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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal tumor
affecting the exocrine pancreas. Its poor survival rate is attributed to late-
stage symptom onset, invasive metastasis, and limited therapeutic
options. To address these challenges, in vitro models that replicate the
pancreatic tissue microenvironment are crucial for therapy development
and to predict drug efficacy. Organ-on-chip technology offers a powerful
approach to achieving these goals.

In this thesis project, a microfluidic device is developed to model the
cellular composition of the pancreatic acino-ductal unit. The device
comprises a multilayer structure using Polydimethylsiloxane (PDMS), with
three layers, two of them separated by a membrane. In particular, the
bottom layer is loaded with human foreskin fibroblasts (HFF-1) embedded
in a type | collagen hydrogel to mimic the stromal component, while the
top layer reproduces the healthy or cancer epithelial component, using
human pancreatic ductal epithelial cells (HPDE). An additional reservoir
layer provides nutrients supply during the incubation time. The nanofibrous
membrane, made of polycaprolactone and gelatin (PCL/Gel), enables the
crosstalk between PDAC and stromal components, which is recognized as

a key player in cancer progression.



The fabrication process involved replica molding for the PDMS layers and
SU-8 photolithography or 3d printing for the molds, whereas solution
electrospinning was used to produce the membrane.

Surface and morphological characterization of the molds and microfluidic
device were performed using optical microscopy and fluidic
characterization was conducted through insertion and diffusivity tests. In
vitro studies allowed to evaluate cell proliferative capability and cellular
response using various pancreatic tissue-specific cell lines seeded in the
top layer, such as Human Pancreatic Duct Epithelial Cells in wild-type form
that show non-mutated gene (HPDE-WT) to mimic healthy
microenvironment, and Human Pancreatic Duct Epithelial Cells with
oncogene KRAS mutation (HPDE-KRAS) or MIA-PaCa-2 cells for the
pathological condition. Viability assays and fluorescence imaging
confirmed the cellular functionality and the physiological morphological
structure of cells in the different layers of the device.

Overall, these studies demonstrated the successful optimization and
characterization of this microfluidic device for modeling the pancreatic
acino-ductal unit and studying the interaction between PDAC and stromal
components. The system provides valuable insights into the tumor
microenvironment and holds potential for drug development and

understanding cellular crosstalk in PDAC.



1 Introduction

1.1 The clinical issue: Pancreatic Ductal
Adenocarcinoma (PDAC)

Pancreatic Ductal Adenocarcinoma (PDAC) is an aggressive malignancy
originating from the epithelial cells lining the pancreatic ducts. It is
associated with a dismal prognosis, characterized by a significantly low
five-year survival rate. According to data from the American Cancer
Society, the five-year survival rate for PDAC is estimated to be
approximately 10% (1). The aggressive nature of PDAC is attributed to its
rapid tumor progression, early metastatic dissemination, and intrinsic
resistance to standard treatment modalities.

PDAC demonstrates an alarming growth rate, infiltrating adjacent tissues
and organs with remarkable efficiency. This aggressive behavior is
facilitated by the cancer cells’ ability to induce angiogenesis, stimulating
the formation of new blood vessels that sustain their nutritional and oxygen
demands. Moreover, PDAC exhibits an early propensity for metastasis, with
cancer cells disseminating through hematogenous and lymphatic routes.
The metastatic dissemination often occurs before clinical detection,

leading to advanced-stage diagnoses and limited treatment options.

Resistance to therapeutic interventions is another hallmark of PDAC. The

tumor cells undergo genetic alterations and acquire mutational profiles



that confer survival advantages and resistance to chemotherapy and
radiation therapy (1). This resistance poses significant challenges in
achieving favorable treatment outcomes and underscores the need for

novel therapeutic strategies targeting the unique characteristics of PDAC.

The complexities surrounding PDAC's aggressive behavior necessitate
comprehensive scientific investigations to unravel its underlying molecular
mechanisms. Elucidating the genetic and biological features of PDAC is
crucial for identifying potential therapeutic targets and developing

innovative treatment approaches that can improve patient prognosis.

1.2 Pancreas tissue overview

The pancreas, an essential organ in the human body, exhibits a distinct
anatomical structure and plays a vital role in digestion and hormone
regulation. Situated in the upper abdomen, posterior to the stomach, the
pancreas is positioned near neighboring structures such as the duodenum,
spleen, and liver. It consists of different regions, including the head, body,
and tail, which are arranged horizontally across the abdomen (fig.1.2.1). The
pancreds is composed of two main types of tissues: exocrine and
endocrine. The exocrine component comprises the majority of the
pancreatic tissue and is responsible for producing digestive enzymes that
are released into the duodenum through a complex network of ducts. On

the other hand, the endocrine tissue consists of specialized clusters called



pancreatic islets or islets of Langerhans, which secrete hormones involved

in regulating blood glucose levels, such as insulin and glucagon (2).

Bile duct

Major duodenal papilla
feontrolled by the sphinctar of Odd)

i

Pancreatic duct

Duodenum

Figure 1.2.1 Pancreas anatomy and its position (3)

1.2.1 Exocrine pancreas

The pancreas is a complex organ with a dual secretory function, consisting
of both exocrine and endocrine glandular formations. Microscopically,
each lobule of the pancreas comprises numerous exocrine cells and a

smaller population of endocrine cells.
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The exocrine component of the pancreas constitutes approximately 80-
85% of the organ and plays a crucial role in producing and releasing
pancreatic juice into the duodenum to facilitate complete digestion (Figure
1.2.1). The exocrine pancreas consists of two primary types of cells: acinar

cells and ductal cells (figure 1.2.2).

Acinus 4

Figure 1.2.2 Acinar cell and ductal cell (4)

Acinar cells, which have a pyramidal shape, make up the parenchymal
cells of the pancreas. These cells are arranged in a convoluted manner,
often interconnected in a tubular-acinar network within the lobules. The
apexes of the acinar cells form a small central lumen, representing the
terminal portion of the secretory ducts known as the acino-ductal unit.
Acinar cells possess a well-developed Golgi apparatus and abundant

rough endoplasmic reticulum, which are responsible for exocrine secretion

(5).
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Ductal cells, on the other hand, are smaller than acinar cells and have a
single nucleus (Figure 1.2.2). These cuboidal cells form a single layer lining
the interlobular and normal ducts. Duct cells are responsible for secreting
water and bicarbonate, which are essential for transporting enzyme
proteins into the duodenum. The secretion of ductal cells is regulated by

the vagal nerves and secretin.

The secretions from the acini drain into a highly branched duct system that
eventually joins the common bile duct, flowing into the ampulla of Vater.
The ampulla of Vater opens into the duodenum at the greater duodenal
papilla. Additionally, there is an accessory duct, called Santorini, located in
the upper portion of the pancreas head. It branches off from the main duct

and leads to the minor duodenal papilla (figurel.2.3) (5).

Right hepatic duct
Cystic duct \
\ L\ = Left hepatic duct

/?; { :x |~ Commeon hepatic duct
Gallbladder—__ A& J 4

Common bile duct

Duct of Santorini__
(accessory duct)

Ampulla of Vater~ \/

Sphincter of Oddi

Duct of Wirsung

Figure 1.2.3 Pancreas structure (6)
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Studying the three-dimensional organization of the exocrine pancreas is
crucial for understanding the changes that occur during pancreatic

diseases.

