
reproducing the photomask pattern.z5%344 These phenomena are attributed to the
diffusion of radicals at the boundaries between the polymerized and the non-
polymerized solution. Indeed, this can be explained by the so-called
polymerization-induced diffusion, a model proposed by Leewis et al34> On the
one hand, during UV exposure the formation of free radicals produces that
radicals radially diffuse from the irradiated region where they are generated, to
the boundaries of the irradiated and non-irradiated regions. These radicals may
lead to the cross-linking of such unexposed region.34¢ On the other hand, the rapid
consumption of the monomers at the irradiated region generates a gradient
concentration of them, and as a result monomers diffuse from the surrounding
area toward the center of the exposed area. The diffusion of radicals and
monomers in opposite directions results in the formation of a gradient of
polymerization, which may lead to the formation of a thin layer of is not fully
polymerized hydrogel at the boundaries of the microstructures.34’ This is
consistent with our observations of soft material located at the boundaries of the
microstructures and the fact that the material observed between the pillars (at
the non-irradiate areas) seems to be softer that the hydrogel forming the core of
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the pillars. The amount of polymer formed between the microstructures is larger
when using photomasks with windows more densely packed (100 pm vs 300
um). Because of diffusion takes place from the center to the edges, the
microstructures are much more cross-linked than that interstitial material.
Another consideration is that diffusion is a time-dependent process, and
following our observations, longer exposure times would allow more diffusion
and also more interstitial polymerization than shorter UV exposure times. First,
dense microstructures are created at the center of the UV-exposed areas, with a
thin base around the microstructures. For longer UV exposure times, the space
between microstructures is fully polymerized (Fig. 4.12, Fig.3.13, Fig. 4.14).
Figure 4.16 serves as an illustration of the radical and monomer diffusion theory.
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Figure 4.16: Schematic diagram of the polymerization on unexposed areas enhanced by
the radicals (R*) and monomers (m) diffusion. Radical formation after UV
light exposure, a) cross section and b) top view. Radical and monomer
diffusion creates a lateral concentration gradient, which will result in a dense
and thick microstructure at the center of the exposed area, and less dense
and thinner layer at the boundary of the microstructure. ¢) Cross-section and
d) top view. The dashed line indicates the boundaries of the windows of the
photomask.

In addition, the polymerized material (cross-linked hydrogel) produce
scattering effects. This theory is supported by Orakdogen et al., who reported that
the scattering light intensity from hydrogels is always larger than that from the
polymer solution.348 and the production of radicals attenuates the light intensity
along the light propagation direction, as it has been seen in the fabrication of flat
hydrogels, and generates a gradient of radicals in the z direction (Fig. 4.5). The
convolution of the attenuation effects in z, and the lateral diffusion, may explain
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that the formation of the interstitial material depends on the depth (Fig. 4.17).
This hypothesis is in agreement with reports that showed microstructures with
soft or roundish shapes when photopolymerizing PEGDA or other
hydrogels.259343 344349

Figure 4.17: Schematics of the convolution of the attenuation of light (violet arrows), and
the radial diffusion of radicals (R*). Dashed line indicates the boundary of
photomask windows.

Even though the pattern of light intensity and the diffusion profile of
reactants may account for the shape of PEGDA microstructures on our
experimental set up, there is still a crucial factor that might affect the
polymerization: the presence of oxygen. As it has been described, oxygen inhibits
polymerization, and our set-up allows the oxygen diffusion through the PDMS
walls and through the air-liquid interfaces created by the chip inlets.

Now, the Damkdhler number was again calculated (Eq. 27) considering
the size of the UV transparent windows of the photomasks. Using a photomask of
windows 100 pm in diameter, Da = 4.7 (1% w/v 12959) at the upper region close
to the mask while employing windows of 300 um in diameter Da = 42 (1% w/v
[2959). Shim and co-workers observed oxygen inhibition effects when Da < 50.265
The Damkohler number was the recalculated considering Beer-Lambert equation
to get information about the oxygen effects with increasing depth (z distance
from the exposed surface). Figure 4.18a shows a plot of Da number as a function
of z when using photomasks with windows of 100 um or 300 pm compared to
values obtained without photomask (flat hydrogels). Using photomasks, Da
shows values under 50, where polymerization takes place but oxygen inhibition
plays a non-negligible role. Considering windows of 100 pm, at 1 mm far away
from the surface, Da decreases to values lower than 1. This means that a gradient
of oxygen concentration is generated along the vertical direction of the reaction
site and oxygen strongly inhibits the polymerization at such depths, thus limiting
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the height of the microstructures to values much smaller than the total thickness
of the chip.

a) b) g
W
10000 -
4
1000
3
© ©
o 100: ________________________ o 0.5%w/v
300 pm w indow 2+
10k
100 pm w indow b S
1
0 200 400 600 800 1000 0 200 400 600 800 10(
z (um) z (um)
c)
0O,
<~
0O,

Figure 4.18: Oxygen effects on the microstructuring process. Plots of Damkéhler number
as a function of depth (z) varying the window diameters (a) and the
concentration of 12959 (b). Grey dashed-line indicates Da = 50, the limit
where oxygen inhibition effects are not negligible, and red dashed-line (Da =
1) indicates when the oxygen concentration gradient is generated, and
oxygen inhibition lead the reaction. c) Cross section and d) top view of the
schematic model of microstructures growth. After UV light exposure,
diffusion of radicals (R*) enhances the polymerization on unexposed regions.
Oxygen inhibition (orange dot arrows) is more prevalent far away from the
UV light source. Both radical and oxygen gradients allow the fabrication of
rounded shapes with soft boundaries. Dashed line indicates the boundary of
photomask windows.

In addition, the effect of oxygen is enhanced when reducing the
photoinitiator concentration (Fig. 4.18b), and becomes important up to the point
of inhibiting polymerization for concentrations smaller than 0.1% w/v. It has to
be considered that, in our experimental set-up, oxygen can diffuse from all
directions except from the upper part of the device, where it is avoided by the
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glass coverslip. Therefore, roundish tips and structure profiles as well as the
presence of soft material at the boundaries between the exposed and non-
exposed regions could be due in part due to oxygen inhibition at the hydrogel
boundaries (Fig. 4.18c) This effect has been reported by Viswanathan and co-
workers, who used a similar experimental system, but poly (hydroxyethyl
methacrylate) (PHEMA) hydrogels instead of PEGDA.344

As a summary, polymerization agents (radicals) show a decreasing
gradient in z and in the radial direction while the inhibition agent (oxygen)
produce gradients from the bottom and the lateral sides of the chip. The
convolution of these factors would explain the formation of bullet-like
microstructures with roundish shapes and smooth profiles.

423  EFFECTS OF THE UV EXPOSURE TIME ON HYDROGEL
MICROSTRUCTURING

To systematically study the effects of UV exposure time on the
morphology and height of hydrogel microstructures, we selected those fabricated
from photomasks of windows 100 pm in diameter. Polymer solutions of PEGDA
(either 575 or 6000) at different concentrations (from 5% to 10% in w/v) were
used. In these experiments, we used 1% w/v of 12959, so UV exposure times were
selected to lead to fractional monomer conversion ratios of 95% to 100% (Fig.
4.2), so fully cross-linked structures are obtained. Therefore, UV exposure times
ranging from 90 s to 150 s were applied. Figure 4.19a compares the real height of
microstructures and the height of all hydrogel.
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Figure 4.19: a) Growth of full hydrogel (red) and the height of microstructures (black) as
a function of UV exposure time (mean * SD) on 7.5% w/v PEGDAsooo.
Evolution of height of microstructures on b) PEGDAsooo, and c¢) PEGDAs7s at
10% w/v (black), 7.5% w/v (red), and 5% w/v (blue).
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We observed that from a certain exposure time, and while the full height
of the microstructures increases, their effective height does not decrease due to
the interstitial polymerization. Therefore, after a threshold of energy, the extra of
irradiation serves to polymerize the space between microstructures. Even though
the polymer solutions were exposed for 150 s, the full height of the hydrogel only
reached or surpassed the PDMS height (1 mm) in the case of 5% w/v PEGDAsooo.
Focusing only on the effective heights of the microstructures, for most of the
experimental conditions studied it was found this value increased up to a
maximum, and then it starts decreasing due to the polymerization at non-exposed
areas. This biphasic behavior was more visible for PEGDAs7s than for PEGDAsooo
(Fig. 4.19b,c), and also more noticeable for polymer solutions concentrations
equal or higher than 7.5% w/v.

Because of polymerization at unexposed regions, we decided to limit UV
exposure times to the minimum required to achieve almost fully polymerized
structures, which was determined by the maximum height of pillars. This aims to
gain a better control of the shape and dimensions of the pillars fabricated.
However, we found out that isolated pillars did not stand upright in a robust way,
as often they fell, intertwined and stuck to each other. Therefore, we redesigned
our fabrication process to perform two polymerization steps. A double UV
exposure process was used to first create a hydrogel base to keep the hydrogel
microstructures joined together, and then to ultimately produce the
microstructures. To create such a base the first UV exposure was done without
the photomask (Fig. 4.20).

111 S

1st Exposition 2nd Exposition
Hydrogel base Microstructures growth

Figure 4.20: Schematic representation of the fabrication of hydrogel microstructures in
two sequential exposures.

Also, and avoid the an anisotropic stiffness of hydrogel glass surfaces,
which has been demonstrated that induce directional epithelial growth and guide
cell migration along the direction of greatest rigidity.35° To evaluate the effects of
the UV exposure time for the base formation, microstructured hydrogels were
fabricated by exposures of 5, 10, and 15 s for the hydrogel base, and 70 s for the
microstructures. As Figure 4.21 shows, higher thicknesses of the hydrogel base
were achieved by increasing the base exposure time. On the other hand,
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increasing the hydrogel base lead to shorter microstructures (Fig. 4.21d-f). In
addition, as the total time of UV exposure was increased, the interstitial
polymerization also increased. PEGDAs7s showed a biphasic behavior with the
exposure time used for the base, characterized by an increase of the height
followed by a decrease (Fig. 4.21g). Therefore, 5 and 10 s were considered long
enough to keep joined the microstructures while avoiding the base covering
them. Even though 5 s of base exposure resulted in higher microstructures, these
usually bended when using low polymer concentrations. For this reason, 10 s was

also a time considered for further experiments.
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Figure 4.21. Effects of the hydrogel base on the effective height of the microstructures.

Images of microstructures fabricated using 5s,10 s, and 15 s for the hydrogel
base formation, and 70 s of UV exposure for the microstructuring; made of
10 % w/v PEGDAs7s (a-c) and 7.5 % w/v PEGDAecooo (d-f). Scale bar = 400 pm.
Plots of the microstructure heights, g) PEGDAs7s, and h) PEGDAsooo, (mean *
SD) as a function of UV exposure time for the hydrogel base formation.
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Figure 4.22: Effects of the UV exposure time on the hydrogel microstructures fabricated

by UV exposure in two steps. a-e) Images of microstructures made of 7.5%
PEGDAG000, and exposed 5 s for the base and between 70 to 150 s for the
microstructure. Scale bar = 300 pm. Plots of the microstructures height as a
function of UV exposure time (mean * SD): f) 5% w/v PEGDAs7s, and g) 7.5%
w/v PEGDAGooo. Plots of microstructures height as a function of UV exposure
of all experimental conditions (see Table 3.1 in Materials & Methods) for
PEGDAs7s (h), PEGDAsooo (i). Regions of interest are represented in grey
above the 250 pm in height. 5% w/v PEGDA in blue, 7.5% w/v PEGDA in red,
and 10% w/v PEGDA, by using 5, 10 or 15 s for the formation of the hydrogel
base (color gradient).
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For a given value of base exposure, the effective height of the
microstructures depended on the second UV exposure time. Interstitial
polymerization was observed, and the effective heights showed a maximum
before decreasing. (Fig. 4.22). Systematic studies allowed to establish optimal
exposure times for each specific polymer solution (PEGDA molecular weight and
polymer percentage). Because we want to mimic in vitro native intestinal villi, we
are interested in microstructures with minimum heights of 250 um.%10 With this
in mind, the regions of interest were identified for PEGDAs7s and PEGDAsooo (Fig.
4.22h and 4.22i) and experimental conditions within these regions will be further
explored.

424  EFFECTS OF THE MOLECULAR WEIGHT AND POLYMER
CONCENTRATION ON PEGDA MICROSTRUCTURES

When fabricated in optimal conditions, microstructures made of
PEGDAGs7s presented bullet-like shapes with sharp tips while microstructures of
PEGDAsooo showed columnar structures with rounded tips (Fig. 4.23). Their
heights also differed: PEGDAs7s pillars were significantly shorter than PEGDAsooo
pillars within the range studied (Fig. 4.23c,d). These differences in height could
be attributed to factors involved in the polymerization reaction. This might result
in a material that is more absorbent to UV light, so intensity quickly decrease in z
direction and polymerization is not effective. For the same polymer concentration
(weight to volume ratio) the difference in the monomer size between PEGDAs7s
and PEGDAsooo means that we are comparing solutions of different molarities.
This directly affects the chain propagation rate of the reaction, Ry (Eq. 11).

2Kk4f[PI]

Assuming that the photoinitiator concentration [PI], the photoinitiator
efficiency (f), and the rates of decomposition (kd), propagation (k) and
termination (ki) are the same for both molecular weights,31¢ R, depends on the
monomer molarity [M]. For the same weight percentage, molar ratio
(PEGDAs75:PEGDAG000) is 10:1 so chain propagation rate would be ten times faster
for PEGDAs7s than for PEGDAsooo, as more molecules with acrylated ends can
interact. This implies that for the same exposure time, a higher degree of cross-
linking is achieved for the smallest PEGDA molecular weight.234 This higher cross-
linking density results in higher values of the elastic modulus (30 kPa vs. 375
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kPa)236:351 and smaller pore size within the structure ( ~10 nm vs. 1 nm).294352
This denser material reduces the transmission of UV light, thus resulting in lower
microstructures.
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Figure 4.23: Effects of the PEGDA molecular weight on the microstructure morphology.
Pictures of microstructures made of PEGDAs7s (a) and PEGDAeooo (b) at 10%
w/v fabricated by the UV exposure of 5 s (hydrogel base) and 70 s
(microstructures). Scale bars = 400 pm. Plots of the microstructures height
(mean * SD) made of PEGDAs7s (grey) and PEGDAsooo (red pattern) at 5%
w/v, by the UV exposure of ¢) 5 s (base) and d) 10 s (base). * denotes p-value
< 0.05 from Mann-Whitney U test.

We also studied the effect of the polymer concentration of polymer
solutions on the microstructures. For each molecular weight three polymer
concentrations were studied: 5%, 7.5% and 10% w/v. The main effect observed
was the increase of polymerized hydrogel at unexposed regions when increasing
polymer concentrations (Fig. 4.24). This results in a significant shortening on the
effective height of the microstructures (Fig. 4.24g-i). This increasing in
polymerized material between pillars can be also related to the effects in chain
propagation rate described by Eq. 11. Because of proximity effects when UV
transparent windows are too close, and the presence of light scattered from the
photomask and the base, the space between microstructures might receive
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enough UV light to polymerize. When propagation rate is higher due to increasing
polymer concentration, the amount of polymerized material also increases.
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Figure 4.24: Effect of polymer concentration on the microstructure morphology.
PEGDAs7s microstructures fabricated by UV exposure of 10 s (hydrogel base)
and 70 s (microstructures) at a) 5%, b) 7.5%, and c) 10% w/v. PEGDAsooo
microstructures fabricated by UV exposure of 5 s (hydrogel base) and 70 s
(microstructures) at d) 5%, €) 7.5%, and f) 10% w/v. The dash lines highlight
the microstructure profile. Scale bar = 300 um. Plots of the microstructure
height, g) PEGDAs7s, and h) PEGDAsooo. Plot of the microstructures height
(mean * SD) made of polymer concentrations of 10% w/v (grey), 7.5% w/v
(red), and 5% w/v (blue) by the UV exposure of 5 s (base) and 70 s
(microstructures). * denotes p-value < 0.05 from Mann-Whitney U test.

Thus, PEGDA molecular weight affected the morphology of the
microstructures, making them shorter and sharper when using low molecular
weight, instead the larger and rounded ones when using high molecular weight.
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PEGDA concentration has also an intense effect on the amount of polymerized
hydrogel on the unexposed regions, meaning that height of microstructures was
dramatically reduced by increasing the PEGDA concentration. These changes in
the polymerization, depending on the molecular weight and polymer
concentration suggest different implications in the reaction of polymerization.242
Indeed, both factors affect kinetics and lead high rates of propagation, which
made the polymerization on unexposed regions faster and uncontrolled.16* The
low molecular weight and high concentration increase the viscosity of the
polymer solution, which has been reported that reduce the oxygen diffusion,
another factor that would make easier the extent of polymerization on the
unexposed regions.353
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Figure 4.25: Combined plots of the heights of the microstructures (mean + SD) as a
function of the UV exposure time a) PEGDAs7s and b) PEGDAsooo. Polymer
concentrations of 10% w/v (black), 7.5% w/v (red), and 5% w/v (blue).
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As a summary of the influence of the fabrication parameters on the height
of microstructures, all the assayed conditions are plotted in Figure 4.25. These
plots were used as a reference to select the best fabrication conditions to obtain
microstructures with high aspect ratios (> 5) that would be able to stand up, and
predict their final height.

Therefore, PEGDAcooo seems to be feasible material for developing large
and rounded microstructures which mimic villi. Also, at 5% w/v microstructures
acquired the highest height (up to 1200 um) by the UV exposure ranging from 5
s to 10 s (base) and 70 s (microstructure). However, these microstructures
eventually fallen, stacked and could be too soft. As an improvement, 6.5% w/v
PEGDAsooo was chosen between 5% and 7.5% w/v to avoid excessive
polymerization on unexposed regions and to ensure that microstructures will
stand up after fabrication.

4.3 EFFECTS OF ACRYLIC ACID IN THE FABRICATION OF
MICROSTRUCTURED PEGDA HYDROGELS

43.1  CHARACTERIZATION OF THE COPOLYMERIZATION OF PEGDA AND
ACRYLIC ACID

To make hydrogels bioactive we need to provide functional groups for
the anchorage of peptides and proteins, which would promote cell adhesion and
growth. For this reason, acrylic acid was added into the polymer recipe. The vinyl
group of the acrylic acid allows its copolymerization with PEGDA by
photopolymerization (Fig. 4.26). The carboxylic groups, now incorporated to the
polymer chains, serve as functional sites to bind proteins by carbodiimide-
mediated reaction (section 3.4).297.298

To determine the successful copolymerization of PEGDA and acrylic acid,
infrared absorption spectra of PEGDA and PEGDA-acrylic acid hydrogels were
analyzed by ATR-FTIR (Fig. 4.26). Two concentrations of acrylic acid were
studied, low (0.3% w/v) and high (1.2% w/v). FTIR spectra displayed absorbance
peaks centered at 1100, 1729, and 2880 cm1, which correspond to C-O symmetric
stretching, CHz bending, and C=0 stretching from ester bonds. These peaks
correspond to main features found in the infrared spectrum of the PEGDA
backbone (1100, 1730, 2880 cm1).323354 Therefore, the addition of acrylic acid at
low or high concentrations did not disrupt the chemical structure of PEGDA
hydrogels. FTIR spectra were then analyzed in detail to determine the successful
copolymerization of PEGDA and acrylic acid (Fig. 4.27). Copolymerized hydrogels
showed a strong absorbance peak at 1576 cm, attributed to the asymmetric
vibration of carboxyl groups, while the symmetric band of carboxylic groups
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(~1400 cm1) increased its intensity (Fig. 4.27d,f). The appearance of these two
peaks is characteristic of carboxylate groups in the PEGDA-acrylic acid
hydrogel,3>> and prove the successful copolymerization of PEGDA and acrylic
acid. Moreover, the C=0 peak shifted to smaller wavenumbers and suffered a
slightly broadening because of the carboxyl group (Fig. 4.27¢,f). Finally, the band
of -C-H stretching vibration, located at ~3500 cm, also suffered a broadening by
the appearance of a -OH related peak at 3276 cm'! (Fig. 4.27b,e).
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Figure 4.26: Chemical structure of a) PEGDA hydrogel and b) PEGDA-acrylic acid
hydrogel. Blue circles are vinyl groups that take part in the polymerization,
and red circle is the carboxyl group. FTIR spectra of 10% w/v PEGDA
hydrogels (black), 10% w/v PEGDA-0.3% w/v acrylic acid (blue) and 10%
w/v PEGDA-1.2% acrylic acid (red) copolymers, obtained from ¢) PEGDAs7s
and d) PEGDAsooo.

Copolymerization between PEGDA and acrylic acid has been to increase
their water absorbency,354356 or to tune their mechanical properties.357 Also
PEGDA has been used as cross-linker to fabricate a poly(acrylic acid) ionogels.358
Furthermore, Wu et al. improved the control of load and release of antimicrobials
adding electrostatic charges by blending poly (acrylic acid) (PAA) into PEGDA, to
create an interpenetrating network3s5. Other works also used this
interpenetrating network of PAA/PEGDA to enhance positive ions absorption.35?
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a) Schematics of the OH stretch (C-OH), carbonyl stretch (C=0), asymmetric
(vas) and the symmetric vibrational modes (vs) of carboxylic the group.
Detailed IR spectra of b) OH stretch, c) carbonyl stretch, and d) asymmetric
and symmetric modes of 10% w/v PEGDAs7s (black), 10% w/v PEGDAs75—
0.3% w/v acrylic acid (blue), and 10% w/v PEGDAs75-1.2%w/v acrylic acid
(red) hydrogels; e) OH stretch, and f) carbonyl stretch, asymmetric and
symmetric modes of 10% w/v PEGDAsoo0 (black), 10% w/v PEGDAs000-0.3%
w/v acrylic acid (blue), and 10% w/v PEGDAsooo-1.2%w/v acrylic acid (red)
hydrogels. The dashed arrows indicate broadening of the peaks.
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After this qualitative evaluation of the copolymerization reaction,
Toluidine blue (TBO) assay was used for a quantitative evaluation. Disc-shaped
hydrogels made of PEGDAs7s and PEGDAeooo at 5% w/v and 10% w/v were
fabricated varying their acrylic acid content in a range from 0.06% w/v (8.3 mM)
to 2.4% w/v (333 mM). After TBO incubation, hydrogels stained differently as a
function of the amount of acrylic acid incorporated to their structure. Blue color
was more intense when increasing the content of acrylic acid (Figure 4.28a-b).
Therefore, the staining corroborates the presence of carboxyl groups and the
successful copolymerization of PEGDA and acrylic acid.