1.2.2 Endocrine pancreds

The endocrine component, which accounts for about 2% of the pancreas,
consists of pancreatic Langerhans’ islets. These islets are dispersed
throughout the exocrine part, mainly in the tail region, and are separated
from the rest of the tissue by reticular fibers.
Pancreatic islets are spherical clusters of polygonal endocrine cells. The
islet cells are connected to each other and surrounded by fenestrated
capillaries for rapid hormone release into the bloodstream.
There are four main types of cells in the pancreatic islets (5)(figure 1.2.4):
e Beta cells (B cells) secrete insulin and constitute about 75% of the islet
cells.
o Alpha cells (A cells) secrete glucagon and make up 15% of the islet
cells.
e Delta cells (D cells) secrete somatostatin and constitute 5% of the

islet cells.
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Pancreas

Islet of Langerhans

B-cell
Islet vessel
o

f Duodenum Islet capsule

Exocrine tissue

Figure 1.2.4 Pancreatic Islets and main cells (7)

These endocrine cells play a crucial role in regulating glucose, lipid, and
protein metabolism.

One distinguishing feature of the pancreas on histology slides is the clear
demarcation of the pancreatic islets from the acinar cells. Additionally, the
intercalated ducts of the pancreas start within the acini, unlike other glands

where they continue from the acini.
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1.3 Pathogenesis of PDAC

Pancreatic cancers can arise from both endocrine and exocrine cells, and
they exhibit distinct histological features. Endocrine tumors are relatively
rare but have a better prognosis compared to pancreatic
adenocarcinoma, the most common form of pancreatic cancer. Endocrine
tumors, derived from pancreatic islet cells, can produce excessive levels of
hormones, leading to noticeable symptoms such as hypoglycemia or skin
rash. Exocrine tumors, particularly pancreatic ductal adenocarcinoma
(PDAC), account for the majority of pancreatic malignancies. PDACs are
aggressive, frequently metastasize to other organs, and often diagnosed
at advanced stages. These cancers possess cytoprotective mechanisms
that promote drug resistance, contributing to their poor response to anti-
cancer therapies.

The development of PDACs is preceded by the formation of precancerous
lesions called pancreatic intraepithelial neoplasias (PanINs) and
intraductal  papillary mucinous neoplasms  (IPMNs). IPMNs are
characterized by papillary structures protruding into the pancreatic duct,
while mucinous tumors secrete mucin, giving them a distinctive
appearance. Although less invasive than adenocarcinomas at the time of
diagnosis, mucinous tumors still pose a risk of developing into cancer.
Whole exome-sequencing studies have provided insights into the
molecular heterogeneity of pancreatic ductal adenocarcinoma (PDAC).

The disease is characterized by four common genetic alterations:
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oncogenic KRAS mutation, and the inactivation of tumor suppressors
CDKN2A, TP53, and SMAD4. However, there are numerous additional genes
that are mutated in subsets of tumors, albeit at a low frequency (<10%), and
many of these mutations do not occur in a recurrent manner. Despite their
infrequent occurrence, these mutations converge on a limited number of
pathways and cellular processes, including KRAS, TGF-3, WNT, NOTCH, and
Hedgehog signaling, as well as S-phase entry, axonal guidance, chromatin
remodeling, DNA repair, and RNA processing (8).

The presence of activating KRAS mutations is a defining genetic
characteristic of PDAC progression, found in approximately 92% of PDAC
cases. KRAS is a small GTPase that regulates various cellular processes,
including cell proliferation, differentiation, survival, and migration. Normally,
KRAS cycles between an active state (bound to GTP) and an inactive state
(bound to GDP), regulated by guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs). In cancer, mutations occur in KRAS
or related family members (HRAS and NRAS), impairing their ability to
hydrolyze GTP and resulting in constitutive activation of downstream

effector pathways (8).

Activating KRAS mutations are the earliest genetic alterations in the
development of almost all PDACs. They are present in over 90% of low-
grade precursor lesions called pancreatic intraepithelial neoplasia (PaniN).
However, additional inactivation of tumor suppressor genes (CDK2NA, TP53,

and SMAD4) is required for malignant tumor progression. While oncogenic
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KRAS promotes the initiation of PDAC development, its role in tumor

Mmaintenance is less clear.

Tumor suppressor genes (TSGs) play a crucial role in restricting cell
proliferation and are functionally lost in pancreatic ductal
adenocarcinoma (PDAC). The three most commonly altered TSGs in PDAC
are CDKN2A, TP53, and SMAD4/DPC4, and their inactivation occurs
sequentially after the appearance of oncogenic KRAS mutations. CDKN2A
is frequently altered in PDAC, with approximately 95% of tumors showing
functional loss. The inactivation of CDKN2A is crucial for disease
pathogenesis, as it bypasses the senescence response induced by
oncogenic KRAS. TP53, another major TSG, is inactivated in up to 75% of
PDAC tumors through missense mutations and loss of heterozygosity.
Mutant p53 loses its DNA-binding ability, resulting in the inability to induce
cell cycle arrest or apoptosis in response to cellular stress. Additionally,
mutant p53 may contribute to the metastatic nature of PDAC by promoting
the expression of genes involved in motility and invasiveness. Other TSGs
with low-frequency inactivation in PDAC include STKI11/LKBI, which regulates
cell polarity and metabolism, and caretaker genes such as BRCAI, BRCA2,
hMLH1, and hMSH2, which maintain genome integrity. These alterations in
TSGs constitute a major driving force behind PDAC development and

highlight the complexity of genetic alterations in the disease (8).
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1.4 PDAC - Stroma crosstalk

Pancreatic ductal adenocarcinoma (PDAC) is characterized by an intense
interaction between cancer cells and the surrounding stroma, leading to a
complex crosstalk that influences tumor progression and treatment
response. The tumor microenvironment in PDAC is composed of various
cellular and non-cellular components. Malignant cancer cells are
surrounded by a dense stroma consisting of fibroblasts, immune cells,
endothelial cells, and extracellular matrix (ECM) proteins. This stromal
compartment plays a critical role in supporting tumor growth and

metastasis (9)(figure 1.4.1).

Fibroblasts within the PDAC stroma, also known as cancer-associated
fioroblasts (CAFs), are a key component of the tumor microenvironment.
They exhibit activated characteristics and secrete various factors that
contribute to tumor progression. CAFs promote cancer cell survival,
proliferation, and invasion through the release of growth factors, cytokines,
and ECM remodeling enzymes (10).

Inflammatory and immune cells, such as tumor-associated macrophages
(TAMSs), lymphocytes, and myeloid-derived suppressor cells (MDSCs), also
play crucial roles in the PDAC microenvironment. TAMs can exhibit pro-
tumorigenic or anti-tumorigenic properties depending on their polarization
state, influencing cancer cell behavior and immune responses.

Lymphocytes, including cytotoxic T cells and natural killer (NK) cells, can

18



infiltrate PDAC tumors, but their functional impairment and low numbers

often limit effective immune responses.

: _ . . o
® Bl

Figure 1.4.1 Tumor microenvironment of PDAC (11).

Furthermore, the PDAC stroma is rich in ECM proteins, such as collagen,
fibronectin, and hyaluronic acid. These ECM components contribute to
tumor stiffness, promote cancer cell survival, and facilitate tumor cell

migration and invasion (12).

The crosstalk between PDAC cells and the stroma involves the exchange of

various signaling molecules and interactions mediated by cell surface
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receptors. Cancer cells secrete growth factors (e.g., VEGF, bFGF, EGFR-
ligand) that promote angiogenesis, stimulate the recruitment of immune
cells, and induce the activation of stromal cells, including CAFs and TAMs.
Conversely, stromal cells produce factors, such as TGF-g, interleukins, and
chemokines, that can influence cancer cell behavior and alter the immune
landscape within the tumor microenvironment (13) (14).

Understanding the intricate PDAC-stroma crosstalk is crucial for
developing effective therapeutic strategies. Targeting components of the
stroma or disrupting specific signaling pathways involved in this crosstalk

holds promise for improving treatment outcomes in PDAC patients.

1.5 The pancreatic stellate cells

The pancreatic stellate cells (PSCs) play a significant role in the
development and progression of pancreatic ductal adenocarcinoma
(PDAC). PSCs are quiescent cells residing in the normal pancreas, but they
become activated and acquire myofibroblast-like properties during
pancreatic injury and cancer. Activated PSCs contribute to the
desmoplastic reaction observed in PDAC, characterized by excessive
deposition of extracellular matrix (ECM) proteins and fibrosis within the

tumor microenvironment. These cells secrete various ECM proteins, such as

20



collagen, fibronectin, and laminin, which contribute to the stiffness of the

tumor and create a supportive niche for cancer cells (15) (14)

PSCs also play a crucial role in promoting tumor growth and progression
through the secretion of growth factors and cytokines. They produce
transforming growth factor-beta (TGF-8), platelet-derived growth factor
(PDGF), and hepatocyte growth factor (HGF), among others, which can
stimulate cancer cell proliferation, angiogenesis, and invasion.

Moreover, PSCs have been implicated in immune modulation within the
PDAC microenvironment. They can interact with immune cells and promote
an immunosuppressive environment through the production of
immunosuppressive factors like interleukin-6 (IL-6) and indoleamine 2,3-

dioxygenase (IDO), thereby impairing antitumor immune responses (16)

(17).

Targeting PSCs and their interaction with the tumor microenvironment has
emerged as a potential therapeutic strategy for PDAC (18). Indeed,
inhibiting PSC activation or targeting specific signaling pathways involved
in PSC-cancer cell crosstalk may offer novel approaches for improving

treatment outcomes in PDAC patients.
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1.6 Tissue Engineering and PDAC in vitro models

Tissue engineering has played a crucial role in developing in vitro models
to study pancreatic ductal adenocarcinoma (PDAC) and understand its
pathogenesis. These models aim to recapitulate the complex tumor
microenvironment and provide a platform for studying tumor biology and

evaluating therapeutic strategies.

One approach in tissue engineering is the use of three-dimensional (3D)
cell culture systems, such as organoids and spheroids, which better mimic
the architecture and cellular interactions observed in tumors. PDAC
organoids, derived from patient-derived tumor cells or genetically
engineered cell lines, can be cultured in a 3D matrix to create a more

physiologically relevant model (19).

In addition to organoids, the incorporation of stromal components is
important for studying the interaction between cancer cells and the tumor
microenvironment. Co-culture systems that include pancreatic stellate
cells (PSCs), immune cells, and endothelial cells have been developed to

mimic the stromal component of PDAC (20).

Furthermore, bioengineered scaffolds can be utilized to recreate the
extracellular matrix (ECM) composition and physical properties found in
PDAC. These scaffolds provide a supportive structure for tumor cell growth

and allow the investigation of cell-ECM interactions and invasion (21).
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To enhance the physiological relevance of in vitro models, microfluidic
devices have been developed to mimic the dynamic flow of nutrients,
oxygen, and waste products within the tumor microenvironment. These
systems permit to test the drug responses and to study the tumor evolution
mechanisms, such as the metastatic processes, under more realistic
conditions. Therefore, they represent valuable tools for studying PDAC

biology, drug screening, and personalized medicine approaches.

1.7 Animal models

Animal models have been widely used in tissue engineering research to
evaluate the efficacy and safety of engineered tissues and study their
integration with the host organism. These models provide valuable insights
into the in vivo behavior of tissue-engineered constructs and their potential
for clinical translation. One commonly utilized animal model in tissue
engineering is the rodent model, particularly mice and rats, due to their
small size, short reproductive cycle, and well-characterized genetic
background. These models allow for the assessment of tissue-engineered
constructs in terms of biocompatibility, functionality, and host immune
response (22). Large animal models, such as pigs, sheep, and non-human
primates, offer advantages in terms of anatomical and physiological

similarities to humans. These models provide a more clinically relevant
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platform for evaluating tissue-engineered constructs, especially for
applications involving larger tissue defects or complex anatomical sites.
For studying specific tissue types, animal models with tissue-specific

characteristics and disease models can be employed (23) (22).

In addition to naturally occurring disease models, genetically modified
animal models can be created to mimic human diseases and assess the
therapeutic potential of tissue-engineered interventions. These models
allow researchers to investigate the underlying mechanisms of disease
progression and test the effectiveness of tissue-engineered treatments.
Furthermore, the advancement of imaging technologies, such as magnetic
resonance imaging (MRI), computed tomography (CT), and positron
emission tomography (PET), has greatly facilitated the non-invasive
monitoring of tissue-engineered constructs in animal models (24). These
imaging techniques enable the assessment of construct integration,
vascularization, and cell viability over time.

Animal models in tissue engineering research provide critical preclinical
data necessary for the translation of tissue-engineered therapies to
clinical applications. They offer a comprehensive understanding of the in
vivo behavior of engineered tissues, allowing researchers to optimize their

design and functionality before moving forward with human trials.

1.7 Two-dimensional (2D) models
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Two-dimensional (2D) models have been extensively employed in tissue
engineering research to investigate cell behavior, cellular interactions, and
the effects of various factors on cell response. These models provide
valuable insights into cell culture techniques, cell behavior, and initial

screening of biomaterials and therapeutics.

In 2D models, cells are cultured on flat surfaces, such as tissue culture
plates or glass slides, creating a simplified environment that allows for
controlled experimentation. These models offer advantages in terms of
ease of use, cost-effectiveness, and the ability to study specific cellular
processes in a controlled manner. One widely used 2D model in tissue
engineering is the monolayer culture, where cells are grown as a single
layer on a substrate. This model allows for the investigation of cell adhesion,
proliferation, migration, and differentiation in a simplified manner (25).
Monolayer cultures have been instrumental in understanding cellular
processes and signaling pathways, as well as drug screening and toxicity
testing.

Transwell systems, also known as cell culture inserts, are another type of 2D
model commonly used in tissue engineering that can be compatible with
a microfluidic device. These systems consist of a permeable membrane
that separates two compartments, allowing for the study of cell migration,
invasion, and interaction between different cell types. Transwell models
have been employed to investigate the behavior of cancer cells, immune

cell trafficking, and drug permeability (26).
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Micropatterned substrates are emerging as a powerful tool in 2D tissue
engineering models. These substrates contain precise patterns and
features that guide cell adhesion, shape, and organization, mimicking the
in vivo tissue microarchitecture. Micropatterning techniques have been
utilized to study cell alignment, cell-cell interactions, and the influence of
substrate topography on cell behavior (27). Furthermore, advancements in
microfluidic technology have enabled the development of 2D tissue
engineering models with perfusable microchannels. These models
replicate physiological flow conditions, allowing for the study of cell
behavior under fluid shear stress and the investigation of vascularization
and drug transport in a controlled microenvironment (28).

The advantages of 2D cultures include easy and cost-effective
maintenance and the ability to perform functional tests. However, there are
several disadvantages associated with adherent cultures. Firstly, 2D
cultured cells do not replicate the natural structures of tissues or tumors,
leading to a lack of cell-cell and cell-extracellular environment
interactions. These interactions are crucial for various cellular functions,
including differentiation, proliferation, gene and protein expression,
responsiveness to stimuli, and drug metabolism (25). The transfer of cells
to 2D conditions alters their morphology, cell division mode, and diverse
phenotypes. This can impact cellular function, structure organization,
secretion, and cell signaling. Adherent cells also lose polarity, affecting their
response to phenomena like apoptosis. Additionally, 2D culture allows cells

unlimited access to medium ingredients, unlike the variable availability of
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nutrients and oxygen in the natural tumor mass. The 2D system can alter
gene expression, splicing, topology, and biochemistry of cells (25).
Moreover, adherent cultures typically consist of monocultures, limiting the
study to one cell type and lacking the tumor microenvironment required by
cancer-initiating cells in vivo. Overall, these limitations emphasize the need

for alternative culture models that better resemble the in vivo conditions.