The absorbance values of the solutions measured at 633 nm were
converted in COOH moles using a calibration curve. The total amount of
carboxylic groups in the hydrogels increased when increasing the acrylic acid
amount present in the polymer solutions (Fig. 4.28c,d). This happens for both
PEGDAs7s and PEGDAsooo hydrogels. Therefore, the acrylic acid incorporation in
the hydrogel occurred in a concentration-depend manner. On the other hand, the
percentage of acrylic acid incorporation to the PEGDA backbone was low (10%)
for acrylic acid solutions of up to 0.3% w/v. Then, it was increasing until
saturation (60%) for acrylic acid concentrations higher than 0.12% w/v. No
significant differences were found in the incorporation of carboxyl groups
between hydrogels produced from solutions at 5% and 10% w/v concentrations,
meaning that PEGDA concentration did not affect acrylic acid polymerization. In
addition, absorbance values returned statistical significances when comparing
PEGDAs7s and PEGDAsooo, for 0.3%, 0.6%, and 1.2% w/v acrylic acid
concentrations (Table 4.3) being PEGDAgooo which incorporated more acrylic
acid. Molarity of PEGDA solutions changes one order of magnitude when
comparing PEGDAs7sand PEGDAsooo. This difference in molarity could explain the
significant differences found.

In summary, results show that PEGDA was successfully copolymerized
with acrylic acid and that the number of carboxylic groups in the hydrogels
depends on the concentration of acrylic acid in the polymer solution. They also
showed that the efficiency of acrylic acid incorporation is maximal for acrylic acid
concentrations higher than ~1.2% w/v. Poellmann et al, copolymerized
polyacrylamide and acrylic acid with the same intention of protein anchoring, and
reported similar results than us respect to the TBO analysis. They found
significant differences in the amount of released TBO increasing acrylic acid
concentration, but the TBO levels did not show significant differences by
increasing the amount of polymer (polymer concentration).300
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Figure 4.28: Toluidine blue assay. Pictures of a) PEGDAs7s and b) PEGDAeooo containing
different concentrations of acrylic acid. Graphs plotting the total moles of
carboxyl groups (black triangles) measured in the hydrogels (mean + SD) and
the percentage of acrylic acid incorporated in the hydrogels with respect to
the amount included the polymer solution (red circles) (mean * SD) as a
function of moles of acrylic acid in the polymer solutions: c¢) PEGDAs7s
hydrogels and d) PEGDAeooo hydrogels. Polymer solutions contained 5% w/v
(hollow symbols) and 10% w/v (solid symbols).
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PEGDAs75 PEGDAso00 PEGDAs75

5% vs 10% 5% vs 10% vs PEGDAso00
Acrylic acid (% w/v) p-value p-value p-value
0.06 0.1 0.7 0.6
0.12 0.7 0.4 0.06
0.3 0.7 0.4 0.03
0.6 0.1 0.1 0.02
1.2 0.4 0.4 0.04
2.4 0.7 1 0.2

Table 4.3:  Statistical analysis (Mann-Whitney U test) of measurements represented in
Figure 4.28c and d.

432 EFFECTS OF ACRYLIC ACID ON THE MECHANICAL AND
PHYSICOCHEMICAL PROPERTIES OF PEGDA-ACRYLIC ACID
HYDROGELS

The effects of acrylic acid on the mechanical properties of PEGDA-acrylic
acid hydrogels were studied by determining the Young’s modulus in a
compression assay. Disc-shaped hydrogels were made of 6.5% w/v PEGDAsooo
and acrylic acid in concentrations ranging from 0.06% w/v (8 mM) to 1.2% w/v
(166.5 mM). Stress-strain curves measured are plotted in Figure 4.29.

Young’s modulus values were extracted from the slope of the linear
regions comprised between 7% and 10% strain and are plotted in Figure 4.29b.
Young’s modulus mean values increased for small amounts of acrylic acid in the
solution, reached a maximum and decreased again. However, Young’s modulus
values showed only significant differences (by Kruskal-Wallis test (p = 0.014 >
0.05)) between 0.06% w/v and 0.6% w/v (Fig. 4.29b). Despite these differences
when low concentrations of acrylic acid are employed for fabrication, elastic
modulus values do not show significant differences with PEGDA when acrylic acid
concentrations from 0.6 to 1.2% w/v are used. Young’s modulus values remained
within the physiological range reported for small intestine3¢° for acrylic acid
concentrations up to 1.2% w/v (Fig. 4.29¢).

In addition, swelling ratio was calculated as the ratio between the
difference in heights of a swollen hydrogel and hydrogel after fabrication, and the
height after fabrication (AH/Ho) and was plotted as a function of acrylic acid
content (Fig. 4.30). By statistical comparisons, significant differences between
swelling ratios of 6.5% w/v PEGDAesooo hydrogel and 6.5% w/v PEGDAeooo-1.2%
w/v acrylic acid hydrogel were found (Kruskal-Wallis test, p < 0.05).
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Figure 4.29: Mechanical properties of PEGDA hydrogels. a) Stress-strain curves of 6.5%
w/v PEGDAecooo hydrogels varying acrylic acid content. b) Young’s modulus
as a function of the acrylic acid content (mean * SD, * p<0.05). Comparative
to the stiffness of soft tissues that range from 0.1 to 100 kPa.360.361
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Figure 4.30: Swelling ratios of PEGDAsooo 6.5% w/v hydrogels varying acrylic acid,
normalized to PEGDA control (0% w/v acrylic acid) (mean * SD, * p<0.05).
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Swelling ratio increases, indicating a looser polymeric cross-linked
network formed in the PEGDA-acrylic hydrogels. These changes may be
attributed to changes in the polymerization. Acrylic acid competes with PEGDA
molecules to graft onto PEGDA acrylate groups. As the grafted acrylic acid
increased, the availability of vinyl groups of PEGDA decreased. Since such groups
also serve as the cross-linking site for PEGDA, this reaction unavoidably lowers
the cross-linking density of the PEGDA-acrylic acid hydrogels.17! Taking into
account that the total polymer concentration increases considerably, 20%, when
adding acrylic acid at 1.2% w/v, the stiffness did increase significantly.

43.3  EFFECTS OF ACRYLIC ACID ON THE SHAPE OF THE MICROSTRUCTURES

The effects of the acrylic acid on hydrogel microstructuring were studied
on 6.5% PEGDAsooo hydrogels containing acrylic acid concentrations ranging
from 0.06% to 1.2% w/v. The microstructured hydrogels were fabricated by UV
exposure in two steps, 10 s (hydrogel base) and 70 s (microstructures). The
addition of acrylic acid in the polymer solution had a dramatic effect on the
morphology of the microstructures (Fig. 4.31).
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Figure 4.31: Effects of acrylic acid on the morphology of the microstructures. Images of
the microstructure profiles highlighting their contours (dash line),
corresponding to acrylic acid percentages of a) 0%, b) 0.06%, c) 0.12%, d)
0.3%, €) 0.6%, f) 0.9% and f) 1.2% w/v. Scale bar = 250 um.
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It was observed a substantial reduction in the diameter of the pillars,
leading the progressive sharpening of their tips when increasing the acrylic acid
concentration. The samples with the highest amount of acrylic acid (0.9% and
1.2% w/v) were so strongly affected that some of them start bending (Fig. 4.31f).
The reduction in diameter was also accompanied with a significant reduction of
the interstitial material between pillars within the unexposed areas. As a
consequence, the effective height of the microstructures increased when
increasing acrylic acid content. Contrary, their diameter decreased when
increasing the acrylic acid content (Fig. 4.32). The increase in the acrylic acid
concentration allowed obtaining microstructures with high aspect ratios, pf
about ten height:width. Samples fabricated with acrylic acid concentrations
above 0.3% w/v showed diameters below 100 um, which compromises the
objectives of mimicking native villi dimensions (125 um in diameter).”*
Therefore, 0.3% w/v concentration of acrylic acid was selected as the most
beneficial for fabricating villi-like microstructures.
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Figure 4.32: Plot of the diameter (black) and the height (red) of the microstructures as a
function of acrylic acid concentration (mean + SD).

Thus, for the fabrication parameters tested, acrylic acid reduced
polymerization on unexposed regions and even the dimeter of the
microstructures close to the bottom of the container (z~1 mm). To determine the
influence of UV exposure times on the PEGDA-acrylic acid microstructuring
process, samples were exposed for 10 s for the hydrogel base formation and 50 s,
70 s,and 90 s for the fabrication of microstructures. The resulting microstructure
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profiles are shown in Figure 4.33. It can be seen that, similar to PEGDA, the height
of PEGDA-acrylic acid microstructures is sensitive to UV exposure time.
Combining 10 s and 50 s was not enough produce long microstructures (Fig.
4.33a). However, the combination of 10 s and 90 s over-polymerized the space
between microstructures, reducing the effective pillar height below 150 um (Fig
4.33c). Thus, the combination of 10 s and 70 s was the most appropriate for the
fabrication of microstructures with the target dimensions. These combination of
exposure times developed shorter microstructures by using PEGDA (without
acrylic acid), due to the polymerization on exposed regions. Thus, shorter
exposure times would be required for avoid the uncontrolled polymerization,
returning, may be, microstructures no longer enough (Fig. 4.25 and Fig. 4.32).

Figure 4.33: Images of the microstructure profiles made of 6.5% w/v PEGDAso00 and 0.3%
w/v acrylic acid exposed 10 s (hydrogel base) and a) 50 s (microstructures),
b) 70 s (microstructures), and c) 90 s (microstructures). The dashed lines
highlight the contours of the microstructures. Scale bar = 300 um.

Overall, high acrylic acid concentrations would be desirable to produce a
high density of anchoring points for the functionalization of the material with
peptides or proteins. Moreover, for hydrogel surfaces it has been shown, that
there is a minimal ligand density needed for an efficient cell adhesion.140.149,362
However, and even though high acrylic acid concentrations reduce the hydrogel
polymerization on unexposed regions and increase microstructures height,
concentrations higher than 0.3% w/v produced a considerable reduction in the
diameter of the microstructures. For acrylic acid concentrations, up to 0.3% w/v
the Young’s modulus of the resulting material and its swelling ratio did not differ
significantly from those corresponding to PEGDA. Experiments performed with
different UV exposure times proved that 10 s for the formation of the base and 70
s for the formation of microstructures were the most appropriate conditions to
obtain pillar structures with dimensions close to the native intestinal villi.
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4.4 BIOACTIVATION OF PEGDA - ACRYLIC ACID HYDROGELS

441  CHARACTERIZATION OF FUNCTIONALIZATION PROCESS BY ATR-FTIR

PEGDA - acrylic acid hydrogels show carboxylic groups that can be used to
bind cell adhesive molecules, such as extracellular matrix proteins or peptides.
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Figure 4.34: Chemical structure and of PEGDA-acrylic acid hydrogels, activation with
EDC/NHS and protein conjugation. After activation, PEGDA-acrylic
hydrogels contain instable NHS that enhances the covalent conjugation of the
amine group of the protein.

Carbodiimide-mediated reaction targets amino group bearing molecules.
Functionalization process was based on the copolymerization of PEGDA and
acrylic acid, the activation of the carboxylic groups of the acrylic acid by EDC/NHS
reaction, and the incorporation of the functional biomolecules (Fig. 4.34). Disc-
shaped hydrogels made of 10% w/v PEGDA¢ooo and 1.2% w/v acrylic acid were
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used for the qualitative analysis of each functionalization step by ATR-FTIR.
Samples with high contents of acrylic acid was selected for this experiment to
improve signal to noise ratio and facilitate data analysis.
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Figure 4.35: FTIR spectra acquired after each step of the functionalization process. a)
Detailed spectra of the region of interest between 4000 and 3000 cm-1. b)
Detailed spectra of region of interest between 1900 and 1500 cm-t. PEGDA
hydrogels in black, PEGDA-acrylic acid hydrogels in red, EDC/NHS activated
hydrogels in blue, and hydrogels functionalized with collagen in green.

After activating the hydrogels in the EDC/HNS solution, the carboxylate
peak of the acrylic acid, located at 1576 cm'!, disappeared due to the
incorporation of NHS molecules through amide bounds (Fig. 4.35b). Two
characteristic peaks of NHS appeared around 1800 cm-1, and a weak band related
to amide I and amide II bounds around 1550 to 1650 cm-l. After protein
incubation, amide peaks became much stronger and NHS peaks showed a
decrease in their absorbance. C=0 peaks also suffered a broadening and shifted
to lower wavenumbers due to the amide bounds present in NHS and proteins. In
addition, when binding the protein (Collagen I) the band located around 3500 cm-
1broadened due to the contribution of the -NH stretch mode (Fig. 4.35a). All main
peaks of the different spectra with their attributed vibrational modes are detailed
in Table 4.4. These results demonstrate the success of our strategy for the
functionalization of PEGDA-acrylic acid hydrogels.

To optimize the functionalization protocol to maximize the amount of
protein incorporated, the activation step was studied for two different
concentrations of EDC/NHS (6 mM/5 mM and 50 mM/30 mM). Also, protein
incubation was performed with two different concentrations of collagen I (0.04
and 0.4 mg/mL). The increasing on EDC/NHS concentration enhanced the
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absorbance of the NHS and amide peaks, and produced higher absorbance and
broadening of the C=0 peak (Fig. 4.36a). After protein incubation, the relative
intensity of the amide peaks correlated witht their concentrations. (Fig. 4.36b,c).

Assigned PEGDA- NHS Collagen Tabulated

bond Acrylicacid  activation functionalization value
-C-H stretch vibration 3508 3508 3508 3445322
-CHz stretch 2880 2880 2880 2882322
-C=0 stretch 1729 1726 1726 1730323
C =C stretch 1600 1600 1600 1600324
C-0 1100 1100 1100 1098325

-OH 3276 - - 3100-3650363
COO™ asym. vibration 1576 - - 1590363
NHS:1 - 1807 1807 1825363
NHS: - 1780 1780 1793363
-NH - - 3299 3295364
Amide I - 1652 1656 1650364
Amide 1 - 1567 1564 1560364

Table 4.4:  Peak wavenumbers (cm-1) identified in the experimental spectra of PEGDA-
acrylic acid hydrogels during the functionalization. And their assignments.
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Figure 4.36: Detailed FTIR spectra of a) PEGDA-acrylic acid hydrogels (red), after
activation by EDC/NHS (6 mM/5mM dashed blue, 50 mM/30mM blue), and
b,c) samples activated with 50 mM/30mM after incubation with Collagen
type I (0.04 mg/mL dashed green, 0.4 mg/mL green).

The functionalization protocol proved to be sensitive to activation agent and
protein concentrations. Even collagen footprint was already found at 0.04
mg/mL, the increasing of collagen concentration up to 0.4 mg/mL increased the
amount of protein incorporated. Considering these results, EDC/NHS
concentrations of 50 mM/30mM was stablished as satisfactory for the
functionalization process.
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4.4.2  STUDY OF THE STABILITY OF THE FUNCTIONALIZATION PROTOCOL

After the characterization of the functionalization process, protein
binding was checked by fluorescence microscopy to verify that the proteins
remain anchored to the hydrogel, as it would be expected for covalent bounds. In
a preliminary test, the fluorescence intensity was qualitatively evaluated after
incubating microstructured hydrogels made of 5% w/v PEGDAs7s and 0.6% w/v
acrylic acid with Streptavidin Texas Red® (SAV-TR). Figure 4.37 shows z-stack
images of microstructured PEGDA and PEGDA-acrylic acid hydrogels after
activation and functionalization, and the fluorescence intensity of several
microstructures.
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Figure 4.37: Fluorescence intensity of the microstructured a) PEGDA and b) PEGDA-
acrylic acid hydrogels, incubated with Streptavidin Texas Red®. c) 3D
reconstruction of the PEGDA-acrylic hydrogel. d) Histograms of the
fluorescence intensity of PEGDA (black) and PEGDA-acrylic acid (red)
hydrogels incubated in SAV-TR. Averaged intensities (mean+SD) showed
significant differences between the two samples (T-student test,
***p<0.001). Scale bars = 250 pm.
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The fluorescence intensity of the hydrogels containing acrylic acid was
found to be significantly higher (p<0.001) than for those without acrylic acid. The
fluorescence signal in the hydrogels without acrylic acid could be due to the
unspecific adsorption or trapping of some SAV-TR molecules inside the hydrogel.
As controls, PEGDA and PEGDA-acrylic acid hydrogels without EDC/NHS
activation were also incubated with the SAV-TR solution and no fluorescence
signal was detected. This result proves the need of EDC/NHS activation step for
the successful covalently protein binding.

To study the stability of the protein covalently bound to rinsing and
storage time, the fluorescence intensity of disc-shaped hydrogels functionalized
with SAV-TR was employed. Comparing the fluorescence intensity after
increasing storage time (Fig. 4.38a) and number of rinses (Fig. 4.38b), significant
differences were found by one way ANOVA test (p<0.05) only between 1 and 7
days, and between 3 and 10 rinses. However, as a general trend, increasing rinse
number and storage time did not monotonously diminish the fluorescence
intensity. Moreover, all intensity values were kept within a narrow range,
meaning that the protein binding achieved is stable enough. This has implications
in the application of this material to cell culture, the results guarantee that
proteins remain non-degraded for long-term culture periods..
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Figure 4.38: Plots of the fluorescence intensity (mean + SD) of SAV-TR functionalized
hydrogels as a function of a) storage time (black) and b) rinsing number
(red). The means and SD plotted correspond to each imaged analyzed.

The acrylic acid content in the hydrogels determined the amount of
exposed carboxylic groups and, therefore, it is expected to quantitatively
correlate such value with the amount of protein bound. To asses this dependence,
disc-shaped hydrogels with different acrylic acid content were incubated with
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SAV-TR and their fluorescence intensity was evaluated (Fig. 4.39). The solution
of SAV-TR protein was highly concentrated (500 pg/mL) to ensure that amino
groups exposed by proteins (~10* moles, considering each protein has ~30

exposed amino groups) will be in excess for the number of carboxylic groups

available (~10-5 moles).

a)

d)

1
— Kkk

5 | |
f;f 0of L b
7]

C

(O]
kS

8 o8t

C

(O]

o

7]

o

S 07f

T

] []
T T T
0 0.3 0.6

Acrylic acid content (% wiv)

Figure 4.39: Effect of acrylic acid content in the protein binding. Fluorescence images of
a) PEGDA, b) PEGDA-acrylic acid (0.3% w/v), and c) PEGDA-acrylic acid
(0.6% w/v) hydrogels functionalized with SAV-TR. d) Plot of the fluorescence
intensity (mean * SD) as a function of the acrylic acid content of the polymer
solutions after EDC/NHS activation (red circles). Non-activated hydrogels
were used as controls (black squares) The line is an eye guide. (*** p < 0.001,
*p<0.05).

Increasing the acrylic acid concentration in the polymer solution
significantly increased (p<0.001) the fluorescence intensity of the samples in a
concentration dependent manner for the range of concentrations assayed. Non-
activated hydrogels (control) showed similar low values of fluorescence intensity
for all the different acrylic acid contents. These results proved the need of the
EDC/NHS activation for the success of the functionalization. Thus, acrylic acid
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concentrations ranging from 0.3% to 0.6% w/v, established as optimal for the
fabrication of anatomically biomimetic villi-like microstructures in the previous
section, provide enough number of carboxylic groups in the hydrogels for their
successful functionalization using protein solutions with concentrations > 50
Hg/mL.

Overall, in situ copolymerization of PEGDA and acrylic acid is an efficient
strategy to anchor proteins that remain stable for long periods. This strategy of
copolymerize acrylic acid with PEGDA to make PEGDA hydrogels with carboxyl
groups and follow EDC/NHS coupling chemistry for conjugation of proteins, was
been published firstly by Drumbheller et al. in 1994.365 Since then, few reports have
followed similar strategies. First, PEGDA has been photopolymerized and post-
grafted by acrylic acid. PAA and PEG formed a superficial interpenetrating
network and a thin layer of PAA above the PEG hydrogel surface.36¢ Carboxylic
groups of the PAA were used to anchor collagen and enhance cell adhesion. On
the other hand, the copolymerization of acrylic acid and PEGDA has been used to
control specific adsorption of antibodies onto photonic crystals. 367

443  PEGDA-ACRYLICACID HYDROGELS SUPPORT NIH 3T3 CELLS GROWTH

To ensure that functionalized PEGDA-acrylic acid hydrogels support cell
attachment, cell culture experiments with NIH-3T3 fibroblasts were carried out.
For this purpose, PEGDAs7s, which has been previously used to encapsulate and
culture cells successfully, was selected.173190.368 Fjbroblast attachment and
spreading require substrates with enough rigidity,369370 so PEGDAs75s was used at
20% w/v concentration.170.234+ To ensure enough amount of protein anchored,
2.5% w/v of acrylic acid (0.35 M) was added to the polymer solution, and flat
hydrogels were fabricated by 200 s of UV exposure. Hydrogels without acrylic
acid were used as controls. After 3 days of swelling, hydrogels were
functionalized with 500 pL of 100 pg/mL fibronectin solution (section 3.4). Then,
NIH-3T3 fibroblasts were seeded at a density of 105 cells/cm? and cultured
during 4 hours. After this time, few cells were found on PEGDAs7s hydrogels (9%
of seeded cells) (Fig. 4.40a). Moreover, they had an extremely rounded
morphology (Fig. 4.40b). This is as expected, due to PEG resistance to protein
adsorption, which inhibits cell adhesion.37? On the contrary, PEGDAs7s-acrylic
acid hydrogels displayed a lot of nuclei (Fig. 4.40c) equivalent to 70% of cell
attachment. Also, already at 4 h cells showed a spread morphology (Fig. 4.40d).
These huge differences in cell adhesion (Fig. 4.40e) demonstrated the
improvement on the PEGDA bioactivity due to the successful co-polymerization
with acrylic acid.
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Figure 4.40: Representative pictures of NIH-3T3 fibroblasts cultured on a,b) 20% w/v
PEGDAs7s, and ¢,d) 20% w/v PEGDAs75-2.5% w/v acrylic acid functionalized
with fibronectin. Nuclei are stained in blue and F-actin in green. e) Cell
adhesion percentage (mean+SD) for PEGDA and PEGDA-acrylicacid (PEGDA
- AA) hydrogels. Three replicas (N = 3) were used and three images were
taken at 10X magnification for each hydrogel. Cell adhesion was calculated as
an average of the nine pictures. *** denotes p-value < 0.001 from Mann-
Whitney U test. Scale bars: a,c =50 um, b,d = 25 pm.

These experiments showed that fibroblast successfully adhered on
hydrogels fabricated using 20% w/v PEGDAs7s-acrylic acid solutions. However,
20% w/v PEGDAs7s hydrogels have very small mesh sizes, between 1.3 and 3.7
nm,372 which may comprise the diffusion of nutrients and waste metabolites at
the basal part of the cells.373. In addition, their Young’s modulus has been reported
to be higher than 500 kPa,73 which is out of the physiological range reported for
the small intestine mucosa.37* Therefore, fibroblast growth was also tested in
hydrogels fabricated from 10% w/v PEGDAs7s and 1.25% w/v acrylic acid
solutions. In these experiments, we also decided to evaluate the influence of the
microstructuring. Microstructures were fabricated by a single UV exposure of 170
s through a photomask with windows 300 pm in diameter. By this process, pillars
of 461 = 9 um in height were obtained (Fig. 4.41). As no base exposure was used,
pillars were formed directly on top of the glass coverslip, leaving some areas non-
covered by hydrogel. The microstructured hydrogels were then functionalized
with 50 pg/mL fibronectin solution, and fibroblasts were seeded at 2.5-104
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cells/cm?. Cell culture was stopped after 7 days, when cells were fixed. Cell nuclei
and actin cytoskeleton were stained and imaged.