1.8 Three-dimensional (3D) models

Three-dimensional (3D) models have revolutionized tissue engineering
and have become invaluable tools for studying tissue development,
disease modeling, and drug testing. These models aim to mimic the
complex three-dimensional architecture and cellular interactions found in
native tissues, providing a more physiologically relevant environment for

research.

In tissue engineering, 3D models offer several advantages over traditional
two-dimensional (2D) models. They allow for the spatial organization of
cells, the formation of tissue-like structures, and the recreation of key
microenvironmental cues (25). These models can better replicate the
native tissue microarchitecture, cell-cell interactions, and cell-matrix
interactions, leading to improved understanding and more accurate

predictions of the in vivo responses.
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In the context of pancreatic ductal adenocarcinoma (PDAC), 3D models
have emerged as powerful tools for studying tumor progression, drug
response, and therapeutic interventions. Indeed, PDAC is known for its
complex tumor microenvironment, characterized by interactions between
cancer cells, stromal cells, and extracellular matrix components. 3D models
provide a means to recreate this intricate microenvironment and
investigate the crosstalk between different cell types, contributing to a

deeper understanding of PDAC biology (29).

Spheroid models, where cells are cultured as three-dimensional
aggregates, have been widely used in PDAC research (figure 1.8.1). These
models enable the recapitulation of tumor-like features, including cell-cell
interactions, nutrient gradients, and hypoxic regions. Spheroids provide a
more representative platform for drug testing and evaluation of
therapeutic efficacy, offering insights into the response of PDAC tumors to

different treatment modalities (30) (25).

Organoid models, derived from patient tissues or cell lines, have also
shown promise in PDAC research (figure 1.8.1). These models involve the
culture of cells in a 3D matrix, allowing for the formation of miniaturized
organs that resemble the histological and genetic characteristics of the
original tissue. PDAC organoids provide a powerful platform for studying
disease mechanisms, testing drug sensitivity, and potentially guiding

personalized treatment approaches (25) (30).
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Figure 1.8.1 Spheroids and organoids compared (31).

Moreover, advances in bioprinting technologies have facilitated the
fabrication of complex 3D structures by depositing cells and biomaterials
layer by layer. Bioprinting allows for precise control over cell distribution,
organization, and tissue architecture, enabling the creation of highly
customized and functional tissue models (30). Bioprinted PDAC models
have been utilized to study tumor invasion, drug screening, and
personalized medicine approaches, paving the way for more effective

therapeutic strategies.

The use of 3D models in tissue engineering, particularly in the context of
PDAC, has opened new avenues for research and therapeutic
development. These models provide a more realistic representation of the

tumor microenvironment, allowing for the investigation of complex cellular
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interactions, drug testing, and the development of personalized medicine
approaches, ultimately leading to improved outcomes for patients with

PDAC.

1.9 Microfluidic Systems

Microfluidic systems have emerged as powerful tools in tissue engineering,
offering precise control over fluid flow, cell microenvironments, and tissue
formation within miniaturized devices. These systems integrate microscale
channels, chambers, and valves to create dynamic and customizable
environments for cell culture and tissue development. They enable the
replication of physiological conditions, such as perfusion, shear stress, and
nutrient gradients, which are crucial for maintaining cell viability and

function (32).

In the context of pancreatic ductal adenocarcinoma (PDAC), microfluidic
devices have been employed to investigate various aspects of tumor
biology and therapeutic interventions. These devices allow for the precise
manipulation of the tumor microenvironment and the study of complex
cellular interactions involved in PDAC progression. They provide a platform
for examining tumor cell migration, invasion, and response to anti-cancer
drugs, enabling the development of more effective treatment strategies

(33).
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The microfluidic systems have been largely adopted to model PDAC
microenvironment, as these organ-on-a-chips allow to recreate the
physiological conditions and cellular interactions observed in the
pancreas, providing a more accurate representation of PDAC progression.
By integrating pancreatic cells, stromal cells, and extracellular matrix
components within microfluidic devices, researchers can mimic the tumor
microenvironment and study its influence on tumor development and
response to therapy (34).

Pancreas-on-a-chip models offer a platform to study various aspects of
pancreatic function, disease progression, and therapeutic interventions.
These models enable the investigation of pancreatic islet function, insulin
secretion, and glucose metabolism, providing insights into diabetes
mellitus and potential treatments (35).

Furthermore, microfluidic devices have been utilized for the development
of diagnostic tools. These devices can capture and analyze circulating
tumor cells (CTCs) or tumor-derived extracellular vesicles (EVs) from
patient blood samples. By leveraging the unique properties of PDAC-
derived CTCs or EVs, such as surface markers or genetic signatures,
microfluidic-based diagnostic platforms offer the potential for early
cancer detection, real-time monitoring of disease progression, and
assessment of treatment response (36).

Microfluidic systems have revolutionized tissue engineering and are

playing a significant role in PDAC research because these devices offer
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precise control over the cellular microenvironment, enabling the creation
of organ-on-a-chip models that closely resemble in vivo conditions.

Overall, pancreas-on-a-chip technology provides a valuable tool for
studying pancreatic function, disease mechanisms, and drug testing in a
controlled and reproducible manner. These models offer the opportunity to
better understand pancreatic diseases, including PDAC, and accelerate

the development of innovative therapeutic strategies (37).

1.10 Fabrication techniques

In this thesis work, various techniques have been employed to fabricate the
microfluidic chips used for indirect co-culture. The microfluidic chips
consist of three layers: a bottom layer, a top layer, and a reservoir layer. The
fabrication process involved different techniques for each layer. SU-8
lithography was used for the bottom layer, while 3D printing technology
was utilized for the top and reservoir layers. These techniques served as the

foundation for replica molding, which involved creating PDMS replicas.

Lithographic techniques play a crucial role in nanofabrication and are
categorized as top-down approaches. These techniques involve
transferring a pattern onto a substrate covered with a photosensitive
material called resist. The lithography process consists of several steps,

including resist coating, substrate irradiation, development to remove
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excess resist, and substrate etching. The choice of energy source and
development method depends on the type of resist and the specific
lithography technique used. There are two types of resists: negative resist
and positive resist (figure 110.1). Negative resist is sensitive to irradiation
and is removed during development, while positive resist becomes
stronger with irradiation due to cross-linking. Physical mask methods or
mask lithography involve using masks for substrate irradiation, while
software methods or direct write methods involve directly drawing the

pattern on the substrate (38).

One notable lithography technique is soft lithography, which is a subset of
lithography techniques that utilizes elastomeric materials, typically
polydimethylsiloxane (PDMS), to create microstructures. It is a bottom-up
approach and is known for its simplicity, low-cost, and versatility. Soft
lithography involves creating a master mold, usually using

photolithography techniques, on a substrate such as a silica wafer.
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Figure 1.10.1 Positive (a) and negative (b) resist compared (38).

The master mold is then used to replicate the desired microstructures in
PDMS. PDMS replicas can be created by pouring PDMS onto the master
mold and allowing it to cure, resulting in a flexible and transparent replica
with the desired microscale features. Soft lithography is widely used in
various fields, including microfluidics, tissue engineering, and biosensors,
due to its ability to produce complex and customizable microstructures
(39). These techniques demonstrate the versatile nature of lithography and
its application in microfluidic chip fabrication, allowing for precise control

over the design and functionality of the devices.
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3D printing, also known as additive manufacturing, is a process of creating
three-dimensional objects by layering materials based on a digital model.
There are various 3D printing techniques available, each with its own
advantages and applications. One popular 3D printing technique is PolyJet.
PolyJetis atype of 3D printing technology that uses inkjet printing principles
to deposit and cure layers of liquid photopolymer materials. The process
involves jetting ultra-thin layers of liquid resin onto a build platform. These
layers are then cured or hardened using UV light to create solid structures
(40). PolyJet printers can produce high-resolution, detailed, and muilti-
material objects. One of the key features of PolyJet technology is its ability
to print objects with varying material properties in a single print job. By
using multiple print heads that can jet different types of materials
simultaneously, PolyJet printers can produce models with different colors,
textures, and even varying levels of flexibility or rigidity. This capability
makes PolyJet ideal for applications where complex and realistic
prototypes or models are required. PolyJet is widely used in various
industries, including product design, engineering, healthcare, and
education (40). It enables the rapid prototyping of functional parts, the
creation of realistic anatomical models for surgical planning, and the
production of intricate and detailed architectural models, among many
other applications. This technique has been used for printing top and

reservoir layers but also for the bottom layer in a second time evaluation.
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2 Aim of the work

The aim of this thesis project is the optimization of the device in terms of
microfluidics. The device is composed of three layers in PDMS, as shown in
figure 2.1. From left to right, we have the reservoir layer, top layer, and
bottom layer with the interposition of a PCL/gelatin membrane.

However, the previous version of the device had several issues related to

the internal flow and the insertion of the membrane.

Figure 2.1 Device disassembled. From left: reservoir layer, top layer and bottom layer with membrane.

Bottom layer: It consists of three channels: in the central one, fibroblasts
and collagen will be seeded (orange channel depicted in figure 2.2), and

two outer channels where the culture medium will be inserted to support
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the growth and provide nutrients to the cells in the central channel,
resembling the physiological crosslinking of the pancreas (depicted with a

blue dye).

.

Figure 2.2 Device assembled. External channels in blue and the central channel in orange dye.

Top layer: As shown in figure 2.1, this device has four inlets for the
introduction of fluids through a 200um pipette. Two inlets, shown in blue
color in figure 2.2 and 2.3, are intended for filling the external channels of
the bottom layer with the culture medium. One inlet, in orange, is for
introducing collagen and fibroblasts into the bottom layer under the
membrane, and the last one in red is for pancreatic epithelial cells above

the membrane. Two additional channels are projected for sampling and
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renewing the medium, one for the bottom and one for the top on the left of

the device.

Figure 2.3 Device assembled. External channels in blue and the central channel in orange dye.

Membrane: It is an electrospun nanomembrane made of PCL/gelatin in
which fibroblasts and gelatin will be seeded and cultured under the
membrane, indicated by the orange dye in figure 2.2, while pancreatic
epithelial cells will be seeded above the membrane, shown in red dye,

figure 2.3.
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Reservoir layer: It is the upper layer of the device and shows two medium

reservoirs for the storage of the medium and works as a nutrient supply.

Please note that figure 2.2 does not represent the device of the study case
as it presents the theoretical development of the idea of flow separation.
This version does not have an interconnection between the external and
internal channels and therefore would not be able to mimic the
physiological microenvironment of the pancreas. The device used for
seeding differs only in the presence of interconnections, which we will call
‘merlons,” between the channels of the bottom layer, thus ensuring nutrient

and substance exchange for the fibroblasts in the central channel.

This work aims at optimizing the design and fabrication of the previous
fabricated multilayer device, proposed by Beatrice Minervini (41) and
Matilde Aronne (42), to facilitate the cell seeding procedure, the monitoring
and the fluid dynamics in the assembled configuration of the chip. Indeed,
previous tests and characterization were performed to validate the

functionality of each layer, in the disassembly configuration.

2.1 Original device issues

The devices designed by Beatrice Minervini (41) and Matilde Aronne (42)

presented some issues, including:
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Membrane detachment: To achieve biological characterization under the
microscope, the membrane needed to be isolated. During the disassembly
of the device, specifically when separating the bottom layer from the top
layer, the membrane resulted delaminated or broken, preventing its

analysis.

Channel filling: The filling of external and internal channels was
significantly difficult to perform. In particular, the central channel was
obstructed by the membrane which hindered the flow passage. Indeed, the
membrane might lack a proper support from the surrounding surfaces,
bending and falling into the central channel, acting as an obstacle. Another
cause was the capillary effect, where fluid injected into an inlet would rise
from the nearest upflow channel without filling the channels of the bottom
layer. The presence of air bubbles inside also posed a problem as they
prevented homogeneous channel filling or the unilateral filling of only one

of the two external channels.

Liquid separation: As mentioned in the "Aim of the work” paragraph, the
goal was to confine the collagen/fibroblast solution in the central channel

and contain the culture medium separately in the external channels, while
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allowing communication between the channels for nutrient passage.
However, what was obtained from the initial device was fluid leakage from
the central channel to the external channels, and vice versaq, from the

external channels to the internal one.
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3 Materials and methods

3.1 Device design

3.1.1 Bottom layer design — lithography

The bottom layer design was developed based on the optimized protocols
by Beatrice Minervini during her master thesis work (figure 3.1.1) (41) and
was produced with lithography and projected using Rhinoceros. The design
incorporates three channels with the following dimensions: the central
channel measures 900um in width, 6.4mm in length, and 200um in height,
while the lateral channels measure 500um in width, 6.4mm in length, and
200pum in height. To separate the central channel from the lateral ones, two
rows of pillars were introduced. Each pillar has a diameter of 100um and a

height of 200pum, with a pitch of 75um between the pillars.
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Figure 3.1.1 Original device CAD (41).

Characterization of Bottom layer- lithography

A preliminary microfluidic test of the device in Figure 3.1.1 was conducted
under a digital microscope by filling the central channel from the second
inlet using a 200 pl pipette with water and blue dye (figure 3.11c-3.1.2¢c).

As can be seen from the test, the liquid flowed back from the third inlet (inlet
of the top layer) and spread throughout the bottom layer, even overflowing
from the external channels. The same test was conducted by attempting

to fill the external channels (Figure 3.1.3c-3.1.4c).
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Figure 3.1.2c End point of a microfluidic test during the filling of the central channel.




Figure 3.1.3c End point of a microfluidic test during the filling of external channels. Bottom view.




From the bottom view of Figure 3.1.3c, it can be observed that the flow was
not confined within the external channels but entered the central one.
Furthermore, the filling occurred unilaterally, as we can see that only the

upper external arm was completely filled.

Figure 3.1.4c Result of a microfluidic test. Bottom view.

As seen from the figure above (figure 3.1.4c), the membrane acted as a
barrier to the flow of fluid, preventing the central channel from being

completely filled. In fact, it appears more saturated and of a dark blue color.
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3.1.2 Bottom layer design — lithography’s modification

The first modification made to the design involved altering the central
channel to better confine the fluid within it. The continuous wall of pillars
was replaced with an alternating pattern of pillars and slots, promoting a
more contained flow (figure 3.1.2). The central channel remained almost
unaltered, measuring 950um in width. The length of the slots is (missing
value), the diameter of the pillars was reduced to 50um, and the distance
between the slots and pillars is 30 um. Due to the precision required, the

mold was fabricated using lithography, as illustrated below.

Figure 3.1.2 Slots and pillars device CAD.
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Characterization of Bottom layer — lithography’s modification

As evident from the sectional view (figure 3.1.5c) obtained by digital
microscope, the pillars undergo slight deformation during casting and
debonding, which did not compromise the results in a first microfluidic test
using water and dye (figure 3.1.6¢). This test was successfully conducted

and passed.