A top view picture of a sample showing the autofluorescent signal of the
microstructures and the cell nuclei is shown in Figure 4.41a. The microstructures
were fallen due to the sample mounting. Cell-empty round areas refer to the
places that microstructures occupied before falling, and arrows indicate cells
grown on coverslip regions between pillars. After seeding, cells were
homogenously distributed between the pillars. After 7 days, the fibroblasts
adhered and proliferated on both the hydrogel microstructures and the coverslip
areas surrounding them. In terms of cell density, significant differences were not
found between the coverslip areas and the microstructures of the same sample
(Fig. 4.41b). However, cell density on microstructures was highly variable (68%)
in the same sample as the standard deviation in Figure 4.41b shows. Regarding
the position adopted by the cells along the microstructure, cell density was
significantly higher at the upper half of the microstructures from that found at the
bottom half (p<0.01). Statistically significant differences (p<0.05) were also
found comparing cell densities at the upper half of the microstructures and on the
coverslip, being higher again at the tip of the microstructures (Fig. 4.41c). These
differences in cell density also could be observed in higher magnification images
where the tip (Fig. 4.41e) shows a full coverage of spread cells, but not the base
(Fig. 4.41f). In both cases, the cells displayed a well-formed F-actin cytoskeleton
and radial projections or filopodia.

We found that fibroblasts did not create a cell monolayer on the whole
microstructure, but some empty areas were found at the tip and more at the base.
We attribute this to the fact that cells might not had enough time in culture.
Overall, these results showed successful fibroblast proliferation and migration on
microstructured hydrogels.

Considering the results on cell positioning, cells may migrate from the
coverslip to the microstructures. It is extensively reported the preferentially
migration of fibroblasts toward stiffer substrates,369370375 but in our case it seems
that cells migrate to the softer hydrogel. Chemical and mechanical stimuli play
significant roles in guiding the direction of fibroblast migration, and Hale et al.
reported similar results when culturing fibroblasts in substrates with dual
chemical-mechanical gradients. Fibroblasts chose as a primary direction of
motion high collagen-low Young’s modulus substrates, instead the low collagen-
high Young’s modulus subtrates.376
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Figure 4.41: NIH-3T3 fibroblasts on PEGDA-acrylic acid microstructures at day 7 of cell
culture. a) Top view image of fibroblasts cultured on microstructures. Empty
holes are the places that microstructures occupied before falling (asterisk),
and arrows indicate cells on coverslip. b) Plot of cell density (mean + SD).
Three replicas per condition were used. ** and * denotes p-value < 0.01 and
< 0.05 from Mann-Whitney U test. c) Detail of a microstructure where it can
be seen the different cell density between the tip and the base. d)
Fluorescence microscopy image of a microstructure covered by spread
fibroblasts. Detailed images of the base e) and the f) tip of a microstructure,
and filopodia (arrowhead). Nuclei in blue, F-actin in green. Scale bar: a=
750 pm, c =100 pm, d = 125 pm, e, f = 25 pm.

4.5 FABRICATION OF MICROSTRUCTURED PEGDA-ACRYLIC ACID
HYDROGELS SUPPORT EPITHELIAL-LIKE CELL MORPHOLOGY

451 LAMININ FUNCTIONALIZED HYDROGELS PROMOTE THE ADHESION OF
MDCK CELLS

Once we saw that the microstructured PEGDA-acrylic acid hydrogels
allowed the proliferation and migration of fibroblasts, Madin-Darby canine
kidney (MDCK) cell line was chosen as a model to study the effects of
PEGDA-acrylic acid hydrogels on their epithelial morphology. MDCK cell line is
widely used as a epithelial cell model because it shows a marked apico-
basolateral polarity, well defined tight junctions, and rapid growth rate.377.378
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To promote epithelial cell morphology, laminin was chosen as the
protein to functionalize hydrogels. Laminin is the major non-collagenous
component of the basement membrane of epithelial tissues.1* To determine the
minimum amount of laminin that enable MDCK adhesion, disc-shaped hydrogels
made of 10% w/v PEGDAs7s and 1.25% w/v acrylic acid were functionalized with
several concentrations of laminin (0, 10, 50 and 100 pg/mL). Then, MDCK cells
were seeded at a density of 2-105 cells/cm?2 and cultured during 24 h.
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Figure 4.42: Effects of laminin concentration on MDCK adhesion and spreading. Bright
field microscopy images of MDCK cells cultured on 10% w/v PEGDAs7s-
1.25% w/v acrylic acid, functionalized with laminin at a) 0, b) 10, c¢) 50, d)
100 pg/mL. Scale bar = 500 pum. e) Plot of MDCK surface coverage
(mean # SD) as a function of laminin concentration. Tree images of randomly
selected areas were taken of three replicas. ** denotes p-value < 0.01 from
Mann-Whitney U test.

No significant cell adhesion and spreading was found on the hydrogels
without laminin (Fig. 4.42a). For the samples with laminin, the extent of cell
adhesion and spreading was dependent on the laminin concentration. Increasing
laminin concentrations produced better cell adhesion and greater coverage of the
hydrogel surfaces (Fig. 4.42b-d). Quantitative measurements of the cell surface
coverage showed that by using 10 pg/mL laminin solutions no significant
improvement was found with respect to the control (Fig. 4.42b), while laminin
concentrations higher than 50 pg /mL allowed MDCK surface coverage with a
statistical relevance (p < 0.01), with respect to the control. No significant
differences were found when employing laminin concentrations of 50 and 100
pg/mL, but the average value was higher for 100 pg/mL (Fig. 4.42¢€). Therefore,
100 pg/mL laminin was chosen as the minimum concentration to be used in the
functionalization of the hydrogels for the culture of epithelial cells.
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452  MICROSTRUCTURED PEGDA-ACRYLIC ACID HYDROGELS ALLOW MDCK
PROLIFERATION AND PROMOTE EPITHELIAL MORPHOLOGY

To evaluate the effects of our engineered PEGDA-acrylic acid hydrogels
on the polarization of MDCK cells, microstructures made of 10% w/v
PEGDAs7s and 1.25% acrylic acid (the same tested with fibroblasts) and 5% w/v
PEGDAs7s and 0.6% acrylic acid were used. The 5% w/v solution was studied
because it is reported that epithelial tissues are indeed softer than the elastic
modulus provided by the 10% w/v PEGDAs75.173360 The microstructures were
fabricated by a single UV light exposure 170 s. By this process, pillars of 461 + 9
um in height were obtained. As no base exposure was used, pillars were formed
directly on top of the glass coverslip, leaving some areas non-covered by
hydrogel. Microstructures were functionalized with 100 pg/mL laminin solution.

Figure 4.43: MDCK cells cultured on the hydrogel microstructures. Top view images of
hydrogels taken by bright field microscopy after a) 4 hours of seeding on 10%
w/v PEGDAs75-1.25% w/v acrylic acid microstructures, and b-c) 7 days on
5% w/v PEGDAs000-0.6% w/v acrylic acid microstructures. d) Scheme of the
microstructured area (grey circles) depicting the areas covered by MDCK
cells (green) and not covered (white). Red squares show the approximated
position for images e) and f). e,f) Top view images of MDCK cells after 7 days
on 10% w/v PEGDAs75-1.25% w/v acrylic acid microstructures. White
arrows denote cell aggregates on top of microstructures, black arrow denote
a microstructure with no cells, asterisks cell covered surfaces, and
arrowheads cell edges. Scale bars: a,e,f = 300 um, b= 500 pm, ¢ = 400 um.
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MDCK cells were seeded at a density of 2.5:104 cells/cm?, the same as
fibroblasts, and were cultured for 7 and 14 days. After 4 hours of seeding cells
were distributed at the base of the hydrogels, between microstructures (Fig.
4.43a). At day 7, on the 5% w/v PEGDAs7s microstructures, some cells were on
the tip of the microstructures, covering small areas forming clusters. Almost no
cells were at the base of the pillars (Fig. 4.43b,c). For 10% w/v PEGDAs7s, the
culture was not homogeneous over all the microstructured surface. At the center
of the microstructured area, cells started to form aggregates, covered the glass
space between microstructures (Fig. 4.43e), and some cell patches were found on
top of microstructures. The base areas close to the edges of the microstructured
area were fully covered by MDCK cells, while at the center cells partially covered
few microstructures (Fig. 4.43f). To be noticed, cell dense areas appeared around
the microstructures. These bulges seem to be composed by fronts of migrating
cells, which were climbing up the pillar walls.

After 14 days, the cell culture on 5% w/v PEGDAs7s microstructures did
not improve, the mass of cells on the top of the microstructures remained with no
significant changes (Fig. 4.44a-c). On the other hand, cells on 10 % w/v PEGDAs7s
microstructures covered more surface between the microstructures (Fig. 4.44d),
but the surface coverage was not complete. The microstructures were still
surrounded by cell masses and there were also differences in cell coverage
depending on the position within the array. At the center of the microstructured
area almost the 60% of the microstructures had cells on the top. However, they
were only partially covered, from 4 to 60% (30% * 20%) of their areas (Fig.
4.44ef). On the boundaries of the microstructured area, where the
microstructures were shorter, MDCK cells fully covered the microstructures and
the space between them forming a full packed monolayer (Fig. 4.44f).

Thus, from these experiments we conclude that MDCK cells attached to
PEGDA-acrylic acid hydrogels and proliferate for 14 days. On microstructures of
300 pm in diameter, migrating cell fronts were observed, which in most cases
stopped at the lowest parts of the pillars. Cell spreading and migration over the
surface was more effective on the microstructures fabricated from polymer
solutions at 10% w/v of PEGDAs7s. It has been reported that stiffness of the
substrate is an important factor for cell spreading and migration.37> During the
time of cell culture tested (14 days), cells on 10% w/v were increasing their
surface coverage progressively. At day 14, the lowest part of the microstructures
showed cell layers around their bases, and a partial coverage on the pillars while
most of the surface between microstructures (coverslip) was covered. This
progression of the cell culture together with the fact that shorter pillars on the
edges of the microstructured area were fully covered indicates that maybe
increasing cell culture time may lead the formation of a complete monolayer.
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Figure 4.44: MDCK cells cultured on the hydrogel microstructures at day 14. a) Top view
image of 5% w/v PEGDA6000-0.6% w/v acrylic acid microstructures. The
dash line highlights where cells are. Detail of the tip of a microstructure on
b) bright field and c) fluorescence microscopy. d-1) 10% w/v PEGDAs7s-
1.25% w/v acrylic acid microstructures. d) Fluorescence microscopy image
that show high degree of surface coverage (asterisk). Arrowheads indicate
cell masses at the edges of microstructures. e) Microstructure located at the
boundary of the UV exposed area showing full cell coverage. f,g)
Microstructure located at the center of exposed area showing no cells on its
tip. h,i) Detail of the edge of a microstructure showing an accumulation of
cells forming a ring. j-1) Different microstructures partially covered (arrows)
by cells. Nuclei in blue and F-actin in green. Scale bars: a,d = 500 um, b,c,f,g=
150 um, e = 50 pm, h-1=100 um.
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At this stage, not only surface coverage was relevant but also it was
important to get information of the polarization stage of cells at the end of the
culture time. Therefore, polarization indicators such as cell morphology, position
of the nuclei and accumulation of actin at the apical side were investigated by high
magnification confocal microscopy. Figure 4.45a shows how the cells formed a
monolayer at the base of the hydrogels, which continued up along the wall of
microstructure. A cross-section of this monolayer showed that, although it did not
reach the tip of the microstructures, cells showed the typical apico-basal
morphology of the epithelial cells (Fig. 4.45b). This morphology is characterized
by a palisade disposition of the cells with a columnar shape and the nuclei
positioned close to the basal side. Interestingly, cells also showed an elongated
cell shape with the presence of a brush border (an accumulation of actin signal)
at the apical side of the cells (Fig. 4.45b,c). The immunostaining of two specific
epithelial cell markers, ZO-1, found in the tight junctions foci at the apical cell
region, and -catenin, found at the basolateral membrane, was also performed.
Fig. 4.45d shows that MDCK cells cultured for 14 days on the 10%w/v PEGDAs7s
microstructures expressed these epithelial markers properly located: ZO-1 as
dots between adjacent cells at the upper part of the cell, and (-catenin distributed
along the basolateral cell domain.

Overall, microstructures of 300 pm in diameter allowed MCDK adhesion
and proliferation, preferentially on hydrogels made of 10% w/v PEGDAs75-1.25%
w/v acrylic acid than on the softer (5% w/v PEGDAs7s- 0.6% acrylic). The Low
cell attachment, spreading, motility and proliferation on compliant substrates has
been reported previously by several authors379-381

Despite MDCK cells showed columnar polarization and properly located
epithelial markers, almost 50% of the microstructures did not show full cell
coverage. Cells cultured on porous membranes usually reach cell confluence after
3-5 days of seeding when starting with similar cell densities.382 However, one
must consider that the total surface area of our microstructures, due to their 3D
topography is much larger than 2D area (up to 5 times for structures 400 um in
height). Therefore, it is expected for the cells to take longer periods of time for a
full coverage. This is supported by the fact that shorter microstructures (<100 pm
in height), which have less total surface, are fully covered by cells. To further
investigate this hypothesis, shorter microstructures were fabricated. In addition,
the diameter of the pillars was reduced to 100 pm. This aimed also to make the
microstructure dimensions closer to those reported for native villi.

156



Figure 4.45: Confocal images of MDCK cells cultured on hydrogels after 14 days. a) Top
view, and b) transversal cross-section of the MDCK cells cultured of a
microstructure, demonstrating the high apico-basal polarization and the
brush border formation (arrowhead). c,d) Cross-section of the hydrogel,
which shows the brush border formation and the properly located
polarization markers. Nuclei are stained in blue, F-actin is stained in green,
Z0-1 in red, and B-catenin in yellow. Asterisks refers to the place where
hydrogel is located. Scale bars: a = 50 um, b = 25 um, ¢,d = 15 pm.
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To study the effects of the microstructure size on MDCK cell coverage,
polymer solutions of 10% w/v PEGDAs75-1.25% acrylic acid, and 5% w/v
PEGDAs75-0.6% acrylic acid were exposed 170 s using the photomask with
windows 100 pm in diameter. With these fabrication parameters, no pillars were
obtained using 10% w/v solutions due to polymerization of unexposed regions.
For 5% w/v solutions, pillars of 213 * 7 um in height and 109 + 8 pm in diameter
were obtained. These sizes represent a reduction of up to 2 times in height, and 3
times diameter (20 in total surface area) with respect of microstructures used in
the previous experiment. The hydrogels were functionalized with 100 pg/mL
laminin solution and MDCK cells were seeded at a density of 2.5-10% cells/cm?2 and
cultured for 21 days. Figure 4.46 shows the evolution of MDCK cells over the
period of time in culture. Despite MDCK cells showed a poor evolution on
microstructures of 300 um in diameter and 400 um in height, it was found that
on pillars of 100 in diameter and 200 in height MDCK cells covered all the surface
of microstructures at day 14. However, the microstructures were very soft (36
kPa),383 so they bended and stacked at their tips, forming cell aggregations (Fig.
4.46d). In addition, a lot of microstructures detached from the coverslip (Fig.
4.46€), resulting in a mixture of clustered cells and microstructures (Fig. 4.46f).

Figure 4.46: Spatiotemporal distribution of MDCK cells cultured on 5% w/v PEGDAs7s-
0.6% acrylic acid microstructures of 100 um in diameter. Top view images a)
after seeding, b,c) 7 days, d) 14 days, and e,f) 21 days. e) Group of detached
microstructures. f) Detail of an isolated microstructure covered by cells. Scale
bars: a-c = 200 pm; d = 300 mm; e = 200 um; f = 50 um.
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With these promising results, we decided to test microstructures
fabricated with a hydrogel base, which might be useful to avoid the detachment
of the microstructures. To include a base, a set of experiments were designed
where microstructures were fabricated by UV exposure in two steps.

Two polymer solutions were used: 5% w/v PEGDAs75-0.15% w/v acrylic
acid, and 10% w/v PEGDAs7s - 0.3% w/v acrylic acid. The hydrogels were
fabricated by an exposure of 10 s to form the hydrogel base, and 150 s to grow
the microstructures. With respect to the samples described in the previous
experiments, the amount of acrylic acid was reduced to adjust its concentration
to the ranged described previously. Despite of decreasing acrylic acid
concentrations, the fabrication of microstructures from 10% w/v PEGDAs75-0.3%
w/v acrylic acid solutions was unsuccessful, due to polymerization in unexposed

areas. On the other hand, the functionalization of the microstructures fabricated
from 5% w/v polymer solutions was carried out by placing a 50 pL drop of 500
pg/mL laminin solution onto the hydrogels. MDCK cells were seeded at 2.5-10%
cells/cm? and cultured for 14 and 21 days. At day 14 a set of samples were fixed,
and nuclei and F-actin were stained.

Figure 4.47: Confocal images of MDCK cells cultured on microstructures of 100 um in
diameter fabricated from 5% w/v PEGDAs75-0.15% w/v acrylic acid polymer
solution at day 14 of culture. a) 3D reconstruction of a z-stack of tilted
microstructures. b) 3D reconstruction of a z-stack of a vertical
microstructure. c) Sequential z-stacks from two microstructures showing
their cross-sections from the base to the tip of the microstructures. Nuclei in
blue and F-actin in green. Scale bars: a,c = 100 pm, b = 50 pm.

Figure 4.47 shows a 3D reconstruction of z-stacks of some of the
microstructures at day 14 of culture. The microstructures were almost fully
covered by cells, leaving few cell-free areas. To see in detail the cell morphology
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along the z axis of these microstructures, serial cross-sections from the base to
the tip were imaged. It was observed that MDCK cells acquired a columnar shape
and were organized in a palisade disposition around the microstructure.

Figure 4.48: 3D reconstruction of z-stack from confocal images of MDCK cells cultured on
PEGDAGs75 microstructures of 100 pm in diameter made of 5% w/v PEGDAs7s-
0.15% w/v acrylic acid microstructures. Nuclei in blue and F-actin in green.
Scale bars = 200 pm.

At day 21, the microstructured hydrogels made of 5% w/v PEGDAs7s-
0.15% w/v acrylic acid were still fully covered by the MDCK cells (Fig. 4.48a,b)
and cells show a polarized morphology typical of epithelial monolayers.
Therefore, the use of 5% w/v PEGDAs75-0.15% w/v acrylic acid in a two-step
fabrication process produced microstructures that promoted the polarization of
MDCK cells. However, due to the softness of the material produced, it was easy to
find the microstructures partially tilted, fallen, and stacked to their tip.

Therefore, potential improvements on the system were investigated by
using PEGDA solutions of higher molecular weight. As shown in Figure 4.23,
microstructures made of PEGDA6000 develop longer structures with rounded
tips, instead the shorter bullet-like shapes with sharp when using PEGDAs7s.
Polymer solutions of 10% w/v PEGDAsooo and 0.6% w/v acrylic acid were used
to fabricate microstructured hydrogels using photomasks with windows 100 pm
in diameter. UV exposure took place in two steps: 10 s to form the hydrogel base
and 150 s to grow the microstructures. Despite the presence of polymerized
hydrogel on unexposed regions (Fig. 4.49), microstructures of almost 300 um in
height were obtained (Fig. 4.49b).
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Figure 4.49: Stereoscope images of microstructures fabricated from 10% w/v
PEGDA&o00 and 0.6% w/v acrylic acid solution after 14 days of MDCK culture.
a) Frontal view of the sample. Detail of microstructures b) at the center of
microstructured area, and c) at boundaries of the exposed areas (A) showing
polymerized hydrogel on unexposed areas (asterisk), and cells covering the
hydrogel (arrowhead). Scale bars: a = 500 pm; b, ¢ =150 um.

Hydrogels were functionalized with a 20 pL drop of 500 pg/mL laminin
solution, and MDCK cells were seeded at 1.5-10% cells/cm?. After 14 days of
culture, MDCK cells grew lining the whole surface, forming a monolayer
effectively covering both the base and the microstructures (Fig. 4.49b, Fig. 4.50a).
The cells forming the monolayer displayed a polygonal morphology typical of
epithelial cell layers (Fig. 4.50b). However, a cross-section of cells on
microstructures showed that cells are horizontally elongated, lining on the
microstructure, and showed a high spread morphology instead of the desired
apico-basal columnar elongation (Fig. 4.50c). This fact could be attributed to the
stiffness of the material or that MDCK cells required more time to arrange in a
columnar morphology. It has been well established that MDCK cells become
spherical and even detach, form cell clusters or cysts when culture on soft
substrates, instead the flattened cohesive epithelial monolayers on rigid surfaces,
because of their strong cell-cell adhesion.380,384-386
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Hydrogel

Figure 4.50: Confocal images of microstructures fabricated from 10% w/v PEGDA¢ooo0 and
0.6% w/v acrylic acid after 14 days of MDCK culture. a) 3D reconstruction of
z-stacks. b) Microstructure showing the polygonal cell morphology. c) Cross-
section of a microstructure. Nuclei in blue, F-actin in green. Dash line limits
the hydrogel. Scale bars: a =200 pm; b = 75 pm, ¢ = 25 um.

4.6 PEGDA-ACRYLIC ACID MICROSTRUCTURED HYDROGELS AS A
BIOMIMETIC MODEL OF THE SMALL INTESTINAL EPITHELIUM.
A PROOF-OF-CONCEPT STUDY

46.1 GROWTH OF HUMAN EPITHELIAL COLORECTAL ADENOCARCINOMA
(CACO-2) CELLS ON MICROSTRUCTURED PEGDA-ACRYLIC ACID
HYDROGELS

Experiments with NIH-3T3 fibroblasts and MDCK epithelial cells showed
that microstructured PEGDA-acrylic acid hydrogels support cell coverage. To
validate them as synthetic models of the small intestinal epithelium, Caco-2 cell
line was chosen. Caco-2 cells are widely used to model the intestinal barrier.117
Taking into account the results from morphometric analysis (section 4.4.3), and
those obtained with MDCK cells, solutions of 6.5% w/v PEGDA6000-0.3% w/v
acrylic acid were selected to produce the microstructures. Double UV exposure
was used: 10 s to form the | base and 70 s to grow the microstructures. By this
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process, microstructures of ~550 pm in height and ~100 pm in diameter were
obtained (Fig. 4.32) surrounded by a hydrogel base. After functionalizing the
hydrogels with laminin, Caco-2 cells were seeded at a density of 2.5:104 cells/cm?
(the one used for the fibroblasts and MDCK cells).