Figure 3.1.5c Sectional view of slots and pillars.

48



Figure 3.1.6¢ Microfluidic test for the central channel.

However, when the test was conducted with the assembled device and the
membrane inserted, material leakage from the central channel into the
outer channels was observed, due to the wettability of the membrane and

deformed pillars (Figure 3.1.7¢).
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Figure 3.1.7c Results of a microfluidic test.
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3.1.3 Bottom layer design — 3d printing

Given the long timeframes and limited versatility of lithography, the
fabrication of the device proceeded using 3D printing, allowing for the
testing of multiple devices in less time. Firstly, | tested the accuracy of the
OBJET30 printer, theoretically at 0.lmm (43), using an initial model that
corresponded to the equivalent of the one used in lithography. However,
this model had a wall thickness of 0.Imm composed of only slots with
0.2mm in length, without the inclusion of pillars, as it was already known in
advance that they would exceed the limits imposed by the printer. All other
dimensions of the design remained unchanged. The printing process was
unsuccessful because the minimum required accuracy was 0.Imm (43),
but the width of the wall was at the limit of accuracy and the distance

between the slots was significantly smaller (figure 3.1.3).

Figure 3.1.3 Pillars and slots walls.

50



An addition to the design was the incorporation of lateral protrusions. By
replicating them in PDMS, their negative imprints formed recesses to
accommodate the membrane, fixing it and preventing it from bending or
delaminating during bonding and disassembly.

Anyway, unable to use either pillars or slots, the design and its dimensions
were changed (figure 3.1.4-3..5). The central channel needed to have
better containment to properly confine the fluid, so the idea was to use a
conductive wall with a height of 0.3mm and merlons of 0.2mm on top of it
(figure 3.1.6). The function of the merlons is to ensure the exchange of
substances and nutrients between the central and lateral channels,
maintaining the role that the pillars had in the initial design. Remember that
the mold represents the negative of the replica in PDMS, so the terms "wall’

and "merlons” refer to the replica and not the mold.

Figure 3.1.4 Overall view of the device with merlons.
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Figure 3.1.5 Device dimensions.

Figure 3.1.6 Section view of merlons.
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Characterization of Bottom layer — 3d printing

In the figure 3.1.8c, we can see the cross-sectional view of the bottom layer,

particularly of the central channel and the merlons.

Figure 3.1.8¢c Section view of merions.

A microfluidic test was conducted to fill the central channel with water and
dye, which was successfully achieved. However, there remained an issue

with the external channels (figure 3.1.9¢). Specifically, as the fluid filled the
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external channel, it attempted to rise through the centrally positioned inlets
due to capillary action, entering the central channel and flowing back
through the inlets. Furthermore, we continue to observe the uneven filling

of only one of the lateral channels (figure 3.1.10c).

Figure 3.1.9¢ central channel flow. Figure 3.1.10c Section view of merlons.
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3.1.4 Bottom layer design — 3d printing - 1° modification

The issue related to capillary action primarily concerned the proximity of
the inlet channels. To overcome this problem, the outer arms were
expanded and widened to avoid interference with the top channel (see

Figure 3.1.7).

Figure 3.1.7 Changes made to the CAD.

Characterization of Bottom layer - 3d printing - 1° modification

As seen from a video frame during a microfluidic test, the central channel
continued to fill properly, but the issue of non-uniform filling persisted in the

external channels (figure3.1.1lc and 3.1.12c).
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Figure 3.1.11c Central channel flow.

Figure 3.1.12¢ Unilateral filling external channel.
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3.1.5 Bottom layer design — 3d printing - 2° modification

The external channels likely experienced non-uniform filling not only due to
the presence of air but also because the flow took a preferential path
based on how the pipette tip was inserted into the channel, the applied
force, and the tilt of the pipette in the inlet. To address this issue, it was
decided to move the bifurcation point further away from the inlet, reducing
the susceptibility to these issues and allowing the flow to become more

linear along the straight channel, reducing preferential flow paths (figure

3.1.8).

Figure 3.1.8 Changes made to the CAD.

Characterization of Bottom layer - 3d printing - 2° modification

Like the previous tests, the central channel didnt encounter any filling

problems, whereas the outer channels still presented notable challenges.
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Figure 3.1.13c Central channel flow.




3.1.6 Bottom layer design — 3d printing — Final design

The only and definitive solution, then, is to have separate inlets for the
external channels to facilitate the uniform filling of both. Therefore, based
on the study conducted by Drifka et al. (44) and the previous thesis work of
Matilde Aronne (42), the device with four separate inlets has been
optimized. Two inlets were intended for the side channels of the bottom
layer, one for the central channel of the bottom layer, and the fourth one

for the top layer channel (figure 3.1.9-3.110).

Figure 3.1.9 Overall view of the device in Rhinoceros.
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Figure 3.1.10 Upper view of the final device.

The device's dimensions have been optimized to enhance fluidic
performance, with particular focus on reducing the size of the merlons

(figure 3.1.11-3.112).

Figure 3.1.11 Lateral view of the final device.

60



Figure 3.1.12 Upper view of the final device with dimensions.

Characterization of Bottom layer — 3d printing - Final design

From the final microfluidic tests, we can observe the uniform filling of all the
channels, including the central channel (Figure 3.1.14c), the external

channels, and the top layer channel (Figure 3.1.15c).
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Figure 3.1.14c Central channel flow.

Figure 3.1.15¢ Filling of the external channels and the channel in the top layer.




From this image below (figure 3.116c), we can see that only the external

channels with four inlets are adequately filled.
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Figure 3.116¢ Testing conducted on various samples_of the device after the microfluidic test.

3.1.7 Top layer design

The top layer design was created based on the bottom layer. The design
features a channel with the new dimensions, compared to that of Marilde
Aronne (42) the canal has been increased in height (figure 3.1.13). This
channel corresponds to the central channel of the bottom layer, and they
are separated by a polycaprolactone (PCL)/gelatine electrospun
membrane. The design includes four inlet holes with a diameter of
approximately 2mm and two outlet holes of the same size as the inlet holes.
Additionally, there is a rectangular frame surrounding the channel, which

serves ds the housing for the membrane.

Ty = - % E A i e e e el

63



Figure 3.1.13 Upper and lateral view with dimensions - top layer.

3.1.8 Reservoir design

On top of the previously described layers, the pancreas-on-chip model
includes an additional layer known as the reservoirs. The purpose of this
layer is to serve as storage for the culture media required for the cells
seeded in the other layers. The reservoirs layer consists of two holes, one

located at the inlets with a diameter of 10 mm, and another at the outlets
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with a diameter of 6.3 mm. The CAD design of this layer created in

Rhinoceros is depicted in figure (figure 3.1.14).

Figure 3.1.14 Upper and lateral view with dimensions - reservoir layer.
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3.2 Device fabrication

3.2.1 Replica molding

Replica molding, also known as soft lithography or microcontact printing,
is a technique used to create replicas or copies of a master pattern with
high fidelity. It is widely used in microfabrication and microfluidics to
produce structures and devices with intricate features.

The replica molding process involves the following steps (45):

1. Master fabrication: A master pattern is created using a high-resolution
technique such as photolithography (figure 3.2.1) or 3d printing (figure
3.2.2) in this study case. The master pattern can be made on a silicon wafer
or other suitable substrate.

2. Preparing the mold: A liquid polymer, such as polydimethylsiloxane
(PDMS), is poured over the master pattern and cured. PDMS is a commonly
used material in replica molding due to its flexibility, transparency, and
ease of use.

3. Demolding: Once the PDMS has cured and solidified, it is carefully peeled
off from the master, resulting in a negative replica of the master pattern
embedded in the PDMS.

4. Replica production: The PDMS mold is then used to create multiple
replicas by pouring or casting various materials such as polymers, gels, or
even metals into the mold. The material fills the cavities of the mold,

replicating the features of the original master pattern.
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Figure 3.2.2 Molds and replicas of bottom, top and reservoir layers. Molds produced by 3d printing.
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Replica molding offers several advantages in microfabrication and
microfluidics. It is a cost-effective and efficient technique that enables the
production of multiple replicas from a single master, allowing for scalability
and mass production. It also allows for the replication of complex and high-

resolution patterns with excellent fidelity.

3.2.2 SU-8 photolithography and mask realization

In this work, to produce the mold of bottom layer SU-8 photolithography
technique has been used. This technique is divided into two phases, the
first phase consists in the mask fabrication and the second is the real
production of mold in SU-8. The entire process was done in a ISO clean
room under yellow light illumination (Figure 3.2.3) and the optimized

protocol developed by Matilde Aronne was followed (42).

Mask realization

In this work, the mask for photolithographic techniques was created using
a direct laser writing technique. The LaserWriter used was MICROTECH
LASERWRITER LW405 A71 (figure 3.2.3), which utilizes a GaN laser beam at

405nm to pattern a planar geometry on surfaces covered by photoresist.
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This low-cost technique offers high performance and excellent resolution,

capable of achieving patterns as small as 0.7um (46).

Figure 3.2.3 MICROTECH LASERWRITER LW405 A71 at Chilab.

The LaserWriter consists of several sections (42):

- The write unit, housing the GaN laser, substrate microtranslation system,
laser interferometer, and electro-optical components. It enables beam
adjustment through specific optics for precise pattern writing.

- The cabinet, providing protection from clean room air flow to prevent

vibrations that may affect the laser beam.
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- The control unit, responsible for managing the laser beam via various

interconnections.

For this study, the mask was created using a chromium/glass support
(cr/sio2) and patterned using the LaserWriter, following the .CIF CAD
design shown in figure 3.2.4 (converted from Rhinoceros CAD using
Clewin). The writing process takes approximately 1 hour, after which the

mask undergoes development and etching.

Figure 3.2.4 Mask CAD realized in Rhinoceros (left) and in Clewin (right).

The mask development/etching process involves the following steps (42):

- Mask dipping into a solution of water and AZ 400k Developer by Merck
(in a 311 ratio) to remove excess resist. The mask is then rinsed in

deionized water (DI) and dried with hyperpure nitrogen (figure 3.2.4).
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Figure 3.2.4 Before and after developing the mask.

- Chromium etching to remove the exposed chromium layer where the
resist was previously removed. The mask is immersed in chromium
etchant (Chrome ETCH N°l, SIGMA-ALDRICH®) until the pattern
becomes clearly visible. It is then rinsed with acetone and isopropyl

alcohol (IPA), washed in DI, and dried with nitrogen (figure 3.2.5).
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- Mask cleaning involves dipping the mask into a pirafha solution for
30 minutes to ensure its cleanliness before use. The solution is
composed of 3 parts sulfuric acid (99%) and 1 part hydrogen peroxide

(30%). Afterward, the mask is washed in DI and dried with nitrogen

(figure 3.2.6).

Figure 3.2.5 Chromium etching phase. Figure 3.2.6 After cleaning the mask.
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SU-8 lithography

The SU-8 photoresist is a negative epoxy-based resist widely used for
microfabrication of high aspect-ratio microcomponents in MEMS. Its
properties include high sensitivity, resolution, low optical absorption,
thermal stability, and chemical resistance, making it suitable for various
applications such as microstructure supports, molding, and packaging.
However, the specific characteristics of SU-8 depend on processing
conditions, such as curing time, temperature, and irradiation dose, which
affect the degree of crosslinking and subsequently the physico-chemical
properties of the polymer (47). It consists of acid-labile groups and a
photoacid generator. Upon irradiation, a strong acid catalyst is generated,
which initiates the cross-linking process. Subsequent heating activates
cross-linking and regenerates the acid catalyst, significantly increasing the
resist's sensitivity. The main components of SU-8 include a Bisphenol A
Novolak epoxy oligomer (EPONR SU-8 resin, Shell Chemical, figure 3.2.7) and
a photoacid generator (CYRACURER UVI, Union Carbide) that decomposes

to form hexafluoroantimonic acid.
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Figure 3.2.7 Chemical structure of the Bisphenol A Novolak epoxy oligomer contained in SU-8
formulations (48).
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The acid protonates the epoxides in the oligomer, allowing them to react
with neutral epoxides in a series of cross-linking reactions upon application
of heat. With each monomer molecule containing eight reactive epoxy
sites, a high degree of cross-linking is achieved upon photothermal
activation. This leads to lithographic structures with high mechanical and
thermal stability after processing (48). In this project, the
photolithographic process involved the use of SU-2150 and SU-2100
photoresist by MicroCHEM to create a mold. These two materials have
different properties (figure 3.2.8), so different settings will be used during
the coating phase. SU-2150 was used to recreate the initial model of
Beatrice Minervini's device, while SU-2100 was used to fabricate the

modified device as previously described, which featured pillars and slots.

Figure 1. SU-8 2000 Spin Speed versus Thickness

. —&— SL-8 3150

500 o, ~8—5U-8 2100

Film Thickness (um)

Spin Speed (rpm)

Table 1. SU-8 2000 Viscosity

SU-8 2000 % Solids Viscosity (cSt) Density (g/ml)
2100 75.00 45000 1.237
2150 76.75 80000 1.238

Figure 3.2.8 Properties of SU-2150 and SU-2100 (49).
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The manufacturing process for the bottom layer mold involved several

steps:

1. Substrate pre-treatment: A silicon/silicon oxide wafer was prepared
before the process. To promote the adhesion of SU-8, the wafer underwent
a heating treatment at 200°C for 15 minutes, followed by O2 plasma
treatment. Adhesion promoters such as Omnicoat can also be used during

this phase.

2. Coat: A photoresist layer was deposited on the prepared surface using a
spin coater (figure 3.2.9). The wafer was centered on the spin coater
support, and SU-8 2150 was dispensed at the center. The spin coating
process consisted of two steps: first, spinning at 500 rpm for 10 seconds to
facilitate SU-8 spreading, and then spinning at 2000 rpm for 60 seconds for
the SU-2150 to achieve the desired layer thickness, whereas using the SU-
1000 the first phase was reduced to 300 rpm in order to create a uniform
coating without air inclusion, and at 2000 rpm for 60 seconds in the second

phase,
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Figure 3.2.9 Spin coater with wafer placed. Figure 3.2.10 Mask-aligner at Chilab.

3. Edge bead removal (EBR): In this work, the EBR step was skipped since the
wafer edges did not play a role in the process. Typically, 2-Propanol Alcohol

(IPA) is used to remove the excess SU-8 from the edges.

4. Soft bake: This step involved a two-temperature protocol to allow solvent
evaporation and solidification of SU-8. The coated wafer was first kept at
65°C for 8 minutes, followed by ramping to 95°C and maintaining this
temperature for 40 minutes. Soft bake variations can affect the resist layer

thickness before UV exposure.

5. Exposure: A UV lamp was used to expose the photoresist, inducing cross-

linking in the exposed regions of SU-8. A mask was positioned above the
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coated substrate to select the areas to be irradiated. Exposure was
performed using a mask aligner (figure 3.2.10) with a filter to remove
radiation under 365nm. The exposure time was set to 50 seconds to ensure

sufficient energy absorption by SU-8.