Figure 4.51: Caco-2 cells cultured on microstructures fabricated from 6.5% w/v
PEGDAG6000 and 0.3% w/v acrylic acid solution after 7 days. a-c) Top view
bright field images of microstructures. d) 3D reconstruction of z-stacks
obtained by confocal microscopy and e) top view of a cell covered area.
Details of f) tip cross-section and g) cross-section at half-height of a
microstructure. g) showing magnification pictures of nuclei and
cytoskeleton. h) Inset of image g). Nuclei are shown in blue and F-actin is
shown in green. Arrowheads indicate cell aggregates at the base of the
microstructures. Scale bars: a,b,c,e=150 pm, f,g=50 um, h=5 pm.
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After 2 weeks of culture, no relevant cell coverage occurred nor at the
microstructures neither at the base of hydrogel. Therefore, and in agreement with
literature,287.288.387 cells were seeded at a higher density, 5:105 cells/cm?. At day
7, Caco-2 cells adhered and proliferated at the bottom of the hydrogel, between
the microstructures, in granulate aggregates and surrounding the
microstructures. (Fig. 4.51). Microstructures looked translucent at the bright
field microscope, meaning they were not fully cell covered yet (Fig. 4.51a-c). It
was possible to find small areas where Caco-2 cells already formed a monolayer
on the microstructures (Fig. 4.51d-e). However, although cells showed apparent
brush borders (Fig. 4.51g), cells did not show a columnar morphology. Both cells
and nuclei were spread onto the hydrogel surface with low apico-basal elongation
regardless their position on the microstructures (Fig. 4.51g,h).

After 14 days of culture, it was possible to find samples where cells
extended and covered the whole hydrogel surface (Fig. 4.52a). Now point, Caco-
2 cells showed apico-basal polarity, with an elongated cytoplasm and elongated
nuclei. Z-stacks from confocal imaging show the columnar morphology of Caco-2
cells at different heights of the microstructures (Fig. 4.52b-e). After 21 days of cell
culture, cells still fully covered the microstructures.

Figure 4.52: Caco-2 cells cultured on microstructures fabricated from 6.5% w/v
PEGDA6ooo and 0.3% w/v acrylic acid solution after 14 days. a) 3D
reconstruction of z-stacks obtained by confocal microscopy of a fully cell
covered area. Detailed cross sections of a microstructure going sequentially
in z from b) the tip to e) the base. Nuclei are shown in blue and F-actin is
shown in green. Scale bars: a =200 pm, b-e = 50 um.

By checking the evolution of the cell culture from the seeding time, where
cells are located mostly at the base of the hydrogels, between the microstructures,
it can be assumed that cells proliferate and migrate from the bases to the tip of
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the microstructures, covering most of them. Thus, this event seems to happen like
in the native mucosa, where cells move from the crypts to the tips of villi.

Figure 4.53: Detailed cross section of a microstructure after 21 days of Caco-2 cell culture.
a) Nuclei in blue, b) Z0-1 in red, c) villin in green, d) f-catenin in cyan and e)
merged. Top view and cross section of Caco-2 cells cultured on Transwell®
after 21 days. f) ZO-1 in red, g) villin in green, and h) -catenin in cyan. Nuclei
in blue. Scale bar: a-d=10, e-g= 25 pum.

It must be acknowledged that some replicas were not fully covered and
sometimes they displayed microstructures that were tilted or stuck by cell
aggregates. We estimated the success ratio in about 60%. Successful samples
were fixed at day 21 to determine the expression of polarization markers.
Epithelial cell markers such as villin, characteristic protein of microvilli, ZO-1,
found in tight junctions, and (3-catenin found at the basolateral membrane, were
expressed and located at the proper regions. In most of z-stacks nuclei were
highly elongated, villin was brightly and located at the apical side of cells, Z0-1
appeared as dots between cells, and -catenin contoured the basolateral domain
of cells similarly to a honeycomb (Fig. 4.53a-e). These results were compared
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with Caco-2 cells cultured on Transwell,® which is the standard cell culture
platform (Fig. 4.53f-g). In both cases cells are elongated and expressed the
epithelial cell markers properly located. However, Caco-2 cells cultured on the
microstructured hydrogels seem to have more elongated cytoplasm and nuclei.
Polarization and epithelial markers were consistently expressed on all the cells
located along the tip-base vertical axis of the microstructures (Fig. 4.54).

Figure 4.54: Sequential cross-sections from the a) tip to the e) base of a microstructure
after 21 days of Caco-2 cell culture. ZO-1 in red (left), villin in green (center),
and (-catenin in cyan (right). Nuclei are shown in blue. Scale bars = 50 pm.

166



Polarization was also assessed by the analysis of nuclei morphology and
orientation with respect to the surface of the microstructures. Images taken by
confocal microscopy from Transwell® at day 21, and from microstructured
hydrogels at days 14 and 21, were processed by Image] software to obtain well
defined nuclei of each stack. In addition, histochemical images from human villi
were used as controls (Fig. 4.55a-f). Then, shape descriptors of nuclei were
calculated: major and minor axis, and angle with respect to the surface. For the
morphology analysis, aspect ratio between the major and the minor axis of nuclei
was used as an elongation or polarization marker. At first sight, Figure 4.55 shows
native villi with highly elongated nuclei in comparison with confocal images of
Transwell® at day 21, and microstructured hydrogels. This agrees with the results
plotted in the Figure 4.56a, where aspect ratio of nuclei on native villi showed
significant higher values than the other two conditions (p<0.001). Aspect ratio of
nuclei on Transwell® after 21 days and on hydrogels after 14 days did not show
significant differences. However, the aspect ratio of nuclei on hydrogels after 21
days was significantly higher than that measured for the hydrogel after 14 days
and Transwell® after 21 days (p < 0.001) and showed a distribution closer to that
found on the native villi.

e)

Figure 4.55: a) Cross section at the middle and b) longitudinal cross section of villi
(http://medcell. med.yale.edu/systems cell biology/gi tract lab.php). ¢) 3D
rendering and d) cross section from confocal images of Caco-2 cells on a
Transwell® after 21 days of cell culture. e) Cross section of a microstructured
hydrogel after 14 days and f) after 21 days of Caco-2 cell culture. Scale bar:
c,e,f=50 um, d=25 pm.

Orientation analysis was performed by comparing nuclei orientation
with respect to the surface. First, angles described by the nuclei were estimated
following the procedure described in section 3.5.9, and plotted in a wind rose
graph (Fig. 4.56b). In the case of native villi, most of nuclei kept positioned above
60° to the surface, basically perpendicular to the surface. However, in the case of
nuclei on Transwell® more than 40% of nuclei were positioned almost parallel to
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the surface, and about 25% of cells were perpendicular to the surface. On the

other

hand, cells cultured on the hydrogels covered the entire range of

orientations with a predominant perpendicularity in the case of hydrogels after

21 days.
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Figure 4.56: Nuclei elongation and orientation analysis. Plots of a) nuclei aspect ratio, b)

angle distribution of nuclei orientation, and c) cos26. *** denotes p-value <
0.001 from Mann-Whitney U test.
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These results are supported by the cos 20 graph (Fig. 4.56¢), which
returns values close to 1 if nuclei are perpendicular to the surface, and values
close to -1 if nuclei are parallel to the surface. In the case of the microstructured
hydrogels at 21 days, even if all orientations are represented, nuclei positioned in
a perpendicular orientation are predominant. This situation is related to cell
confluence, if cells have enough space they will spread as much as possible;
consequently, nuclei will be positioned in a parallel disposition. On the other
hand, after the cells become confluent they start to compact, positioning their
nuclei perpendicular to the substrate.

Despite Caco-2 cells cultured on Transwell® developed apico-basal
polarization, demonstrated by the expression of epithelial markers (Fig. 4.54),
and show a lot of nuclei perpendicularly positioned (Fig. 4.56), it was also found
a relevant percentage of nuclei that tend to be positioned in a parallel manner
onto the surface. Meanwhile, cells on the hydrogels also showed nuclei positioned
in a wide range of orientations, but after 21 days it was found a tendency to keep
them perpendicular to the surface. Considering that polycarbonate membranes
are stiffer (2 GPa) than the hydrogels (22 kPa), this fact could affect the cell and
nuclei disposition. It was reported that substrate rigidity modulates nuclei shape,
and stiffer substrates promote flattened nuclei compared to more compliant
substrates, which enhance rounded nuclei.388 In addition, DiMarco et al. recently
showed that Caco-2 monolayers cultured on matrices mimicking the low
mechanical stiffness of the small intestinal submucosa (~150 kPa),38? resulted in
more apico-basal elongated cells than those culture on conventional hard
substrates. They attributed this behavior to the modification of cell-cell junctions
through the control of cell-matrix adhesions.390 This supports our hypothesis that
the softness of the hydrogel can influence the morphology of the Caco-2 cells, and
promote a more reliable morphology of the epithelial monolayers.

Overall, we have developed a material and a fabrication method that
allows obtaining substrates that recapitulate the 3D architecture of the intestinal
mucosa. In addition, these synthetic villi promote the formation of Caco-2 cell
monolayers, which show morphologies comparable to the intestinal epithelial
cells, and express specific epithelial markers properly located.

4.7 TRANSEPITHELIAL ELECTRICAL RESISTANCE (TEER)
MEASUREMENTS OF CACO-2 MONOLAYERS ON THE
MICROSTRUCTURED HYDROGELS

Transepithelial electrical resistance (TEER) measurement is a widely
used method to assess the barrier function of Caco-2 cells.#3 In order to perform
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TEER measurements of the Caco-2 cell monolayers on the microstructured
hydrogels two methods have been used: the conventional method using a
Voltohmmeter and a more novel approach based on impedance spectroscopy
measurements.

471  TEER MEASUREMENTS BY A VOLTOHMMETER

Conventional TEER measurements of epithelial monolayers are
performed using Transwell®inserts. This allows forming two compartments that,
once the cell monolayer is formed, are separated by the cell barrier (section
1.2.3).92 The two compartments are initially separated by a polymeric
semipermeable membrane. The microstructured hydrogels made by the
experimental set-up described in section 3.2.1, cannot be placed directly inside
Transwell® inserts, because they are adhered on glass coverslips. To solve this
issue, two experimental approaches were tried: 1) hydrogel polymerization in
situ, or 2) outside polymerization and posterior sealing (Fig. 4.57).

The First approach, in situ polymerization, was tried filling the insert
with the polymer solution and placing the photomask and UV light source below.
Unfortunately, several experimental issues hampered the success of this
approach. First, polymer solution leaked through the porous membrane and
polymerized between the outer part of porous membrane and the coverslip.
Second, inside the Transwell® the polymerization happened in a non-
homogeneous way, microstructuring was not visible and the heterogeneous mass
of hydrogel detached from porous membrane. Thus, this method was discarded.

|

A

Figure 4.57: Illustration of the two approaches to adapt the fabrication set-up to
Transwell®, a) in situ polymerization and b) Transwell® sealing,

The second approach was based on placing the microstructured
hydrogels inside Transwell® inserts, which were outerly sealed using a PDMS
layer, and innerly sealed with an adhesive tape (section 3.6.1). Through the
sealing, the electrical current was forced to pass across hydrogels and cells, and
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leakage current was avoided. Proper sealed was not always achieved for all
samples, but at least three samples for each condition had a suitable progress and
were used for TEER measurements using a chopstick electrode. The resistance
measurements as a function of the cell culture time are plotted in Figure 4.58. The
resistance of the Transwell® with hydrogel were higher than Transwell® controls
at each time point for samples with and without cells. Because of the sealing, the
surface of the porous membrane was effectively reduced from 4.5 cm? to
0.785 cm?, therefore increasing its electrical resistance, R (Eq. 28).

R = pxl Eq. 28

~ Area @
where p is the resistivity of the membrane, 1 its thickness and A its area. The
resistance will increase up to 5-fold, from 39 Q (Fig. 58a) to 223.6 Q.
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Figure 4.58: Measured resistance (mean + SD) on unmodified Transwell® (gray) and on
Transwell® with hydrogels (red). a) Control samples without cells, and b)
with cells. *** denotes p-value < 0.001 from Mann-Whitney U test.

In addition, hydrogels also contributed to increase the resistance.
Transwell® with hydrogels showed resistance values up to 270.9 + 5.2 (), which
result in hydrogel resistances of ~ 47.3 Q. This low value makes sense because
hydrogels contain a high proportion of water, which will easily allow the pass of
electrical current. On other hand, the resistance measured on samples with cells
was much higher for Transwell® with hydrogels than on Transwell® controls (Fig.
58b), again due to the reduction in the surface area.

Once measured the total resistance values, the resistance of the cell
monolayer was calculated the total resistance from the corresponding cell-free
sample. Then, TEER, expressed in ) - cm?2, was calculated by multiplying Rmonolayer
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and surface area of the Transwell® or the microstructured hydrogels. For
Transwell®, surface area is 4.5 cm2. For the hydrogels, the area was 0.78 cm?
containing a 0.5 cm x 0.5 cm square of microstructures. This microstructured
hydrogels were fabricated from solutions of 6.5% w/v PEGDA6000-0.3% w/v
acrylic acid by the double UV exposure of 10 s to form the hydrogel base and 70 s
to grow the microstructures. By this process, microstructures of ~550 um in
height and ~100 um in diameter were obtained.

Confocal microscopy was used to measure the total surface area of
PEGDA-acrylic acid microstructured hydrogels. Hydrogels were functionalized
with SAV-TR to obtain z-stacked images and 3D reconstructions (Fig. 4.59). These
reconstructions were used to calculate surface correction factor, which relates
the 3D total surface area of the microstructured hydrogels to their 2D area using
IMARIS software using their surface tools (Eq. 15).

_ 3D total Surface area

SCF = Eq. 22

2D Surface area

Figure 4.59: 3D reconstruction of microstructured hydrogels of a) PEGDAs7s and c)
PEGDA s000. Scale bars = 200 um. At least five different regions, containing
different number of microstructures, were analyzed to obtain an averaged
ratio between the 3D total surface area and the 2D surface area.

For microstructures with heights ranging between 350 and 550 pm, SCF
values were 4.9 * 0.5 to 8.1 + 0.9. This procedure was individually employed for
each type of microstructure due to the morphological sensitivity of
microstructures to fabrication conditions.

As shown in Figure 4.60, TEER of Caco-2 cell monolayers on both
Transwell® and hydrogels increased from day 7 to day 21 of cell culture, which is
consistent with the formation of a monolayer that progressively covers the
surface. After 7 days, cells on Transwell® already show a significant increment in
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TEER values with respect to the control. On the contrary, at this time point TEER
on hydrogels was basically inexistent. These results could be attributed to a
slower progress in cell proliferation and covering on the microstructured
hydrogels with respect to Transwell®. After 21 days, TEER increased significantly
in both hydrogels and Transwell®, meaning that cells function as an epithelial cell
barrier. TEER values were statistically significantly lower (p < 0.001) on the
microstructured hydrogels than on Transwell®. To prove the response of the cell
barrier formed, EDTA treatment was performed after 21 days on samples grown
in Transwell® and on hydrogels. EDTA is a chelating agent that prevents joining
of cadherins between cells, and produce cell-cell detachment, and the disruption
of cell barriers. EDTA treatment made TEER decrease in all the cell containing
samples, demonstrating that TEER increase at 21 days was due to the formation
of an epithelial cell barrier. These results denote that Caco-2 monolayer on
unmodified Transwell® achieved higher degree of impermeability at the time
points assayed than on our microstructured hydrogel. The reduction on the TEER
values of Caco-2 monolayers cultured on 3D architectures has been already
reported, 286197 and the values found similar to the in vivo readings are in
agreement that the three-dimensionality of the constructs affect the epithelial
barrier formation in a manner close to native intestinal epithelium.
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Figure 4.60: TEER of cell monolayers (mean * SD) on unmodified Transwell® (gray) and
on Transwell® with microstructured hydrogels (red) after 7 and 21 days, and
after the EDTA treatment. *** denotes p-value < 0.001 from Mann-Whitney
U test.

Thus, by the incorporation of hydrogels on Transwell®, TEER of Caco-2
cell monolayers cultured on the microstructured hydrogels was successfully
measured using Voltohmmeter and a chopstick electrode. In addition, Caco-2 cells
formed a cell barrier, as demonstrated by the TEER measurements at day 21.
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These results support the expression of polarization markers, such as Z0-1 that
prove the well-formed tight junctions, which are responsible of the TEER
resistance.

On the other hand, TEER readings were maybe affected by the distance
of electrodes to the area measured (6.5 mm), because are highly dependent on
the electrode position.?* Yeste et al. evidenced that some TEER measurements
resulted in errors when using Transwell® inserts from 6.5 mm, due to the very
low sensitivity.391 They also found that using interdigitated electrodes
configuration the entire cell culture area contributes equally to the measurement.

472 ELECTRICAL IMPEDANCE SPECTROSCOPY

The second approach to obtain TEER values was performed in
collaboration with the Biomedical Applications Group of the Institut de
Microelectronica de Barcelona, IMB-CNM (CSIC). This group has developed a
bioreactor chamber with integrated interdigitated electrodes and the electronics
for monitoring the impedance of cell barriers along the time and within a range
of frequencies.308391.392 The equipment is portable, so it can be transported to cell
culture room. Circular substrates containing three channels with polycarbonate
porous membranes were used to culture Caco-2 cells (Fig. 4.61). These circular
substrates were placed in the bioreactor as the inserts of Transwell® and create
two separated compartments that can be used to perform electrical impedance
spectroscopy measurements.
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Figure 4.61: Circular insert containing three channels of polycarbonate membrane, used
for cell culture. The insert is placed between two chambers that have
integrated electrodes to perform electrical impedance measurements.

To use this system, we adapted the fabrication process to perform an in
situ polymerization of our hydrogels on top of the porous membranes (section
3.6.3). Two types of membranes were chosen: a nylon mesh and porous
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membranes. The nylon mesh has the advantage that its huge pores allow the pass
of UV light, therefore, is not affecting significantly the polymerization process.
The first attempt consisted on fabricating flat hydrogels from 6.5% w/v
PEGDAG6o00 and 0.3% w/v acrylic acid on top of the nylon mesh (Fig. 4.62).
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Figure 4.62: a-c) Photographs of nylon mesh adapted on a circular device, and the
attached hydrogel (red) after swelling hydrogel. d) Schematics of the set-up.
e) Impedance measurements across hydrogels mounted in a nylon mesh.

After polymerization, hydrogels kept attached because the polymer
solution wet the nylon mesh before polymerization, and thus hydrogel was
embedded after UV exposure. Figure 4.62 shows how the hydrogels protruding
from the two sides of the nylon mesh after reaching equilibrium swelling (Fig.
4.62c,d). Impedance spectroscopy measurements were performed on two of
these circular insets (6 channels in total) modified with flat hydrogels on the
nylon mesh. Figure 4.62 shows that the measurements were reproducible within
a narrow range of values. The impedance obtained is compatible with pure
resistor for frequencies in the range of 102 - 105 Hz. The channels are fabricated
to determine the same surface area of a Transwell® insert of 12 mm (~ 1cm?) In
addition, resistance values are very small compared to values for Transwell®
inserts, so presumably the hydrogel inserts will not hamper the pass of current
significantly. Even though nylon meshes allowed the adhesion and fabrication of
hydrogels, their preparation was too laborious. In addition, because of swelling
to control the leakage current was not easy. For this reason, an alternative
approach was attempted.

As an alternative to nylon meshes, in situ hydrogel polymerization was
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attempted on polycarbonate porous membranes, which are commonly used in
Transwell® for TEER measurements.#3 For this purpose, our established
fabrication set-up was used, adding porous membranes of 1 pm in pore size
between the PDMS stencil and the glass coverslip. A photomask with windows
100 pm in diameter and a polymer solution containing 6.5% w/v PEGDAeooo and
0.3% w/v acrylic acid were used to test the fabrication of microstructures. UV
exposure was performed in two steps 10 s to form the hydrogel base and 70 s to
grow the microstructures. Two types of materials, polycarbonate and PFTE were
selected to study the polymerization and hydrogel attachment on the porous
membranes. Circular devices containing porous membranes were used to
fabricate flat hydrogels made of 6.5% w/v PEGDAsooo and 0.3% w/v acrylic acid,
by a single UV exposure of 150 s. After fabrication, circular devices were kept for
1 week in a PBS solution at 4°C to allow for equilibrium swelling. In the case of
PFTE membranes, although hydrogels polymerized, they detached from PTFE
just after fabrication. On the polycarbonate membranes, the hydrogels kept
attached after polymerization but they detached after some hours. Therefore, two
silanization protocols were assayed to avoid hydrogel detachment during the
swelling procedure (section 3.6.3). Silanization protocol was further optimized,
and ensured hydrogel attachment for long periods of time (more than 7 days).

As polycarbonate membranes, those of 1 pm and 0.4 pm pore size were
tested. Hydrogels fabricated on 0.4 um pore size looked like a thin layer, while the
ones fabricated on 1 um pore size showed a thicker layer (Fig. 4.63a,b). To
understand the role played by the pore size of the membranes on the hydrogel
fabrication, the transmittance through the two membranes was measured. Figure
4.63c shows that, at the wavelength range used for the fabrication, the
transmittance (260 - 600 nm) through 0.4 um pore size membranes was 2%. In
contrast, the transmittance through 1 um pore size membranes achieved nearly
60%. This translated in a measured transmitted intensity of 80% for the 1 pm
pore size membranes (Fig. 4.63d). Light intensity was also measured through the
polycarbonate membranes including the photomask. Lambert-Beer (Eq. 25) may
explain why hydrogels fabricated on 0.4 pm pore size membranes were much
thinner than ones fabricated from 1 pm pore size membranes (Fig. 4.63a,b).
Attenuation is directly related to the light absorbance of the material, and as has
been in previous sections light attenuation cause the shortening of hydrogels.
Therefore, 1 pm pore size polycarbonate membranes allowed the
photopolymerization of the PEGDA solutions and their microstructuring (Fig.
4.64) and were chosen to perform TEER measurements.
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Figure 4.63: Effects of the pore size of polycarbonate membranes on the hydrogel
polymerization. Photographs of hydrogels fabricated through polycarbonate
membrane of a) 1 pm or b) 0.4 pm pore size. c) Transmittance through
polycarbonate porous membrane (red 1 um or blue 0.4 um pore size). d)
Light intensity measured under polycarbonate membranes with and without
photomasks. *** denotes p-value < 0.001 from Mann-Whitney U test.

Figure 4.64: a,b) Top view images of microstructured hydrogels on polycarbonate porous
membranes of 1 pm pore size and c) detail from b. Scale bars: a,b= 1.5 mm,
c=500 pm.

A circular insert with these membranes in each channel was used to
fabricate hydrogel microstructures made from polymer solutions containing
6.5% w/v PEGDA&000-0.3% w/v acrylic acid, and 1% [2959. The photomask had
windows 100 um in diameter and it was exposed to UV light for 10 s to create the
hydrogel base and 70 s to create the microstructures. With these conditions,
microstructures of 297 + 8 um in height were obtained on the porous membrane
(Fig. 4.65). There was a significant reduction on the microstructure heights due
to the light absorption of the membrane (without the membrane these fabrication
conditions resulted in pillars 550 pm in height). However, the resulting
microstructures were considered to be high enough to be representative of the
dimensions of villi in native tissues.
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Figure 4.65: Image of the 6.5% w/v PEGDAs000-0.3% w/v acrylic acid microstructure
profile fabricated using a 1 pm pore size polycarbonate membrane. The dash
line highlights the microstructure contour. Scale bar = 300 pm.

The microstructured hydrogels were functionalized with a laminin
solution of 50 pg/mL and Caco-2 cells were seeded at a density of 5:10° cells/cm?2.
After 14 days of cell culture, the insert was placed on the bioreactor chamber to
carry out impedance spectroscopy measurements. The measurements were done
in parallel at the three channels of the device (Fig. 4.66). The first channel showed
high impedance values at all frequencies, whereas channel 3 showed very low
values of impedance. These spectra could be attributed to the mounting and the
current leakage, respectively. Channel 2 was the only showing the typical sigmoid
curve of epithelial barriers, characterized by high impedances at mid-range
frequencies that decrease at high frequencies. This channel was selected to
determine the TEER of the monolayer (Fig. 4.66b). After measuring the
impedance values of channel 2 (Zmeasured), the hydrogel with cells on top was
removed to measure the impedance related to that particular silanized
membrane (Zsm). A non-modified inset (polycarbonate membrane) was used as a
control to avoid influences of the mounting into the bioreactor. To calculate TEER,
Zsm was subtracted from Zmeasured and fitted to an equivalent electric circuit that
describes the impedance spectrum of a cell barrier. The plot of Figure 4.66c
shows the typical silhouette of impedance spectrum of a cell monolayer at
different frequencies, where at mid-range frequencies impedance from cell
monolayer are predominant, and at high frequencies the total impedance
converges to the resistance of the medium.3 TEER was obtained by multiplying
impedance at 100 Hz and total surface area of the microstructured hydrogel. The
microstructures fully occupied the porous membrane area (0.8 cm?), and the
microstructures fabricated had a total surface area of 3.68 cm?. Therefore, TEER
value obtained was 73.6 Q-cm?2.
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Figure 4.66: Impedance spectroscopy data of cell cultured on hydrogels of a) the tree
channels after14 days of Caco-2 culture. Experimental data (symbols) were
fitted (lines) according to equivalent electric circuits including TEER,
intracellular resistance (Ri), a CPE, and the media resistance. b) Comparison
of impedances on channel 2 of hydrogel, silanized membrane and porous
membrane. c¢) Cell monolayer impedance described the typical spectrum of
epithelial cell monolayers with high impedances at mid frequencies (102 Hz)
and low impedances at high frequencies (10¢ Hz).

TEER reading by EIS are about ten times lower than the obtained on the
Transwell®. Unfortunately, we do not have enough good experimental data to
assess the consistency of EIS values. At this point, we can only speculate with the
influence of the position of the electrodes on the measurement, which was
significantly different in both experimental approaches.

In any case, TEER values of Caco-2 monolayers grown on the
microstructured hydrogels were significantly lower, on both the Transwell® and
the EIS chamber, than those obtained for Caco-2 monolayers grown on 2D
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polymer membranes. It has been reported that TEER of Caco2 monolayers grown
in Transwell®is far too high when compared to TEER of the native tissue.28¢ These
facts have been related to the leakiness of the tight junctions at the tip of
villi.3695393 [n addition, it has also been reported that cell phenotype (also the
tight junctions) is affected by the physicochemical properties of the substrate.390
Taken all these information together, one can infer that our system, which
replicates 3D villi features on soft materials might provide a model of the
intestinal epithelial monolayer that represents better the in vivo functionality.
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The functionality of small intestinal epithelium is related with the crypt-
villus unit. First, villi increase the absorptive surface area due to their high aspect
ratio, from 2 to 10 height to width.4#%1%0 The 3D architecture of villi is also
importantin the spatial distribution of specialized cells along the crypt-villus axis.
Proliferative cells are confined to the crypt domains while differentiated cells
migrate along the villi to the tip, where they shed to the lumen. Cell proliferation,
differentiation and migration are regulated by biochemical gradients generated
along the crypt-villus axis.3%¢ These findings correlate with the gradual
decreasing of the paracellular pore size,3% and the distribution of patterns of
laminin isomorfs3%¢ along the crypt-villus axis. In addition, not only the cell
composition of the epithelium varies, but the lamina propria also show different
immune cell populations along of this axis.3°7 Thus, mimicking the natural tissue
3D structure is expected to be crucial for the modelling of intestinal epithelial
barrier.

Conventional 2D in vitro models of the intestinal epithelium, based on the
culture of Caco-2 cells on Transwell® inserts, fail to represent small intestinal
microenvironment and lack physiological relevance in some applications.2’8 Even
if the porous membranes of Transwell® inserts can be coated with various
extracellular matrix proteins, their mechanical properties (2 GPa)38 do not
resemble those of the epithelial basement membrane (3-30 kPa).36039 In
addition, the flat surface of porous membranes completely lacks 3D villi-like
features. These restrictions have negative effects on the Caco-2 cells phenotype
when compared with the native intestinal tissue: Caco-2 cells show less apico-
basal elongation,3?0 and form stiffer tight junctions than those found in vivo!l7 due
to smaller paracellular pores.%° Such characteristics lead to the underestimation
of paracellular absorption.#°! TEER readings are also affected and show values 5
-30 fold higher values compared to in vivo.402403 To address these issues, several
studies have recently reported different strategies and materials to mimic the
three-dimensional architecture of crypt-villus units to improve the in vitro
models of small intestinal epithelium.183,286197,68,279,284,285287.288 TEER and
permeability improvements have been reported by culturing Caco-2 cells on the
synthetic villi,2%¢ which also enhanced epithelial cell morphology and
differentiation.197.279 Even though these reports have shown valuable progress
towards improving the accuracy of the in vitro models, complex fabrication
methods, sophisticated or non-tunable materials and experimental set ups not
adapted to the conventional measurements are still hampering the use of these
new systems in standard testing.

The first challenge in the development of biomimetic in vitro epithelial
models is the use of materials that mimic the structure, mechanical properties
and chemical composition of the basement membrane. ECM proteins found in the
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basement membrane, such as laminin or collagen, should be incorporated. To
provide enough ligand density for the cell-substrate interactions, the material
should allow the control over its physicochemical properties. In addition, it would
be desirable a porous matrix, which will allow the diffusion of oxygen and
nutrients and at the same time does not hamper permeability and TEER
measurements. As the intestinal mucosa is a soft tissue, a material with high-
water content, and mechanical properties within the range of 3-30 kPa is
desirable.

We are not only interested in mimicking the in vivo cell-substrate
interactions, but also in adding the 3D architecture of the in vivo intestinal tissue.
Therefore, it is crucial that the chosen material can be microstructured, giving
rise to high aspect ratio microstructures with dimensions of a few hundreds of
microns in a simple, reliable and reproducible way. In addition, the degradability
of these structures has to be taken into account, because of Caco-2 culturing takes
place for atleast 21 days. The constructs also have to be suitable to integrate them
in conventional tests of the epithelial integrity (TEER, permeability) to expand
their applicability in drug absorption tests.

As a widely-used biomaterial, PEGDA hydrogels were chosen as the
material to support the growth on intestinal epithelial cells. PEGDA is highly
hydrophilic, its physicochemical properties can be tuned in a controllable
manner, it is non-biodegradable and it can be easily produced by photocross-
linking.153236 However, PEGDA hydrogels show low bioactivity, which results in a
non-fouling material. To overcome its low bioactivity, in the present study acrylic
acid is introduced into the material recipe to improve the cell attachment capacity
of PEGDA hydrogels. PEGDA and acrylic acid were copolymerized by
photopolymerization. Acrylic acid not only has a vinyl group to react in the free
radical polymerization but also a carboxyl group, which can be functionalized
with many proteins. This method allowed to obtain hydrogels with controlled
amounts of exposed carboxyl groups, which support their functionalization with
ECM proteins. The strategy of copolymerizing acrylic acid with PEGDA for the
anchoring of proteins was published first by Drumbheller et al. in 1994.365 Since
then, few reports have followed similar strategies. Conversely, acrylic acid has
been post-grafted on PEGDA surfaces creating a polyacrylate layer that was
functionalized with collagen to enhance cell adhesion.366 On the other hand, the
copolymerization of acrylic acid and PEGDA has been used to create photonic
crystals and control the specific adsorption of antibodies.3¢7 In this sense, it has
been shown that ligand density plays an important role for cell adhesion on
hydrogel surfaces,140.149.362 and our fabrication method allows to tune the ligand
density in the hydrogels by changing their acrylic acid concentration (Fig. 4.39).
On the contrary, the post-grafting methods do not allow for the fine control over
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the number of carboxylic groups. In addition, our strategy results advantageous
over other alternatives to improve bioactivity of PEGDA such as the
incorporation of gelatin methacrylate?58 or methacrylated hyaluronic acid,*04
because of the specific and controlled targeting of the functional carboxyl groups
of the hydrogel.

An appropriate material to develop epithelial barriers requires
physicochemical properties that enable the formation of cell monolayers.
Considering the relevance of the substrate stiffness on the epithelial cell
behaviour,*05 it is noticeable that the mechanical properties of PEGDA-acrylic acid
hydrogels can be easily tailored by changing PEGDA concentration.?34236 In our
case, PEGDA-acrylic acid hydrogels were formulated to present mechanical
properties within the physiological range of small intestine. On natural-derived
hydrogels such as Matrigel,™ the control over the mechanical properties is often
not straightforward. Despite Matrigel™ possesses inherent biochemical factors
that enhance cell adhesion and it is widely used for the culture of Caco-2 and
human intestinal cells, its low stiffness (from tens to hundreds of Pa)4% promotes
the formation of cysts instead of monolayers. On the other hand, stiffer synthetic
substrates such as the conventional polycarbonate porous membranes, induced
undesirable changes in the cell phenotype.117.390 Unlike of using collagen or
PLGA,183197 on our hydrogels the ligand density can be controlled without
changing significantly the mechanical properties of the hydrogels in the range of
the fabrication parameters considered (0.06% - 1.2 % w/v acrylic acid) (Fig.
4.29). To modify the ligand density on collagen or other pure substrates, the
quantity of the material, or they concentration in the pre-gel form, must be
changed. Because of changing the amount of collagen implies changes the
mechanical properties, the chemical and the mechanical contributions cannot be
independently studied.390407.408 On the contrary, our system allows to decouple
the effects of both parameters and study and optimize their contributions in an
independent way.

A crucial factor when mimicking the basement membrane is the diffusion
within the material as some molecules must be able to go across the basement
membrane synthetic constructs. PEGDA-acrylic acid hydrogels contain a high
amount of water and their mesh size and diffusivity can be tuned by changing the
PEGDA concentrations.294409 Here, we achieved porosities between 9 and 12
nm,2%* which are in the range of those of the basement membrane and allow the
diffusion of metabolites and other biomolecules with hydrodynamic radius below
5 nm.#10411 This is a relevant issue when trying to mimic the in vivo environment,
because the native basement membrane show an important traffic of nutrients
from the digestion to the bloodstream. When considering small intestinal
epithelium in vitro models because, porosity is a key factor, as permeability and
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TEER measurements should be performed without the interference of the
substrate. Therefore, even though villi-like microstructures that support the
growth of epithelial cell monolayers can be obtained in materials such as PDMS
or dense collagen, these materials do not allow molecule diffusion. For this
reason, alternative materials such as porous PLGA have been proposed..197.288 [n
our case, PEGDA-acrylic acid hydrogels fabricated at the polymer concentrations
reported here have a porosity large enough to avoid the hydrogel interfering in
permeability tests or TEER measurements.410.411

Another relevant factor to choose the material for in vitro models of
epithelial tissues is the degradability. Considering that Caco-2 cell cultures take
place for at least 21 days after seeding biomimetic constructs should keep their
integrity for at least 3 weeks. In this regard, although collagen 3D villi-like
scaffolds have shown to promote cell adhesion and proliferation, collagen
degradation hampered the use of the structures for more than two weeks.
197,279,286, PLGA and chemically cross-linked collagen have been investigated as
alternative materials..197272 In contrast, our approach relies in a non-
biodegradable material that will withstand long term cultures,132412

Mimicking the 3D architecture of the small intestinal epithelium requires
the fabrication of soft microstructures relatively large (hundreds of microns) and
with high aspect ratios. The development of soft materials with these aspect
ratios imply some technical shortcomings because of the mechanical stability of
these soft hydrogels. The main problem when using molding with hydrogels is
demolding, as they might be sticky or very soft, so microstructures can be
deformed or even broken in this procedure. To overcome this restriction, Yu et al
fabricated high aspect ratio synthetic villi made of collagen by using sequential
molding-demolding steps, passing through a hard mold, PDMS and agarose as
sacrificial layer.286 Other methods, such as stereolithography and two-photon
polymerization have also been used to create high aspect ratio hydrogels, or
complex scaffolds.222413 Also, another possible method is 3D bioprinting, which
applies rapid prototyping techniques to model complex living tissues, such as an
arterial bifurcation.414

Here, we take profit of the photocross-linking method used to fabricate
our PEGDA-acrylic acid hydrogels, to create microstructures. Photolithography is
a very simple and low-cost process for the fabrication of microstructures over
large surface areas in a single step. Demolding steps are avoided, and considering
the dimensions to mimic (> 100 um), high resolution photomasks are not needed,
which in addition reduces the costs. Another advantage of this technique is that
the biomimetic construct can be photopolymerized in-situ in the Transwell®, for
the functional assays, or adapted to non-conventional systems such as
bioreactors or lab-on-chip devices. Following the photolithographic process, we
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have succeeded in fabricating PEGDA-acrylic acid microstructures that mimic the
3D architecture and the anatomic dimensions of the small intestinal epithelium.
Moreover, adjusting the fabrication parameters (polymer concentration,
molecular weight, photoinitiator concentration and exposure time) allowed us to
control the dimensions of the microstructures. Also, the physicochemical
properties of the microstructured substrates, such as the elastic modulus, the
pore size and the swelling ratio, can be tuned by changing the PEGDA
concentration.*%® Several reports used pure or highly concentrated PEGDA
solutions,33> to produce high aspect ratio pillar microstructures by
photolithography.222.263-265 These studies lead to stiff constructs, with elastic
modulus values in the range of ~ MPa. In contrast, in the present study villi-like
microstructured hydrogels have been fabricated from low concentrated
solutions, obtaining in a successful way very soft (3 kPa)4!5 high aspect ratio
microstructures that are mechanically stable for the intended applications.

Because of the urgency in improving conventional in vitro models of
small intestinal epithelium by incorporating 3D features, quite a lot reports have
addressed this challenge with variable degree of success.68183,197,.279,284-288 A |ot of
these studies focused on the microfabrication method used to produce the 3D
architecture. For example, Salomon et al. mimicked the villi architecture
fabricating PDMS pillars through molding. This has the advantage of using a
simple fabrication technique, but t the material is not the most appropriate, as it
lacks crucial features such as porosity.284 Other works developed synthetic villi
using sequential molding, employing rigid materials such as PLGA (1-2 GPa),1°7
and PLA (3.4 GPa)28 or soluble materials as sacrificial layers.279286 [n contrast
with this multistep methodology, we produce microstructures by a single-step
photolithography technique.

We designed a protocol to produce hydrogel microstructures by a double
UV exposure: first, the hydrogel is exposed without the photomask to create a thin
hydrogel base, and a second exposure with the photomask, which contains
circular UV transparent windows, produces the microstructures. The hydrogel
microstructures acquired bullet-like or pillar-like shapes with a rounded cap and
wider base, and soft boundaries. Interestingly, hydrogel height could be regulated
by changing both the photoinitiator concentration and the UV exposure time
(energy dosage).32! Increasing photoinitiator concentration enhances the
monomer cross-linking at a given energy dosage, and, thus polymer gelation, in
agreement with previous works.316 Taking into account the Beer Lambert law, at
high photoinitiator concentrations light intensity is prominently attenuated
across the light propagation direction. Therefore, in our study, hydrogel height
can be precisely controlled by the exposure time, which limits the formation of
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radicals down to a certain distance from the UV source. A similar behavior has
been previously reported and modelled in multifunctional acrylate molecules.166

However, with increasing UV exposure time, the height of the
microstructures does not increase in a monotonous trend. On the contrary, it
increases for short exposure times but at certain point it starts decreasing and
might be zero (flat hydrogels) for prolonged exposure times. This is due to the
hydrogel polymerization on the unexposed regions and it has already been
described in the fabrication of PHEMA epidermal topographical features by
photolithography.#16 The polymerization on the unexposed regions and the soft
boundaries of the microstructures produced may be attributed to the high
diffusion rates of the radicals into unexposed regions,346347 Jeading to the cross-
linking between microstructures. This effect is convoluted with the diffusion of
the PEGDA monomers toward the hydrogel boundaries, where they are depleted.
These effects are attenuated far away from the photomask (1 mm) where the
height of the microstructures and the polymerization on unexposed regions is
limited. At these distances, light intensity is attenuated following the Beer-
Lambert law, implying less radicals to initiate the polymerization, and also more
effect of the oxygen inhibition of the polymerization reaction.316333 According to
Shim et al,?5 the chemical gradients of radicals and O: generated along the
propagation direction of light, make possible the fabrication of rigid PEGDA
microstructures (~ MPa)335 with complex shapes that cannot be obtained by any
other fabrication method. We have extended this concept for soft hydrogels and
we have taken advantage of the complex, roundish shapes to produce biomimetic
3D microstructures that faithfully reproduce the geometry and dimensions of
intestinal villi in a single fabrication step.

The use of photolithography to produce microstructures while
copolymerizing PEGDA-acrylic acid to form hydrogels had not been reported
previously to the best of our knowledge. When exploring the effects of adding
acrylic acid to the photolithography cross-linking process, we found out that the
addition of acrylic acid to the polymer solution improves the shape of the
microstructures, diminishing the hydrogel polymerization on unexposed regions
(Fig. 4.31). These changes in morphology may be attributed to changes in the
reaction of polymerization. Acrylic acid competes with other PEGDA molecules to
graft onto the acrylate group of PEGDA. As the grafted acrylic acid increased, the
availability of vinyl groups of PEGDA decreased. Since the vinyl group of PEGDA
also serve as the cross-linking site for PEGDA macromolecules, this reaction
lowers the cross-linking degree of the PEGDA-acrylic acid hydrogels. We are
increasing polymer total concentration (up to 20%) when adding acrylic acid,
however stiffness values of the hydrogels did not show any significant changes.
These results support this theory and the inhibition effect on the unexposed
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regions, where the polymerization is avoided.171295 Moreover, the addition of
acrylic acid in the polymer solutions dramatically decreases their viscosity, which
benefits the Oz inhibition.330

PEGDA-acrylic acid hydrogels proved to be suitable for the development
of epithelial monolayers, as evidenced by the culture of MDCK cells. MDCK cells
acquired epithelial-like morphology, and showed polarization markers properly
located. MDCK surface coverage and phenotype was sensitive to the substrate
rigidity (here controlled by the polymer concentration of the initial solution) and
the dimensions of the microstructures, in particular, of their diameter. MDCK cells
attached and proliferated on the most rigid hydrogels (10% w/v, leading to
elastic modulus values of ~ 30 kPa). In contrast, on the more compliant hydrogels
(5% w/v, elastic modulus of ~ 3 kPa) cells tend to show roundish morphologies,
low attachment and proliferation, and form cell aggregates. The fact that
mechanical properties of the substrate can regulate the cell behavior is very well
documented.362417 [t has been well established that MDCK cells become spherical
and even detach, and form cell clusters or cysts when cultured on soft substrates.
MDCK cells cultured on Matrigel™ form cysts with an empty lumen of about 50
pum in diameter after 2-7 days, and reach more than 100 pm after 10 days 418419
Instead, on rigid surfaces flattened cohesive epithelial monolayers are obtained,
this being attributed to their cell-cell adhesion.380.384-386 Qur samples, that differ
one order of magnitude in their mechanical properties, exemplified this behavior.
Regarding the effects of microstructure dimensions, even though MDCK cells
showed notable apico-basal polarization at the base of large microstructures
(300 pm in diameter), they just partially covered them. In contrast, smaller
microstructures (100 pm in diameter) were fully covered after 14 days. These
dramatic differences in behavior resulting from changes in the microstructure
diameter is particularly surprising. It might be possible that the 100 um
microstructures may keep the cells close enough to promote their mechanical
contact from early time points and allow the progression of the cell culture.
Recently, Yevick et al. studied the monolayer organization on wires of various
diameters. They found that on smaller wires (80 um in diameter) actin fibers
were highly oriented perpendicular to the wire longitudinal axis, while on larger
wires (170 um in diameter) actin fibers were randomly oriented.#2° These results
may support the hypothesis that microstructures of 100 um in diameter promote
the formation cell-cell adhesions that keep the cells mechanically connected and
covering the hydrogel.

Caco-2 cells were successfully grown on the hydrogels mimicking the 3D
architecture of villi. We identified PEGDA-acrylic acid formulations suitable for
the fabrication of microstructured hydrogels that, once laminin functionalized,
supported the formation of polarized epithelial Caco-2 monolayers. Caco-2 cells
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were cultured onto the hydrogels for up to 21 days and they colonized and
covered the microstructures. The overall morphology of the cell-covered
microstructured hydrogels showed a great similarity to the in vivo human villi.
Meanwhile, Caco-2 cells developed apico-basal polarization with elongated nuclei
and well located characteristic epithelial-like markers. We found that nuclei
orientation was more perpendicular on hydrogels than on Transwell®. This may
be related to the mechanical properties of the substrate, as it has been reported
that substrate rigidity modulates nuclei shape and nuclei appear more flattened
on stiffer substrates.388 In addition, force balance between cell-cell and cell-
substrate adhesions regulates cell shape and, therefore, nuclei orientation.*21
Thus, the compliance of the hydrogels, in the range of the intestinal epithelium,
shift the balance to a larger contribution of the cell-cell adhesions, which
promotes nuclei elongation and perpendicular orientation with respect to the
surface, in a morphology close to that found in native villi. These considerations
are in agreement with the recent findings of DiMarco et al. who reported cell
phenotype and permeability values closer to in vivo situation when culturing
Caco-2 monolayers in compliant matrices.390

As a proof-of-concept of the functionality of the Caco2 cell monolayers as
actual epithelial barriers, TEER measurements were performed on the cell
monolayers grown on the villi-like microstructures. TEER measurements
performed on modified Transwell® demonstrated the formation of an epithelial
barrier. TEER values obtained were significantly lower than those corresponding
to the monolayers grown on porous membranes. This may be due to the effects
produced by the three dimensional architecture, as it has been reported that cell
tight junctions are weaker at the tips of the villi.3695393 |t is well known the poor
correlation between TEER values from conventional in vitro intestinal models
and in vivo measurements, that can reach readings 5 -30 fold lower.402403 The
weak tight junctions at the tip is believed to be the reason behind TEER values
reported in vivo are significantly smaller than those reported for monolayers. In
addition to the architecture, the softness of the material can also affect the
formation of the epithelial barrier. In fact, TEER measurements carried out on
Caco-2 monolayers grown on collagen or PLGA villous scaffolds also shown lower
values than on Transwell® and 2D scaffolds, and were similar to in vivo intestinal
values.286197 |n the present study TEER values of Caco-2 monolayer grown in the
microstructured hydrogels were even closer to in vivo than the ones previously
reported.286:197

Our results are supported by the hypothesis that villous geometry
improves cell physiology and, therefore, barrier function, driving it closer to the
in vivo situation.#02 At this point, further efforts are required to engineer a robust
set up compatible with standard Transwell® inserts to perform systematic

191



measurements of permeability and transport. Due to the simplicity and versatility
of the fabrication method designed, microstructured PEGDA-acrylic acid
hydrogels might find uncountable applications. The method can be used to design
more complex models of intestinal mucosa, by incorporating other cell types such
as goblet cells, intestinal stem cells, immune cells and even commensal or
pathogenic bacteria. In addition, because of the PEGDA-acrylic acid tunable
properties, the methodology can be extended to other epithelial tissues
presenting 3D architectures relevant for their functionality such as the cornea,
the esophagus or the skin.
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We have described a simple and cost-effective method to produce
microstructures in soft hydrogels using PEGDA-acrylic acid polymer
solutions and conventional photolithography. The process parameters
affecting the microfabrication (UV exposure time, photoinitiator
concentration, and PEGDA molecular weight and concentration) have
been identified and studied. By properly selecting these parameters,
microstructures with the shape and dimensions of native villi have been
obtained. The particular characteristics of the polymerization reaction in
the experimental set-up designed produced high aspect ratio
microstructures on soft materials with bullet-like shapes and roundish
contours, faithfully resembling the anatomy of villi structures found in
vivo.

We have demonstrated that PEGDA-acrylic acid can be copolymerized to
form microstructured hydrogels and can be easily further functionalized
with several extracellular matrix proteins. Acrylic acid incorporation
provides control over the ligand density on the hydrogels. In addition,
within the range of experimental conditions tested here, ligand density
can be optimized without a significant modification of the mechanical
properties of the hydrogel. Optimized conditions for the fabrication and
functionalization of villi-like microstructured hydrogels supporting
epithelial cell growth have been established.

We have proved that functional epithelial cell monolayers are formed on
the villi-like microstructured PEGDA-acrylic acid hydrogels. This has
been tested successfully with two epithelial cell lines, which could adhere,
proliferate forming a monolayer of cells that display cellular and nuclei
epithelial morphology and express epithelial markers (villin, ZO-1,
catenin) at the proper locations. We have determined that the stiffness of
the produced microstructures (here tuned by the polymer concentration
and polymer molecular weight) is a crucial parameter for the formation
of epithelial monolayers. Substrate stiffness and ligands density
determine the balance between the strength of cell-matrix and cell-cell
contacts, which will result in the formation of monolayers or 3D cysts
structures.

We have successfully adapted our substrates to standard cell culture
platforms for the measurement of transepithelial electrical resistance
(TEER) of the resulting monolayers. TEER measurements confirmed the
formation of functional epithelial cell barriers displaying TEER values
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closer to in vivo situation than those measured for conventional
monolayers. Therefore, we have engineered a 3D biomimetic model of the
small intestinal epithelium that, as evidenced the promising results
reported, sets the foundations of a novel in vitro platform to be applied in
drug absorption and toxicity tests, was well as biological studies and
disease modelling.
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Resum en Catala

La major part dels actuals models de cultiu cel-lular in vitro no
reprodueixen I'anatomia dels teixits i el comportament fisiologic de les cel-lules
in vivo. A més a més, proporcionen resultats enganyosos quan es comparen amb
el teixit real. Les tecnologies de microfabricacid es poden utilitzar per anar un pas
més enlla dels models 2D convencionals, en el camp del cultiu de teixits in vitro i
reproduir de forma fiable els microambients del teixits. Per 1'epiteli de l'intesti
prim, aquest enfocament s'ha explorat a través de la fabricaci6 de scaffolds de
col-lagen i poly (lactic-co-glycolic acid) que imiten les vellositats, mitjan¢ant un
procés seqiiencial de motlles. Ha estat un enfocament innovador i interessant, i
ha reportat resultats rellevants en quant a la importancia del tridimensionalitat
del models in vitro de epiteli intestinal. Tot i aixi, la naturalesa dels materials
emprats no permet un ajust fi de les propietats del sistema, i el métode de
fabricaci6 basat en emmotllament és laboriés, requerint diverses etapes de
motlles intermedis.

Aqui es descriu un metode simple i rendible per fabricar microestructures toves,
que imiten les vellositats amb l'arquitectura 3D anatomica. Utilitzem poly
(ethylene glycol) diacrylated (PEGDA) i acid acrilic, que formen hidrogels tous en
copolimeritzar sota la llum UV, mitjancant fotolitografia. Hem demostrat que la
nostra tecnologia permet produir monocapes funcionals de cel-lules epitelials
(Caco-2) polaritzades.

Els hidrogels s6n materials en polimerics que formen xarxes tridimensionals amb
un alt contingut d'aigua, que permet una facil difusié de factors solubles i oxigen.
Els hidrogels fets de PEG posseeixen propietats quimiques i mecaniques altament
ajustables i s'han convertit en materials molt utilitzats per imitar la matriu
extracel-lular i les membranes basals dels teixits. Per obtenir les
microestructures que imiten la tridimensionalitat de les vellositats, es van
utilitzar mascares binaries. Aquestes mascares presenten uns patrons en els que
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les zones fosques impedeixen el pas de la llum, mentre que les finestres son
transparents. En el nostre cas es van utilitzar mascares amb patrons circulars per
fabricar estructures en forma de pillar, en un procés de polimeritzacié depenent
de la llum UV. Durant aquest procés, diversos factors, com ara el temps
d'exposicié UV, la concentracié de fotoiniciador i el pes molecular del PEGDA i la
seva concentracio, es van estudiar per entendre els mecanismes que permeten la
formacié de microestructures toves amb uns valors de relaci6 d’aspecte alts.
Després, aquestes variables es van ajustar per controlar les dimensions de les
microestructures i per tal d’obtenir hidrogels microestructurats que imitin les
dimensions de les vellositats que es troben en l'intesti prim, aixi com les seves
propietats fisico-quimiques i mecaniques.

Per permetre I'adhesio cel-lulari el creixement de, el PEGDA, que no és bioactiu i
per tant repel 'adhesié tan de proteines com de cél-lules, es va copolimeritzar
amb acid acrilic per aixi treure profit dels grups carboxilics de I'acid acrilic per
incorporar-hi covalentment diverses proteines de la matriu extracel-lular.
Després de la copolimeritzaci6, es va demostrar que els hidrogels mostraven
grups carboxil exposats. A més a més es va confirmar que mitjangant la reacci6
d'acoblament per EDC/NHS les proteines es mantenen covalentment unides al
hidrogel al llarg del temps. D’altra banda hem establert la relacié entre PEGDA i
acid acrilic que permet obtenir microestructures similars, en dimensions i forma,
a les de les vellositats. A més a més, la funcionalitzaci6 dels hydrogels amb
proteines de la membrana basal va ser adequada. Els nostres resultats mostren
que la quantitat de proteina unida covalentment al hidrogel depen de la quantitat
d'acid acrilic empleat, que ofereix una manera de controlar la densitat de lligant
al hidrogel, independentment de les propietats mecaniques. Tenint en compte
I'espectre de rigidesa del epiteli intestinal, es van aconseguir hydrogels
microestructurats que mostraven propietats mecaniques en aquets rang.

Els hidrogels microestructurats i funcionlaitzats per tal d’'imitar les vellositats,
han demostrat ser adequats per al creixement cel-lular. En primer lloc, I'adhesi6
cel-lular en els hidrogels es va assajar mitjangant el cultiu de fibroblasts, que van
cobrir les microestructures en 7 dies. A continuacio, es van utilitzar cel-lules
epitelials MDCK per determinar la idoneitat dels hidrogels microestructurats en
desenvolupar monocapes epitelials. Finalment, hem utilitzat cel-lules epitelials
del tipus Caco-2 (ampliament utilitzades en els models de la barrera intestinal)
per validar la funcionalitat del nostre sistema com a model in vitro de I'epiteli
intestinal. Les cél-lules Caco-2 van ser sembrades en els hidrogels
microestructurats que imiten les vellositats, i es van mantenir en cultiu durant 21
dies. Els nostres resultats mostren que les cél-lules Caco-2 van ser capaces
d'adherir-s’hi i dividir-se, a més van formar una monocapa epitelial de cél-lules
polaritzades seguint la linia de les microestructures, d’'una manera similar a les
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vellositats. Aquest resultats es van demostrar per l'expressié de marcadors
epitelials a la part apical de les cel-lules i la forma, posicié i l'orientacié dels nuclis
cel-lulars. En comparacié amb els cultius tradicionals en membranes 2D, les
monocapes de cél-lules Caco-2 crescudes sobre els hidrogels microestructurats
van mostrar signes d’'una millor polaritzacié cel-lular, semblants a les cél-lules
epitelials de I'intesti.
També hem estat capacos de transferir amb éxit aquesta plataforma, els hidrogels
microestructurats, sobre les de membranes poroses de policarbonat dels
Transwell®. Amb aquesta tecnologia, actualment estem treballant en la
realitzacié d'assajos de permeabilitat paracel-lular i transcel-lular per avaluar
I'acompliment del nostre sistema en comparacié amb l'estandard de monocapes
epitelials de Caco-2. D’altra banda, hem avaluat la resisténcia electrica
transepithelial (TEER) de les monocapes crescudes sobre els hidrogels
microestructurats, i els nostres resultats de les mesures de TEER han confirmat
la formacio6 de barreres de cél-lules epitelials funcionals, amb valors de TEER més
propers a la situacié in vivo que els mesurats per monocapes convencionals,
evidenciant aixi els resultats prometedors de la plataforma per ser aplicada en el
camp de 'absorci6 del farmacs, la toxicitat i el modelatge de malalties

Els nostres resultats son compatibles amb la hipotesi que la geometria de
les vellositats millora la fisiologia cel-lular i, per tant, la funci6é de barrera. En
aquest punt, es requereixen més esforcos per dissenyar un conjunt robust i
compatible amb els models estandard (Transwell®) per realitzar mesuraments
sistematics de la permeabilitat i el transport.
A causa de la simplicitat i la versatilitat del métode de fabricacié dissenyat, els
hidrogels microestructurats fets PEGDA i acid acrilic poden tenir aplicacions
incomptables. El métode es pot utilitzar per dissenyar models més complexos de
mucosa intestinal, mitjangant la incorporacié d'altres tipus de cél-lules com ara
les cel-lules caliciformes, cél-lules mare intestinals, cél-lules immunes i fins i tot
bacteris comensals o patogens. A més, a causa de la plasticitat proa I'hora de
modificar les propietats d’aquesta material, la metodologia es pot estendre a
altres teixits epitelials que presenten arquitectures 3D rellevants per la seva
funcionalitat, com ara la cornia, I'esofag o la pell.
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Protein patterning on hydrogels by direct microcontact printing:
application to cardiac differentiation
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An extended microcontact printing technique to chemically pattern
hydrogels is reported. The procedure employs standard polydimethylsiloxane
stamps and requires minor pre-processing of the hydrogels by freeze-drying.
Micropatterned Matrigel™ and gelatin hydrogels induce NIH-3T3 cell alignment
and elongation. Furthermore, human embryonic stem cells cultured on
fibronectin-patterned hydrogels display beating foci earlier than those cultured
on non-patterned substrates
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Mesopattern of immobilised bone morphogenetic protein-2 created by
microcontact printing and dip-pen nanolithography influence C2C12 cell
fate
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Dip-pen nanolithography and microcontact printing were used to
fabricate mesopatterned substrates for cell differentiation experiments. A biotin-
thiol was patterned on gold substrates and subsequently functionalised with
streptavidin and biotinylated bone morphogenetic protein-2 (BMP-2). The
feasibility of mesopatterned substrates containing immobilised BMP-2 was
proven by obtaining similar differentiation outcomes compared to the growth
factor in solution. Therefore, these substrates might be suitable for replacing
conventional experiments with BMP-2 in solution.
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Large-scale dendrimer-based uneven nanopatterns for the study of local
arginine-glycine-aspartic acid (RGD) density effects on cell adhesion
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Cell adhesion processes are governed by the nanoscale arrangement of
the extracellular matrix (ECM), being more affected by local rather than global
concentrations of cell adhesive ligands. In many cell-based studies, grafting of
dendrimers on surfaces has shown the benefits of the local increase in
concentration provided by the dendritic configuration, although the lack of any
reported surface characterization has limited any direct correlation between
dendrimer disposition and cell response. In order to establish a proper
correlation, some control over dendrimer surface deposition is desirable. Here,
dendrimer nanopatterning has been employed to address arginine-glycine-
aspartic acid (RGD) density effects on cell adhesion. Nanopatterned surfaces were
fully characterized by atomic force microscopy (AFM), scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy (XPS), showing that
tunable distributions of cell adhesive ligands on the surface are obtained as a
function of the initial dendrimer bulk concentration. Cell experiments showed a
clear correlation with dendrimer surface layout: Substrates presenting regions of
high local ligand density resulted in a higher percentage of adhered cells and a
higher degree of maturation of focal adhesions (FAs). Therefore, dendrimer
nanopatterning is presented as a suitable and controlled approach to address the
effect of local ligand density on cell response. Moreover, due to the easy
modification of dendrimer peripheral groups, dendrimer nanopatterning can be
further extended to other ECM ligands having density effects on cells
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An extended microcontact printing technique to chemically pattern
hydrogels is reported. The procedure employs standard polydimeth-
ylsiloxane stamps and requires minor pre-processing of the hydrogels
by freeze-drying. Micropatterned Matrigel™ and gelatin hydrogels
induce NIH-3T3 cell alignment and elongation. Furthermore, human
embryonic stem cells cultured on fibronectin-patterned hydrogels
display beating foci earlier than those cultured on non-patterned
substrates.

Hydrogels are networked materials with high water content,
which allows easy diffusion of soluble factors and oxygen. Due
to their biocompatibility and swelling properties, hydrogels
are widely used for mammalian cell cultures. Because of their
mechanical and chemical properties, hydrogels mimic extra-
cellular matrix architecture and have become trendy materials
to resemble soft tissues.'” Protein patterning of biocompat-
ible surfaces, like hydrogels, plays an important role
mimicking chemical heterogeneity of native tissues where
cells collectively arrange in complex functional structures.*”
In particular, cardiac microenvironment has been replicated
through fibronectin patterns to obtain more realistic cardiac
cell cultures.***
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Protein patterning has been extensively applied to stiff
substrates; however the patterning of soft, sticky materials such
as hydrogels is not straightforward. Several works have been
published reporting successful chemical patterning of hydro-
gels. Most of them rely on complex techniques such as jet
printing,"* microfluidics,"** and photo-immobilization strate-
gies'™" to generate micropatterns of biomolecules on hydro-
gels. Microcontact printing and related techniques are the most
widely used to create molecular patterns onto surfaces because
of their high versatility, easy procedure and low cost.' However,
these straightforward methods could exhibit an inefficient
application on very soft or tacky substrates such as hydrogels."”
Attempts to expand microcontact printing to hydrogels are
based on the use of agarose hydrogel stamps,***' the use of
intermediate poly(vinyl alcohol) layers," require sequential
steps on glass slides,* require substantial chemical modifica-
tion of the hydrogels,*?** or need complex combination with
stereolithography methods.*

Herein we present a simple and versatile method to create
protein micropatterns on soft hydrogels by direct microcontact
printing without the need of hydrogel chemical modifications,
intermediate layers, or multiple steps. As in the conventional
method, we keep on using polydimethylsiloxane (PDMS) stamps.
To make hydrogels able to withstand the stamping procedure
and to avoid sticking or slip effects, hydrogels are freeze-dried
prior to the printing procedure. To prove the success of this
expanded technique we choose to print protein features onto
Matrigel™ and gelatin substrates, which are hydrogels
commonly used in stem cell culture.***” We achieved the protein
printing on these hydrogels, the micropatterns remained after
reconstitution and during cell culture, and they successfully
guided cellular alignment. The applicability of the extended
microcontact printing approach has been validated in promoting
cardiac differentiation. In a preliminary study, human embryonic
stem cells have been seeded on fibronectin micropatterned
hydrogels until beating foci were observed. Micropatterned
substrates displayed promising results, as beating foci were
observed earlier than on nonpatterned substrates.

This journal is © The Royal Society of Chemistry 2014
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For the microcontact printing process, the hydrogels were
freeze-dried (Fig. 1). First, Matrigel™ (at dilutions ranging
from 1/40 to 1/10 v/v in DMEM) and gelatin (at dilutions
ranging from 0.05% to 0.5% w/v in Milli-Q water) were poured
on piranha-activated glass slides. After gelation (2 h at 37 °C),
the excess of solution was removed and samples were rinsed
with Milli-Q water to avoid the presence of salts. Subsequently,
samples were freeze-dried by immersion in liquid nitrogen
and vacuum dried for 24 hours at —50 °C and 0.06 mbar of
pressure.

After checking the hydrogel surface by scanning electron
microscopy (SEM), those dilutions leading to homogeneous
distribution of the material on the surface were selected (Fig. S1
in the ESIF). They correspond to 0.1 w/v for gelatin and 1/40 v/v
for Matrigel™. To ensure that cell-adhesive properties of the
hydrogels were not modified by the freeze-drying process,
substrates were reconstituted and NIH-3T3 cells were cultured.
After 4 hours of culture, NIH-3T3 cells preserved the typical
fibroblast morphology and no significant differences in cell
adhesion percentages were found between the freeze-dried and
the control hydrogels (Fig. S4 in the ESIT).

Microcontact printing process was then carried out on
freeze-dried hydrogels (Fig. 2). PDMS stamps featuring lines of
several width and pitch combinations, from 2 pm to 20 um,
were employed to pattern streptavidin, laminin, and fibronectin
proteins (Fig. S2 in the ESIf). No chemical modification of the
hydrogel surface was performed; the proteins were immobilized
by physical adsorption. The success of the printing procedure
(uniformity, reproducibility and stability) was checked by fluo-
rescence microscopy before reconstitution and 24 hours after
the addition of 10 mM PBS buffer (Fig. 2). Dehydration is
accompanied by an increase in stiffness of hydrogel-like mate-
rials such as collagen fibrils, which ensures the successful
transfer of the pattern.?***

It was observed that the procedure did not alter the pattern
dimensions when the hydrogels were reconstituted. Protein
patterning was observed on the surface and showed limited
diffusion within a region ~8 pum thick into the bulk of the
hydrogels (Fig. S3 in the ESIf). Once the printing was

Gelation

Freeze -drying

Reconstitution and cell culture

Patterning

Fig. 1 Schematics of hydrogel micropatterning process. (a) After the
gelation process, the hydrogels were freeze-dried (b) to enable the
application of the microcontact printing technique (c). Then, the
hydrogel were reconstituted (d) and cells were cultured.
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Fig. 2 Fluorescence microscopy images of hydrogels patterned with
streptavidin Texas Red® conjugate. 5 um wide lines printed on freeze-
dried Matrigel (a) before and (b) after reconstitution. (Scale bar: 30 pm.)
20 pm wide lines printed on freeze-dried gelatin (c) before and (d) after
reconstitution. (Scale bar: 60 um.) (e) Fluorescence intensity profile
corresponding to dash line of (d), showing the uniformity of the
printing

accomplished, fibronectin lines of 20 um in width were printed
onto freeze-dried Matrigel™ and gelatin hydrogels. Such size
was selected in accordance to the results found in literature
demonstrating successful cell alignment.**** Thereafter, NIH-
3T3 cells were seeded at a cell density of 10" cells per cm” under
serum starvation conditions to highlight the effects of the
micropattern. Unlike most of the works within this field, we
have not passivated the non-patterned regions of the micro-
patterned surfaces, so cells were able to adhere freely to all over
the sample surface in a way that mimics better the in vivo
situation. After 4 hours of culture, both gelatin and Matrigel™
hydrogels showed significant alignment of NIH-3T3 cells on the
patterned regions with respect to non-patterned substrates,
used as controls (Fig. 3 and S5 in the ESIT). In particular, on
patterned gelatin more than 60% of cells showed actin fibers
and nuclei aligned with the pattern direction within an angle of
30°, while on patterned Matrigel ™ the percentage increased up
to 70% (Fig. 3d and S5d in the ESIt). Moreover, cells were
elongated because of the pattern effects (Fig. 3e).

Once pattern effects on cell guidance were demonstrated on
NIH-3T3 cells, the applicability of the technique was further
extended to cardiac differentiation studies. For this purpose,
disaggregated human embryonic stem cells (hESC) were seeded
on fibronectin patterned hydrogels and non-patterned hydro-
gels, and their differentiation toward cardiac lineage cells was
monitored for 30 days. During this differentiation assay, hESC
cultured on micropatterned hydrogels displayed cell alignment

RSC Adv., 2014, 4, 29120-29123 | 29121
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Fig. 3 Cell alignment on micropatterned gelatin and application in
cardiac differentiation. Fluorescence microscopy pictures of NIH-3T3
mouse embryonic fibroblasts cultured on (a) non-patterned and (c)
patterned gelatin (fibronectin lines 20 um in width) hydrogels after 4
hours of culture. Cell nuclei are stained in blue, actin cytoskeleton in
green and fibronectin in red. Scale bar: 100 pm. Normalized histo-
grams (bin = 10°) depicting the distribution of the angles between cell
cytoskeleton fibers (in green) and cell nuclei (in blue) with the pattern
direction on (b) non-patterned (d) and patterned gelatin hydrogels
Human embryonic stem cells (hESCs) cultured on micropatterned
gelatin with cardiac differentiation medium. (e} Elongated hESC cells
following the pattern direction after 24 hours. Scale bar: 125 pm. (f)
Beating colony from hESC on patterned gelatin at day 30, expressing
GATA4 (stained in blue) and ASA (stained in red) cardiac markers. Scale
bar: 200 um. (g) Plot of the number of beating foci as a function of the
culture time on patterned (red) and non-patterned (black] gelatin
substrates (mean £ SEM).

at early culture stages (24 h) (Fig. 3e), expressed cardiac markers
(GATA4 and alpha sarcomeric actin (ASA))(Fig. 3f), and beating
foci (Video 1 in the ESIT) appeared at earlier time points than
non-patterned substrates (day 18 versus day 30) (Fig. 3f and g).
Through these results we demonstrate the beneficial effects of
the anisotropy introduced on the substrate by the micropattern
on the cardiac differentiation process.

One of the major advantages of human embryonic stem
cells (hESCs) arises in their dual ability to self-renew and
differentiate into all the cell types of the body. While differ-
entiation of hESCs into cardiomyocytes has been well reported
the process remains still inefficient.*** So far intense research
has been documented in the use of specific media culture
combinations™* or the use of specific cardiac-related genes*
promoting cardiac differentiation. Hydrogels have been
previously reported as potential candidates for hESCs differ-
entiation towards cardiomyocytes due to their tunable
composition and physical properties.* In that regard, we
believe that the development of hydrogel-based strategies
favoring cardiac differentiation will represent a major finding
in the field of pluripotent stem cells differentiation and
regenerative medicine. Because of its versatility, compatibility
with standard cell culture methodology and minor modifica-
tion of the hydrogel surface, we believe our patterning strategy
to be advantageous for such applications.

29122 | RSC Adv, 2014, 4, 29120-29123
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Conclusions

In conclusion, we have developed a simple, straightforward
procedure to create protein micropatterns applicable to hydro-
gels, This procedure employs the robust, well-proven micro-
contact printing technique with PDMS stamps and requires
minor pre-processing of the hydrogels by freeze-drying.
Matrigel™ and gelatin hydrogels have been successfully
micropatterned using this methodology. We found that NIH-
3T3 cells adhere well on patterned hydrogels, and aligned and
elongated following the patterns. Moreover, in a preliminar
study, we obtained hESC-derived cardiac lineage cells at earlier
time points on patterned hydrogels than on non-patterned
hydrogels. The described extended microcontact printing
technique will be useful in cell culture platforms such as stem
cells, where the use Matrigel ™ or gelatin hydrogels is required.
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Dip-pen nanolithography and microcontact printing were used to
fabricate mesopatterned substrates for cell differentiation experi-
ments. A biotin—thiol was patterned on gold substrates and subse-
quently functionalised with streptavidin and biotinylated bone
morphogenetic protein-2 (BMP-2). The feasibility of mesopatterned
substrates containing immobilised BMP-2 was proven by obtaining
similar differentiation outcomes compared to the growth factor in
solution. Therefore, these substrates might be suitable for replacing
conventional experiments with BMP-2 in solution.

Introduction

Chemical surface modifications for cell adhesion, migration
and differentiation experiments have been extensively
described for both the microscale (from 20 pm upwards) and
the nanoscale (from 500 nm downwards). By definition,"?
micropatterning or “cell patterning” is used to place cells in a
certain manner on the substrate or dictate their shape, which,
in turn, has been shown to highly influence cell fate (see the
review of M. Théry for a detailed summary*). On the other hand,
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Mesopattern of immobilised bone morphogenetic
protein-2 created by microcontact printing and
dip-pen nanolithography influence C2C12 cell fate}
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F. Albericio,® H. Fuchs,™ J. Samitier®*® and E. Martinez**“?

nanopatterns are usually applied for controlling cell-substrate
interactions and are known to influence cell adhesion,* prolif-
eration and differentiation.” Nevertheless, few examples so far
are located in the “gap” between micro- and nanoscale features.
Graham and co-workers denominated patterns with features
smaller than 10 pm mesopatterns to clearly distinguish them
from conventional micropatterns.® On these mesopatterns cells
are able to spread across various features and overcome
possible pattern restrictions.”® This characteristic allows for
tuning and controlling the concentration and spatial arrange-
ment of an immobilised molecule.” Protein patterns with
features between 1 and 10 um are easily obtained by micro-
contact printing (uCP), even though inefficient molecule
transfer can be a drawback.” For patterning with uCP, a silicon
master is fabricated via photolithography and subsequently
used to produce a PDMS stamp. The molecule transfer occurs by
placing an inked stamp in contact with a surface. A very inter-
esting alternative for the fabrication of protein mesopattern is
the nanofabrication technique dip-pen nanolithography
(DPN),** which allows direct and controlled deposition of
biomolecules. DPN is an AFM-based direct-writing technique
where a sharp cantilever is used to deposit molecules via a water
meniscus or as ink droplets. In contrast to pCP, DPN is a
maskless technique and time and cost expensive fabrication of
masters is not necessary, thus providing easy flexibility in
pattern design. DPN furthermore permits multiplexing, i.e.
writing with different inks at the same time."* To our knowl-
edge, mesopatterns have to date been used exclusively for
studying cell adhesion, migration and guidance, mostly by
immobilising extra cellular matrix (ECM) proteins or their
components.”"” Other biologically relevant molecules, like
growth factors, have not yet been applied to mesopatterns.
Influencing cellular growth, proliferation and differentiation,
growth factors are known to not only have dose-dependent
effects on cells, but also their distribution and spatial organi-
sation are crucial. Therefore, cell differentiation experiments
call for enhanced control over distribution and local density of
the respective factor. For example, bone morphogenetic
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Biotin-SH on gold

Streptavidin (SAV)
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Fig. 1 Schematic representation of the functionalisation steps for the gold substrates: biotin—thiol, streptavidin and bone morphogenetic

protein-2 (BMP-2).

protein-2 (BMP-2) is known to have a dose-dependent effect.
Surface immobilisation is thought to have advantages over
presenting a growth factor in solution. Immobilised BMP-2 can
in principle bind their receptors on the cell surface without
being internalised, thus extending the signalling time."* Pohl
et al. mention as advantages targeted presentation and control
over the local density of a factor." Furthermore, the loss of the
signalling molecule due to diffusion in the culture medium can
be avoided, which leads to its sustained influence.'® Our group
has successfully applied a sandwich complex, for the covalent
immobilisation of BMP-2 on substrates, most importantly
maintaining its biological activity.'”"

In this communication, we present the proof of concept that
mesopatterns are suitable for cell differentiation experiments.
For the fabrication of the mesopatterns, DPN was emploved as
well as nCP, which served as a reference patterning technique.
Both techniques were used to deposit a biotin-thiol molecule."
Gold substrates with a homogeneous layer of biotin-thiol were
used as control. Further derivatisation with streptavidin and
lastly biotinylated bone morphogenetic protein-2 (BMP-2)
ensured that BMP-2 was anchored in a stable and directional
manner on the substrate (see Fig. 1). The response of myoblastic
C2C12 cells to the immobilised BMP-2 was analysed and
quantified by staining for the early differentiation marker
osterix.

Results and discussion

Deposition of biotin-thiol via nCP was straight-forward: the
elastomeric stamp with round features of 5 um in diameter was
incubated in a solution of biotin-thiol in ethanol. The biotin-
thiol was transferred onto the gold by placing the stamp in
contact with the surface. The remaining free space between the
pattern was passivated against unspecific cell adhesion with
polyethylene-glycol. For deposition of biotin-thiol via DPN, a
carrier molecule was used, namely 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). This strategy was chosen because the
deposition rate of biotin-thiol without a carrier molecule was
very slow (see Fig. S27).”" By using DOPC as a carrier, dwell times
of 0.2 s could be obtained (compared to around 60 s without the
use of DOPC). As stated by Derda et al.,*' substrates suitable for
cell experiments have to have a patterned area of minimum 0.25
mm?. Due to the vast reduction in needed dwell time by uti-
lising the carrier ink DOPC instead of pure biotin-thiol (0.2 s
instead of 60 s), patterning on this area size scale became
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feasible, with typical writing times of 30-40 min per sample of
2.36 mm?>. After allowing the biotin-thiol to bind to the gold, the
carrier lipid was washed away. Though DPN, in contrast to pCP,
can pattern only comparably small areas in one writing step,
patterning of sufficiently large areas for cell culture experiments
can be achieved by using cantilever arrays and an adequate
writing strategy. The fabrication process, reaching a homoge-
neous mesopattern over a large area, is given in Fig. $3-56.1
Fig. S71 shows the darkfield microscopy image of an optimised
mesopattern of DOPC containing biotin-thiol on gold, with a
total pattern area of 2.36 mm”. The homogeneity of the pattern
is satisfying, because all dots have similar diameters with a
narrow distribution. The mean dot size was determined to be
4.01 + 0.90 um in diameter.

An overview over all the substrates used for cell experiments
can be found in Table 1. Experiments with BMP-2 in solution
have been carried out in a representative experiment.™

After immobilising biotin-thiol on the substrates, they were
incubated with streptavidin, leading to a transformation of the
biotin pattern into a streptavidin pattern. Subsequently, half of
the substrates were functionalised with biotinylated BMP-2
binding to the streptavidin features, while the other half,
without BMP-2, served as negative control. For cell differentia-
tion experiments, C2C12 myoblastic cells were seeded on the
substrates, BMP-2 is known to play a very important role in the
C2C12 cell fate: in the presence of BMP-2 they will differentiate
towards osteoblasts.” Without BMP-2, they will stay in the
myoblastic lineage. Quantification of osteogenic differentiation
was performed as described below (see Fig. 7): cells with a
“hollow”, i.e. black nucleus have not started to differentiate
towards osteoblast lineage cells. Cells which are homoge-
neously stained or have a pronounced green nucleus have
started to differentiate towards osteoblasts. Fig. 2 shows a
representative fluorescence image of C2C12 cells on a substrate
prepared by pCP with (+) and without (—) BMP-2. The solid
white arrows indicate cells which have started to differentiate

Table 1 Pattern parameters for all substrates

Homogeneous uce DPN
Method Immersion Microcontact Dip-pen
printing nanolithography
Feature size Monolayer 5 pm round 4 um dots
Spacing = 5 pum 22 pm
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Fig.2 Fluorescence microscopy images of C2C12 myoblastic cells on
microcontact printed substrates with BMP-2 (+) and without BMP-2
(=). (Dashed) white arrows indicate cells which have (not) differenti-
ated towards the osteoblastic regime. The scale bars equal 50 um

towards osteoblast lineage cells. The dashed white arrows
indicate cells which are not in the osteoblastic regime. As
expected, more cells have differentiated towards osteoblast
lineage cells on the BMP-2 containing substrates.

For the substrates without BMP-2 (—), less cells adhered to
the substrate. This might be explained by the fact that strepta-
vidin slows down cell adhesion, acting as an anti-adhesive
matrix towards both proteins and cells: cell adhesion was
found to be initiated after 18 h.* Since staining for osterix was
performed after 24 h, the cells had only little time to adhere and
spread. This was also observed for cells on the other substrates
without BMP-2 (DPN and homogeneous). Fig. 3 shows the
fluorescence images of C2C12 cells on substrates fabricated
with DPN. The substrate containing BMP-2 (+) clearly shows
that all cells in the image have osterix located inside the
nucleus, whereas the substrate without BMP-2 () shows only
empty nuclei. Nevertheless, the efficiency of the DPN substrates
did not reach 100%: apart from differentiated cells, there were
also many cells with an empty nucleus, even though located on
top of the BMP-2 pattern (data not shown).

On the basis of evaluated images for all substrates, the
percentage of differentiated cells was calculated and is repre-
sented in Fig. 4. Significant differences were obtained between
respective substrates with/without BMP-2. Precise values for the
percentage of cell differentiation towards osteoblast lineage

Fig.3 Fluorescence microscopy images of C2C12 myochblastic cells on
substrates fabricated by dip-pen nanolithography, with BMP-2 (+) and
without BMP-2 (—). The scale bars equal 50 pm

Negative: Positive:
eytosol Cytasol + Nucleus I Hodleus
*
—
* [
100%
5 W -
Foeow [ F
B 0%
8
% 60% T
8 so%
2 a0% 5
g 0%
£
8 20%
5 =z
£ 0%
0% s e mln - - e
Homo PGP DPN Home pCP  DPN
BMP-2(+) Substrates  BMP-2 (1)

Fig.4 Graph representing the percentage of the fluorescently marked
protein osterix (OSX] localised in the cytosol (light grey), cytosol and
nucleus (grey) and mostly in the nucleus (dark grey). The left side
shows the substrates with BMP-2, the right side the substrates without
BMP-2. At least 80 cells were evaluated per substrate and all substrates
were prepared triplicate. For statistical purposes ANOVA was per-
formed with a value of @ = 0.05
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cells are given in Table 2. For comparison, when working with
BMP-2 in solution, the reported percentages are around 90%.*'

The obtained values for the percentage of differentiated cells
can all be attributed to the differences in BMP-2 surface density.
The values for the respective BMP-2 surface density were esti-
mated (see Experimental section below) and are presented in
Table 2. Overall density refers to the amount of BMP-2 mole-
cules on the whole substrate; local density refers to the density
of BMP-2 molecules in one pattern feature, i.e. per round feature
or per dot (for detailed definition see Fig. 6 below). For
“homogeneous” (therefore featureless) substrates, both densi-
ties are the same, because, in contrast to the spatially confined
localisation of BMP-2 on the patterned substrates, the homo-
geneous substrates are assumed to have a random BMP-2
distribution.

The lower percentage of cell differentiation found for DPN
substrates in comparison to CP substrates might be attributed
to the different overall BMP-2 density, since the local density in
one “pattern feature (round or dot)” of the array and the feature
size are comparable. The only difference is the spacing between
the features, leading to a smaller overall density and a decrease
of the cell surface area stimulated by the BMP-2. Also, it has

Table 2 Percentage of differentiated C2C12 myoblastic cells towards
osteoblast lineage cells in comparison to the values of BMP-2 surface
coverage and density for the three substrates used in cell culture
experiments: dip-pen nanolithography (DPN), microcontact printing
(1CP) and without pattern feature (homogeneous)

Substrate (+BMP-2) Homogeneous pCP DPN

Percentage of differentiated cells (%) 82 + 3 91+1 613

Overall surface coverage BMP-2 35.5% 28.3% 2.6%
Overall BMP-2 density (pmol cm ) 4.44 3.53 0.33
Local surface coverage BMP-2 35.5% 100%  100%
Local BMP-2 density (amol pm ?) 0.04 0.13 0.13

[ pifferentiation percentage < 100 %
[l Differentiation percentage = 100 %

100

Frequency
v
=)

25

uce  OPN
Substrate

Fig. 5 Frequency analysis for the values of cell differentiation,
comparing the microcontact printed substrates (uCP) to the ones
prepared with dip-pen nanolithography (DPN).
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been shown in our group that by applying a BMP-2 surface
concentration gradient, differences in cell differentiation are
obtained. Differentiation values higher than 80% are obtained
for overall BMP-2 surface concentrations of =2 pmol cm 2
being in accordance with the values reported here.

The lower percentage for cell differentiation on the homo-
geneous substrates (~82%) when compared to the pCP
substrates (~91%) can most likely be attributed to the differ-
ences in local BMP-2 density. When administered in solution, it
has been reported that the concentration of BMP-2 has an effect
on the cell differentiation outcome.” When immobilised on
surfaces, BMP-2 surface density is also known to play an
important role in stem cell differentiation.”> BMP-2 receptors
naturally exist in the cell membrane in multiple forms of pre-
assembled oligomers and monomers.** BMP-2 surface immo-
bilisation can lead to regions with high ligand local densities
(like in the microcontact printed spots), which can improve
dramatically the occupancy of BMP-2 receptors. Furthermore,
surface immobilisation restricts BMP-2 diffusion and avoids its
complete detachment from the receptor.*” Interaction of BMP-2
with a single receptor, in turn, can lead to receptor oligomer-
isation® and thus increase the overall signalling. The
percentage of cell differentiation for the microcontact printed
substrates corresponds to what has been found for cell differ-
entiation in solution (90%), leading to the conclusion that this
type of substrates could replace cell experiments with BMP-2 in
solution.

To further evaluate the differences among the values of cell
differentiation for all substrates containing BMP-2, a frequency
analysis was performed. The best result was obtained for DPN
prepared substrates (see Fig. 5).

All cells identified as positive for differentiation are
completely differentiated, being reflected in the cells having a
green nucleus (as shown in the images of Fig. 5). This result may
be related with a better performance of the DPN technique in
terms of pattern homogeneity when compared to pCP.!

Conclusions

In conclusion, we have shown that mesopatterned substrates
are suitable for cell differentiation experiments. uCP is a fast
and reproducible patterning method for a total pattern area of
around 1 em®. These substrates are suitable to replace
conventional experiments with BMP-2 in solution. On the other
hand, DPN allows the facile and flexible variation of the pattern
spacing, because it is a maskless technique. Even though cell
differentiation for the substrates fabricated with DPN is not as
high as reported for BMP-2 in solution, this approach is very
promising and has a lot of potential as flexible platform for this
kind of cell response studies. While patterns can be changed on
the go without the need of fabricating new masters, the main
argument often brought forward against using DPN for large
area cell studies is the intrinsic limited area throughput.
However, the presented study shows that adequate area sizes
can be produced with reasonable expenditure of time thanks to
the reduced dwell times enabled by the use of carrier inks.
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Experimental
Estimating the BMP-2 surface density

The estimations started from the underlying biotin-thiol layer.
It was assumed that both, the homogeneous (homo) and the
microcontact printed (WCP) substrates have a monolayer of
biotin-thiol. For the substrates fabricated with dip-pen nano-
lithography (DPN), prior calculations had to be done; in order to
estimate the approximate quantity of deposited DOPC and
biotin-thiol, the mean dot size for the arrays was determined as
4.01 + 0.90 pm (mean dot area 53.20 = 23.89 um?; determined
from 100 random dots in the array). Furthermore, a recently
published work determined the mass transfer of DOPC doing
dip-pen nanolithography.*” Following these calculations, we
take into account that dot areas >65 pm” have a mass transfer of
1.59 + 0.10 pg ink per dot and dot areas <65 pm” have a mass
transfer of 0.08 + 0.02 pg ink per dot, since the dots are bigger at
the beginning of the array and get smaller during patterning
because of ink loss (for the calculated dots, 72% are bigger than
65 um* and 28% smaller). The estimated number of molecules
is therefore 2.48 x 10° (for bigger dots) and 1.25 x 107 (for
smaller dots). Thus it can be deduced that for bigger dots 411.82
amol of biotin-thiol are deposited and for smaller dots 20.72
amol. These values are only estimated since the humidity
during deposition varied and ranged from 35% to 55% and was
therefore not tixed as for the work of Fuchs and co-workers.

Further combination of the obtained values for number of
molecules deposited and dot areas obtained from the images
leads to the estimation of biotin-thiol molecules per surface
area: around 2.5 x 10° molecules per um” for all dots, which
corresponds to 4.1 amol um  * biotin-thiol (in more detail: 3.1
% 10 molecules per um* for small droplets and 2.7 x 10°
molecules per um” for big droplets).

In order to be able to calculate if a monolayer of biotin-thiol
was formed in the spots, the stearic acid molecule was chosen
as approach. This comparison is based on the structural simi-
larity which both molecules present due to their aliphatic chain
and they should very likely arrange themselves in a similar way.
If we estimate that one molecule of stearic acid (M = 284 g
mol ') occupies 21 A* (taken from ref. 30) we can calculate that
there is a density of 4.76 x 10° molecules pm™* for the stearic
acid. For the biotin-thiol, the values for large droplets corre-
spond to a closed monolayer whereas the values for the smaller
droplets correspond to a spaced-out monolayer.

Assuming furthermore, that even if there was no complete
monolayer (substrates DPN), the size of the protein streptavidin
(4.5 x 4.5 x 5.3 nm’)* will be able to overcome possible “holes”
in the monolayer. Since a sufficient amount of streptavidin was
provided during incubation, the calculated values are based on
a monolayer of streptavidin for all substrates.

We hypothesise that each molecule of streptavidin will bind
1 molecule of BMP-2 since their dimensions are very similar
(BMP-2 (ref. 32): 7 x 3.5 x 2.5 nm®). Therefore, the density of
BMP-2 depends only on the amount of BMP-2 provided during
incubation. The local values indicate the density of BMP-2 on
the pattern features. Since the homogeneous substrate does not
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have any areas where BMP-2 could not bind and a random but
homogeneous distribution is assumed for the whole surface,
the local and the overall densities are the same. The patterned
substrates, on the other hand, exhibit regions without strepta-
vidin (the passivated areas), where BMP-2 cannot bind. There-
fore, the overall area for BMP-2 attachment is smaller. This area
was calculated taking into account the pattern parameters and
is reflected in the overall surface coverage of BMP-2. The
resulting values for the overall density of BMP-2 show a decrease
in the density from the substrates homo to pCP to DPN. An
interesting point to highlight here is that the assembly of BMP-2
on the substrates homo is random, whereas on the substrates
uCP and DPN, the assembly is guided by the pattern features
and most accurately localised.

The terms local and overall density are also depicted in
Fig. 6, whereas local density is indicated in red, referring to the
density of BMP-2 molecules in 1 pattern feature (round or dot).
Overall density refers to the amount of BMP-2 on the whole
substrate. Since the homogeneous substrates (homo) don't have
pattern features and the BMP-2 distribution is random, both
densities are the same.

Homo [T DPN

L AL B R L] L
oo oo

C I BB N RN L] L
[ ]

[ ]

Fig. 6 Schematic figure representing the BMP-2 densities of the
substrates homo, nCP and DPN. The red color indicates the local
density of BMP-2.

Osterix as early differentiation marker

Quantification of osteogenic differentiation was performed by
staining for a so called “early differentiation” marker. It has
been reported that osterix (0SX) is induced rapidly in C2C12
cells by BMP-2 during the first 24 h of administration,* making
it an ideal candidate for fast assessment of cell differentiation.
The quantification of OSX positive cells (i.e. cells starting to
have differentiated towards osteoblasts) was based on the
criteria defined by the group of Polak who reported that OSX
was activated and translocated from the cell cytosol into the
nucleus during preosteoblast stages of osteoblastic lineage
differentiation.* Therefore, all cells with a void nucleus are
counted as negative and all cells with a homogeneous colouring
or a pronounced green nucleus are counted as positive for
differentiation towards the osteoblastic regime (see Fig. 7).

Frequency analysis

A frequency analysis is based on the individual analysed images
(at least 18 images per sample) and their respective differenti-
ation rates. This means that each of the images taken into
account are evaluated for their respective differentiation

RSC Adv, 2014, 4, 56809-56815 | 56813
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Fig. 7 Qsterix staining of C2C12 myoblastic cells. The cell on the left
side (A) shows an empty nucleus and is considered negative for
differentiation. On the other hand, the cells on the right side are
positive for differentiation because they are homogeneously green (B}
or have a brighter green nucleus (C). The scale bars equal 25 ym

percentages and, in the case of 100% differentiation, classified
as yes (100%) or no (<100%).
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ABSTRACT

Cell adhesion process is governed by the nanoscale arrangement of the extracellular matrix (ECM), being more
affected from local than from global concentration of cell adhesive ligands. Dendrimers grafted on surfaces
showed the benefits of the local increase in concentration provided by the dendritic configuration, in many
cell-based studies; although the lack of any surface characterization has limited a direct correlation with
dendrimer disposition and cell response. In order to establish a proper correlation, some control in dendrimer
surface deposition is desirable. llere, dendrimer nanopatterning is applied to address arginine-glycine-aspartic
acid (RGD) density effects on cell adhesion. Nanopatterned surfaces were fully characterized by atomic force
microscopy (AFM), scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS),
showing that tunable distributions of cell-adhesive ligands on the surface are obtained as a function of the
initial dendrimer bulk concentration. Cell experiments showed a clear correlation with dendrimer surface
layout: substrates presenting regions of high local ligand density resulted in a higher percentage of adhered
cells and a higher degree of maturation of focal adhesions (FAs). Therefore, dendrimer nanopatterning is
presented as a suitable and controlled approach to address the effect of local ligand density in cell response.
Morcover, due to the casy modification of dendrimer peripheral groups, dendrimer nanopatterning can be
further extended to other ECM ligands with density effects on cells.
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Introduction

For an adherent cell exposed to a surface, the early
steps of cell-surface interaction are mediated mainly
by integrins [1,2]. These molecules are heterodimeric
transmembrane proteins that recognize and become
activated by certain aminoacid sequences present in
the extracellular matrix (ECM) proteins. Upon
integrin activation, cytoplasmic protein recruitment
leads to the formation of transient focal complexes at
the cell periphery. These complexes can disassemble
or eventually evolve into mature focal adhesions
(FAs) that link to the cytoskeleton and mediate
strong adhesion to the substrate [3]. Like many cell
membrane receptors that aggregate into clusters to
produce sustained signaling effects [4], integrin
clustering is required for transient focal complexes to
grow into mature FAs. The clustering of integrins
and thus cell adhesion is governed mainly by the
physiological arrangement of the ECM [5-7].

Experimental evidence of ECM organization at the
nanoscale steered the production of synthetic
nanopatterned surfaces directed towards identifying
the geometric cues that initiate and guide cell
adhesion [8,9]. Nanopatterning of ECM motives for
the study of cell-surface interactions at the nanoscale
highlighted  the ECM ligand
presentation to cells on receptor clustering, with
cell-adhesion being favored more from local than
from global ligand concentrations [10-12]. In that
sense, dendritic molecules presenting a highly
branched and easily tunable size and chemical
structure emerged as ideal scaffolds for the
construction of surfaces devoted to the study of
ligand density effects on cells. Dendrimers grafted
onto surfaces, and in situ modified through their
peripheral groups for specific cell interactions [13-15],
showed the benefits of the local increase in ligand
density in cell adhesion [16,17], morphology [18,19],
and migration events [20]. Griffith and co-workers
presented the first systematic study on the effects of
ECM ligand clustering on cell adhesion and
migration [21]. They used star polyethylene oxide
tethers modified with the adhesion ligand YGRGD to
demonstrate that cell motility can be varied by
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regulating nanoscale ligand density, with a clustered
presentation enhancing cell migration speeds. The
main drawback in this study is the lack of any
surface characterization on ligand disposition.

In order to facilitate the correlation between ligand
surface disposition and cell response, it is desirable
to exert some degree of control on the deposition of
dendrimers on the surface. For sufficient
low-charged surfaces, dendrimers can be patterned
on the nanometer scale in a liquid-like order with
large and well-defined spacing at low ionic strengths
[22]. Dendrimer adsorption onto surfaces has been
extensively studied and addressed through different
surface characterization techniques such as fourier
transform infrared-external reflection spectroscopy
(FTIR-ERS) and ellipsometry [23], atomic force
microscopy (AFM) [24,25], and scanning tunneling
microscope  (STM)[26] among others. Here,
dendrimer nanopatterning is applied for the first
time to create uneven distributions of the cell
adhesive motive arginine-glycine-aspartic acid (RGD)
to address nanoscale ligand density effects on cell
adhesion. In contrast with other nanopatterning
techniques [8], due to its simplicity, dendrimer
nanopatterning can be straightforwardly scaled up to
large surface areas, therefore being fully compatible
with cell culture protocols. Surfaces derived from
RGD-tailored dendrimers nanopatterning were fully
characterized by AFM, STM and x-ray photoelectron
spectroscopy (XPS). Surface analysis showed that
tunable local ligand densities were obtained as a
function of the initial bulk concentration. Cell
experiments showed that dendrimer nanopatterns
sustained cell adhesion and were preferential sites to
establish the first cell-substrate interactions. Results
demonstrated that dendrimers can mediate integrin
clustering at high surface local RGD densities,
leading to the formation of mature FAs. Dendrimer
nanopatterning is therefore presented as a suitable
approach for the study of RGD presentation on cell
adhesion process and, due to the easy modification
of the peripheral chemical groups in dendrimers, it
can be further extended to other ECM ligands with
clustering effects on cells.



1. Experimental

1.1 Dendrimer
substrates

nanopatterning on  Au(111)

Deionized water (18 MQ cm! Milli-Q, Millipore) was
used to prepare all solutions and for rinsing samples.

Surface  nano-patterning was conducted as
previously  described [22,26] by immersing
flame-annealed 1.4x1.1 cm Au(11l) on mica

substrates (Spi Supplies) on aqueous solutions of the
RGD-tailored  dendrimer =~ RGD-Cys-D1  (see
Electronic  Supplementary Material (ESM) for
RGD-Cys-D1 synthesis details) for 16 h (pH=5.6, T =
293K). All solutions were sonicated and filtered
(MILLEX RB Filter Sterile, Millipore) previously.
Dendrimer stock solution was used within 6 months
of preparation. RGD-Cys-D1 nanopatterning was
followed by copious rinsing with water and drying
with argon.

1.2 Patterning imaging and data analysis.

Nanopatterned substrates were imaged by AFM in a
Dimension 3100 AFM instrument (Veeco Instruments)
operated in tapping mode in air. Silicon AFM probes
(Budget Sensors) with a spring constant k = 40 N/m
and a resonant frequency v = 300 kHz were used.
Image thresholds were obtained manually from AFM
height images and processed with Image ] 1.44p
freeware (http://imagej.nih.gov/ij). Particle positions
were used to obtain minimum inter-particle
distances (dmin) using a custom-generated MATLAB
code (The MATHWORKS, Inc.; ESM). dwin values
were analyzed with OriginPro 8.5.0 SR1 (OriginLab
Corp.). Mean minimum inter-particle spacing was
obtained from fitting the resulting dmin distributions
to a lognormal model (Figure S2 in ESM). At least
four images were computed per sample in two
independent experiments.

Probability contour plots for dmin were constructed
from dmin values for each particle position and
plotted in zeta using an adapted MATLAB code from
http://www.eng.cam.ac.uk/help/tpl/programs/Matlab
/matlabbyexample/ (see ESM). Threshold images
were superimposed for clarity.

STM measurements in air were carried out in a
PicoSPM microscope (Molecular Imaging) controlled

by Dulcinea electronics (Nanotec Electronica) using
WSxM 4.0 software [27]. Etched Pt0.8:1r0.2 probes
with a diameter of 0.25 mm were used (Agilent
Technologies).

1.3 Preparation of control substrates.

Homogeneously modified substrates were prepared
by immersing flame-annealed Au(111) substrates in a
solution of RGD-PEG-SH and triethylene glycol
mono-11-mercaptoundecyl ether (PEG-SH) from
Sigma-Aldrich at a 1:100 molar ratio in 96% ethanol
(Panreac) for 16 h at room temperature.
RGD-PEG-SH was kindly supplied by Prof. F.
Albericio’s group at the Institute for Research in
Biomedicine  (IRB, Barcelona, Spain) [28].
Polyethylene glycol passivated substrates were
prepared by immersion of flame-annealed Au(111)
substrates in a 1 mM solution of PEG-SH in 96%
ethanol for 16 h at room temperature. After
incubation, substrates were thoroughly washed in
ethanol and dried with argon. All solutions were
sonicated and filtered prior to substrate incubation.

1.4 Cell culture and fluorescent staining.

All steps, including work on the cell culture, were
performed in a sterile laminar flow hood, and only
sterile materials, solutions and techniques were used.
All cell culture reagents were purchased from
Invitrogen S. A. NIH 3T3 mouse embryonic
fibroblasts from passages 8-9 were cultured at 37 °C
and 10% CO: in Dulbecco’s Modified Eagle Medium
(D-MEM) liquid high glucose supplemented with
10% FBS, 1% L-glutamine, 1%
penicillin-streptomycin and 1% sodium pyruvate.
The medium was exchanged every second day.
Nanopatterned surfaces were incubated in PBS for 15
min prior to use. After trypsinization, cells were
seeded at a cell density of 4000 cells/cm? in D-MEM
liquid high glucose supplemented with 1% FBS 1%
L-glutamine, 1% penicillin-streptomycin and 1%
sodium pyruvate, and incubated for 4.5 h at 37 °C
and 10% COa.  Control experiments with
homogeneously modified, polyethylene
glycol-passivated and bare Au(111) substrates were
performed. Post-incubation, non-adherent cells were
removed by a gentle wash with PBS and the attached



cells were fixed with a 10% neutral buffered formalin
solution from Sigma-Aldrich for 20 min and then
washed with PBS. The remaining free aldehyde
groups were blocked with 50 mM amonium chloride
(NH4Cl) from Merk Sharp & Dohme in PBS for 20
min at room temperature. Afterwards, samples were
washed with PBS, and cells were permeabilized with
a solution of 0.1% saponin (Fluka) in 1% BSA from
Sigma-Aldrich in PBS for 10 min at room
temperature. To visualize focal adhesions (FAs) and
cell cytoskeleton actin fibers, rabbit monoclonal
anti-paxillin  [Y113] (Abcam) diluted 1:200 and
phalloidin-FITC (0.5 mg/mL) from Sigma-Aldrich
diluted 1:500 in 1% BSA in PBS were added and cells
were incubated for 1 h at room temperature. Cells
were washed with PBS and incubated for 1 h at room
temperature with the secondary antibody goat
anti-rabbit IgG (H+L) ALEXA FLUOR 568 (2 mg/ml)
and Hoechst (10 mg/ml) for cell nuclei staining, both
from Invitrogen S. A. and diluted 1:1000 in 1% BSA
in PBS. After incubation, cells were washed with PBS,
and samples mounted with FLUOROMOUNT
aqueous mounting medium (Sigma-Aldrich).

1.5 Cell imaging and data analysis.

Cells were imaged by fluorescence microscopy with
an Eclipse E1000 upright microscope (Nikon)
equipped with a CCD camera and working with a
green excitation G-2A long-pass emission filter for
paxillin visualization, a FITC filter for actin fibers
and a UV emission filter for cell nuclei.

In fluorescent micrographs, the number of adhered
cells was identified by stained nuclei, and paxillin
immunostaining was used to determine the size and
number of FAs. Image] freeware image analysis was
used for quantification. In cell adhesion experiments,
15 images with the 10X objective were computed per
sample. For FA quantification, images corresponding
to paxillin staining were converted to 8-bit files. The
background was removed (rolling bar radius 10),
and the resulting images were converted to binary
by setting a threshold. Threshold values were
determined empirically, and FAs were considered
from 1 pm?2. A minimum of 30 cells per sample were
analyzed.

1.6 Statistics.

At least three independent experiments were
performed per sample with different cell batches.
Quantitative data are displayed, showing average
and standard error of the mean. Significant
differences were judged using Student T-test with a ¢
value of less than 0.05 considered statistically
significant.

2. Results and Discussion

2.1 Nanopaterning of RGD-Cys-D1 dendrimers and
characterization of surface disposition

Water-soluble  polyamidoamine (PAMAM) Gl
dendrimers were chosen to construct nanoscale cell
adhesive clusters. The use of low generation
PAMAM dendrimers (less than G5) is preferred since
they have proven more biocompatible and less
immunogenic than high generation ones [29]. In
order to make dendrimers compatible with
cell-based experiments and trigger cell adhesion, the
primary amine surface groups on the outermost
layer of the PAMAM dendrimers were
functionalized with the cell adhesive linear RGD
polypeptide (see ESM). PAMAM dendrimer-RGD
peptide conjugates were synthesized as depicted in
Scheme 1.

The maleimido-functionalized generation-1 PAMAM
dendrimer was reacted chemoselectively with a
single cysteine (Cys) at the C-terminus of RGD, by
adapting a previously described procedure [30,31],
to generate RGD-Cys-D1, which assembles eight
copies of the RGD peptide.



Scheme 1 Synthesis of RGD-Cys-D1 from PAMAM G1.

RGD-Cys-D1 dendrimers were patterned onto flame
annealed Au(111) substrates by immersion in
aqueous solutions of RGD-Cys-D1 of 10%- 102% w/w
concentration for 16 h  (pH =5.6, and T = 293K). The

resulting, dendrimer nanopatterns were imaged by
AFM and STM in air. For low bulk concentrations,
up to 10° % w/w, isolated dendrimers of 4-5 nm in
diameter can be observed (Fig. 1).
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Figure 1 Surface characterization of RGD-Cys-D1 dendrimer
nanopatterns on Au(111) with AFM and STM in air. (a) 5x5 pm
representative  AFM image obtained when patterning was
conducted from a bulk concentration of 10°% w/w. (b) zoom-in
from the dashed region in (a). (¢) STM image obtained on
nanopatterns from an initial bulk concentration of 10%% w/w

Rah  RGD-CysD1

RGD

(45x45 nm, Bias = 200 mV, Set point = 0.5 nA) and (d)
height-distance profile obtained on the dashed region indicated in
(c).

Minimum interparticle distances (dmin) obtained from
AFM image thresholds (Fig. 2 and Fig. S2 in the ESM)
were used to characterize the local density on the
surface. Since dendrimers are unevenly distributed,
individual inter-dendrimer spacing or even the mean
inter-dendrimer spacing values calculated here from
dmin distribution fittings (Fig. 2(b)) are not suitable to
describe the local density [32]. Therefore, dmin values
obtained for each particle position are plotted in zeta
to construct the probability contour plots for dmin
shown in Fig. 2(c) where high density RGD regions
are highlighted. As shown in Figure 2(c), slight
variations in the mean interligand spacing caused an
abrupt increase of denser ligand regions. If we
consider RGD-Cys-D1 dendrimers separated less
than 70 nm, the percentage of dense areas increase
from 7%, for surfaces derived from 10%% w/w bulk
concentration, to 79%, for surfaces derived from
10% w/w bulk concentration.
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Figure 2 Nanopatterning of RGD-Cys-D1 on Au(111) surfaces. (a) Representative AFM image thresholds obtained from 10, 2.5 107,
and 10° % w/w RGD-Cys-D1 bulk concentrations. Scale bar = 500 nm. (b) Minimum inter-particle distance (d,;,) distributions. 63.1,
55.2 and 43.2 nm are the mean values of the shown distributions (s* stand for the standard deviation). The calculated minimum
inter-particle distances for the corresponding ordered patterns are 117, 97, and 66 nm, respectively (c¢) Corresponding d,;, probability
contour plots obtained from images in (a) (superimposed). Color scale corresponds to d,;, values in nanometers.

Patterning from high bulk concentrations, 102% w/w
for 16 h, resulted in dendrimer aggregation. AFM
images (Fig. 3(a)) showed the presence of elongated
structures with an estimated average size of 650 nm?2
(Fig. S3). High magnification images taken by means
of scanning tunneling microscope (STM) revealed

that these structures contained dendrimers

assembled in a close-packed configuration (Fig. 3(b)).
In order to elucidate whether aggregation occurred
in solution or was a result of a surface-induced
reorganization process, zeta potential was measured
in the initial bulk RGD-Cys-D1 dendrimer solutions
(Fig. S4 in the ESM). A zeta potential of -3.03 mV was
recorded for the 102% w/w bulk concentration,



indicating that for such high initial concentration,
solution instability may lead to dendrimer
aggregation and the subsequent deposition of the
formed aggregates on the surface. The dmn
probability contour plot (Fig. 3(d)) constructed from
the threshold image in Fig. 3(c), showed that
aggregation not only caused an increase of the local
RGD density as expected but also increased the
heterogeneity of the samples in terms of ligand
distribution, if compared with nanopatterned
surfaces from lower bulk concentrations.

Figure 3 RGD-Cys-D1 nanopatterning on Au(111) surfaces from
10% w/w bulk concentration. (a) AFM tapping image (scale bar
= 250 nm) showing the presence of dendrimer aggregates. The
inset corresponds to the magnified phase image of one of the
aggregates (scale bar = 50 nm). (b) High magnification image of
aggregates obtained by STM (scale bar = 50 nm). (c) AFM
image threshold, scale bar = 500 nm and (d) the corresponding
dyin probability contour plot. Aggregates are superimposed in
dark red pointing out that they are points of high ligand density.
Color scale corresponds to dg;, values in nanometers. The
calculated percentage of dense areas with particles (dendrimer
aggregates) separated less than 70 nm is 28%.

2.2 Cell adhesion on dendrimer nanopatterns

Since the diameter of integrins in the cell membrane
is around 10 nm [33] each dendrimer of 4-5 nm in
diameter, although providing up to eight copies of
the cell-adhesive RGD ligand, resulted in a single site
for integrin binding [35]. Using dendrimer
nanopatterning, a set of substrates of unevenly
distributed RGD molecules with tunable local ligand
density was obtained. Cell adhesion experiments

were performed with NIH 3T3 mouse embryonic
fibroblasts seeded at 4000 cells/cm? for 4.5 h. Serum
starvation conditions were maintained at 1% of fetal
bovine serum during the experiment in order to
highlight the effect of the substrate [21]. Fluorescent
micrographs of adhered cells on the samples were
taken after cell fixation and nuclei staining (Fig. 4a).
In this case, ready-to-use substrates were obtained,
with no further passivation step required, as
demonstrated by the percentage of adhered cells
obtained for the negative controls (bare Au(111) and
polyethylene glycol (PEG-SH) passivated Au(111)
substrates; Fig. 4(b)). The low percentage of adhered
cells observed in Au(111) substrates can be attributed
to the well-known gold-induced  protein
denaturation effect [35]. Therefore, cell interactions
with the nanopatterned surfaces could be attributed
solely to RGD-Cys-Dl-cell receptor interactions,
without any passivation step that can mask the
specific influence of the patterns on cell guidance
[36].The percentage of adhered cells obtained from a
bulk concentration of 10%% w/w, which was lower
than of the negative controls,
dendrimers are preferential sites to establish the first
cell-substrate interactions, and pointed out that RGD
clustering effect when provided solely by the
dendritic conformation is in this case, not enough to
reach high percentages of cell adhesion. This is in
agreement with previous reports suggesting that a
coverage limit of high density ligand regions is
necessary in order to generate a sufficient cell
response [11,21,38]. As the bulk concentration
increased, the percentage of seeded cells adhered to
the substrate after 4.5 h of incubation increased to
80% for a bulk concentration of 10°% w/w. Similar
adhesion was obtained when dendrimers were
presented as high density aggregates on the surface.
In both cases statistical analysis showed that
adhesion was significantly higher than in the
homogeneously modified RGD-PEG-SH substrates
(Fig. 4(b)). Since this finding could be attributed to
an effect of global ligand density, we measured the
elemental composition of the surface by XPS (see
ESM). The atomic percentage of sulfur directly
correlates with the number of RGD molecules, which
differed between dendrimers and homogeneous

confirm that



films. The sulfur/gold ratio was found to be very
similar for substrates derived from 10 and 102%
bulk concentrations, resulting in 0.04+0.02 and
0.03+0.02, respectively; while much higher values
were found for homogeneous surfaces, with a
sulfur/gold ratio of 0.20+0.03. These observations
indicate that uneven distributions of RGD obtained
through RGD-Cys-D1 dendrimer nanopatterning
sustain cell adhesion more efficiently than the
corresponding homogeneous surfaces and highlight
the relevance of local ligand density.
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Figure 4 Cell adhesion on RGD-Cys-D1 nanopatterned Au(111)
substrates after 4.5 h incubation with a range of bulk
concentrations compared with that achieved on Au(111) and
homogeneously modified surfaces. (a) Representative
fluorescent microscopy images of cell nuclei stained with

Hoechst. Scale bar = 200 um. (b) Percentage of adhered cells

presented as the mean with the standard error.

2.3 RGD-Cys-D1 nanopattern influence on FA
formation and maturation

Since cell-matrix junctions are strongly influenced by
local ligand density [12], we examined FA formation.
The signal transduction adaptor protein paxillin,
which is involved in FA formation from its early
stages [38] was fluorescently labeled and monitored
at high magnification (Figure 5a). No mature FAs
developed below a bulk concentration of 2.5 10%%
w/w (Figure 5b). This is in agreement with results
reported by Cavalcanti-Adam et al. [39], who found
that FA dynamics is significantly delayed in
overlarge inter-ligand spacing. Here, the absence of
high density RGD regions in surfaces produced from
bulk concentrations below 2.5 10%% w/w. In such
surfaces, the weak cell to surface interaction may
favor easy cell detachment which can also contribute
to the low percentage of adhered cells obtained (Fig.
4). Accordingly, an increase of bulk concentration to
10°% w/w, and hence an increase of local RGD
density, increased the number of mature FAs.
Substrates  derived from 10?% w/w  bulk
concentration rendering high density dendrimer
aggregates resulted in a reduced number of FAs per
cell compared to the number achieved from 10°%
w/w, but much larger FA areas. XPS results
(sulfur/gold ratio of 0.04+0.02, 0.03+0.02 for 10 and
102% w/w bulk concentrations, respectively) showed
that samples derived from 10° and 102% w/w bulk
concentrations presented a similar amount of RGD
on their surfaces. However, the area covered with
high surface particle density (d < 70 nm) is very
different in both cases. Therefore, the observed cell
behavior should be due to the RGD local distribution
in each case. With fewer cell adhesive anchor points,
102% bulk concentration derived surfaces made cells
develop a lower number of FAs than in 10%% w/w
bulk concentration derived ones but, as predicted by
Cavalcanti-Adam et al. [39], the increased local
ligand density when aggregation occurs, caused FA
maturation to be favored for 102% w/w vs. 10°%
w/w surfaces for the same period of time. These



results are also supported by theoretical studies on
integrin-ligand binding performed by Irvine et al. [40]
which revealed that an increase in local ligand
density enhances ligand-receptor affinity of
neighboring integrins, thus
clustering and reinforcing cell adhesion. In addition,
Comisar et al. [41], wusing an integrin
binding/clustering model, obtained that integrin
cluster size is increased with increasing RGD
distribution heterogeneity.
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Figure 5 (a) Fluorescent micrographs of representative cells after
4.5 h in culture on the corresponding substrates. Insets show the
magnified portion of FAs formed at the cell periphery. Scale bar
=20 um. (b) Plot of the number of FAs per cell (black triangles)
and FA area (blue squares) obtained from various bulk
concentrations (logarithmic scale) and from the homogeneous
surface (FAs were considered from 1 pnﬁ The error bars
correspond to the standard errors of the mean. Dashed lines are

eye guides).

3. Conclusions

Dendrimer nanopatterning approach is presented to
address RGD local density effects on cell adhesion.
To this end, PAMAM G1 dendrimers had been
chemically modified with the cell adhesive RGD
peptide, in a way that each dendrimer assembled
eight copies of RGD, and patterned on Au(111)
substrates. AFM and STM surface analysis showed
that RGD-tailored dendrimers are
distributed on the surface and that tunable local
RGD densities were obtained as a function of the
initial bulk concentration. Probability contour plots
for the minimum interparticle distance (dmin) were

unevenly

constructed from AFM images to visualize the
surface high density RGD regions. Surface imaging
also showed that dendrimer aggregate deposition
took place at high initial bulk concentrations (102%
w/w) as a result of solution instability. Cell adhesion
experiments demonstrate that dendrimer-based
nanopatterns sustained cell adhesion, and provided
cell guidance for the first cell to substrate interactions.
Dendrimers assist FA assembly and maturation at
high local RGD surface densities. Our results point
out the relevance of surface local ligand density
particularly in the case of dendrimer aggregates. If
compared to 10% bulk concentration, with a similar
value of surface ligand density, the higher degree of
segregation in 1029
fewer but more mature FAs.

o derived surfaces, resulted in

In conclusion, dendrimer nanopatterning has been
successfully applied to the study of surface RGD
presentation on cell adhesion studies, which were
supported with an in detail surface characterization.
Moreover, the versatility introduced by dendrimers
which include a facile chemical modification of their
peripheral groups and an easy tunable size, makes
dendrimer nanopatterning suitable to be extended to
the study of other ECM ligands with clustering
effects on cells.
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