6. Post-exposure bake (PEB): The purpose of this step was to provide
additional energy to complete the cross-linking process in the exposed
photoresist. To control mechanical stress, temperature increase and
decrease were carefully managed. The exposed wafer was heated at 65°C
for 5 minutes, ramped to 95°C, and kept at this temperature for 20 minutes.

Wafer cooling was performed gradually on a hot plate up to 25°C (figure

3.2.1).

Figure 3.2.11 Post-exposure bake before the development Figure 3.2.12 Hard bake after the development
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7.Development: The developed wafer underwent the development process
using a SU-8 developer, which diluted the non-cross-linked photoresist,
revealing the desired pattern on the wafer. The coated wafer was
submerged in the developer and stirred for approximately 20 minutes. It
was then rinsed with fresh developer and rinsed with IPA. Finally, the wafer

was dried with nitrogen.

8. Hard bake: To eliminate residual mechanical stresses within the SU-8
photoresist, a hard bake step was performed. The developed wafer was
heated at 150°C for 5 minutes and then cooled to 25°C on the hot plate

(figure 3.2.12).

Prior to using the mold for replica molding, a silanization process was
performed on the wafer to create a passivation layer. This layer allowed for
easy peeling of PDMS and prevented adhesion to the master. The

procedure involved the following steps:

1. Solution preparation: Toluene and trichloromethylsilane were mixed in a

Petri dish in a ratio of 1:10. (figure 3.2.13)

2. Rest: The wafer was immersed in the solution and left submerged for 3

hours.
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3. Washing and baking: The wafer was washed with IPA and dried with

nitrogen (figure 3.2.14). Subsequently, it was baked at 160°C for 15 minutes.

Figure 3.2.13 Toluene and trichloromethyilsilane. Figure 3.2.14 Drying with nitrogen.

3.2.3 3D printing

As explained before, at the end of the work, all the layers were obtained
using the replica molding technique, with the molds being created through
3D printing. In this thesis work, the 3D printer used was the polyjet OBJET30
Stratasys, which utilizes a liquid UV photopolymer resin called VeroWhite®

(Stratasys, as shown in figure 3.2.15).
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Figure 3.2.15 Polyjet OBJET30 Stratasysw (50).

Before initiating the printing process, the exported .stl file is loaded into the
3D printer computer using the Objet Studio software. This software also
allows for the orientation of the elements within the printer's tray. Once
everything is set up, the printing process begins. The resin is deposited layer
by layer by the inkjet head, and each layer is polymerized using a UV lamp.
The printer's tray then moves down along the Z-axis to continue with the
deposition of subsequent layers. In addition to the photopolymeric

resin, the printer can also deposit a sacrificial supporting material known

as SUP705 (42).

The printing process takes less than one hour. Afterward, the molds can be
extracted and need to be washed with water and dried with air before
undergoing the curing phase. During the curing phase, the molds are
placed in an oven overnight at 150°C. This step is crucial to ensure the
complete curing of the photoinitiator in the resin, thus avoiding any

interference with the subsequent PDMS polymerization process.
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At the end of the process, the molds are re-washed in acetone using an
ultrasonic bath with the following parameters: 5 minutes duration, 59kHz

frequency, 20°C temperature, and 100% power.

3.2.4 Plasma-oxygen treatment

Plasma is an ionized state of matter consisting of ions and electrons. It is
formed when a gas is energized, causing electrons to break free from the
atoms’ nuclei and creating a mixture of charged particles. Plasma can be
described as a partially ionized gas, containing neutral atoms, atomic ions,
electrons, molecular ions, and excited or ground-state molecules.

The presence of charged particles in plasma gives it high electrical
conductivity. It carries internal energy due to the presence of electrons,
molecules, ions, and excited gas particles. When plasma interacts with a
surface, plasma treatment occurs (51). The specific effects of plasma
treatment on a surface can be controlled by selecting the gas mixture,
pressure, power, and other parameters, allowing for precise tuning of the
treatment process.

After creating a pattern on a PDMS substrate using replica molding, the
PDMS undergoes oxidation in air or oxygen plasma. This process involves
the removal of organic and hydrocarbon materials through chemical
reactions with reactive oxygen radicals and ablation by energetic oxygen
ions. As a result, silanol (SiOH) groups are formed on the surface, increasing
its hydrophilicity and improving surface wettability (52). Once the PDMS is

activated by plasma treatment, it is immediately brought into contact with
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another oxidized PDMS or glass surface, this process is also called
“Bonding”. At the interface, a bridging Si-O-Si bond is formed, creating a
strong and irreversible seal. This covalent bond ensures that the interface
is watertight, making it well-suited for the formation and functioning of

microchannels (figure 3.2.16).
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Figure 3.2.16 PDMS-PDMS bonding (53)

For this thesis work, the Electronic Diener Plasma-Surface-Technology
(shown in figure 3.2.17) was utilized. The plasma treatment parameters are

listed in table 1 (42).

Pumping down pressure 0.3mbar
Gas supply period 1min
02 flow 100%
Plasma process duration 0.30s
Plasma power 22%
Venting time 1min

Table 1 Parameters used during plasma oxygen treatment (42).
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Figure 3.2.17 Electronic Diener Plasma-Surface-Technology at Chilab.

Prior to plasma treatment, PDMS replicas were cleaned in ethanol using an
ultrasonic bath. Subsequently, they were dried on a hot plate at 100°C for 5
minutes. After the plasma treatment, a thermal treatment was conducted
on the bonded layers. The layers were subjected to a hot plate at 80°C for

60 seconds to enhance the bonding process (52).

3.2.5 Insertion of the membrane

The membrane is cut to size from the electrospun foil sheet, with
dimensions of approximately 1x1.5 cm. PDMS is inserted into the two cavities

on the sides of the device (figure 3.2.18).
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Figure 3.2.18 Electronic Diener Plasma-Surface-Technology at Chilab.

Figure 3.2.19 Device with membrane.

Subsequently, it is placed on a hot
plate to cure the PDMS at a
temperature of 100°C for 2-3
minutes. It is removed from the hot
plate before it completely crosslinks,
leaving it sticky to facilitate the
adhesion of the membrane without

wetting it (figure 3.2.19).
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3.2.6 Electrospinning

Electrospinning is an electronydrodynamic process used to generate fibers
by stretching and elongating a liquid droplet. The basic setup for
electrospinning consists of a high-voltage power supply, a syringe pump,
a spinneret (typically a blunt-tipped hypodermic needle), and a

conductive collector (figure 3.2.20) (54).

Syringe pump
Syringe \

Spinneret

High-voltage \

power supply

— :

- Taylor cone
h— 3"
= 7

— Collector

Figure 3.2.20 Setup for electrospinning (54).

The power supply can be either direct current (DC) or alternating current
(AC). Initially, the liquid is extruded from the spinneret, forming a pendant
droplet due to surface tension. When electrified, the electrostatic repulsion

among the like-charged surface charges deforms the droplet into a cone-
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shaped structure called a Taylor cone, from which a charged jet is emitted.
The jet undergoes whipping motions due to bending instabilities as it
stretches and solidifies into finer diameters. The solidified jet deposits as
solid fiber(s) onto the grounded collector. The electrospinning process can
be divided into four main steps:
e charging of the liquid droplet and formation of the Taylor cone or
cone-shaped jet,
e extension of the charged jet in a straight line,
e thinning of the jet accompanied by electrical bending instability
(whipping instability),
« solidification and collection of the jet as solid fiber(s) on the grounded

collector. Further details on these steps are discussed in subsequent

subsections.

PCL/gel parameters

Voltage (kV) +16/-4

Z distance (mm) 160

Flow rate (pl/h) 500

Volume (ml) 5

Stroke (mm) measured
Figure 3.2.21 Electrospinning process. Table 2 Electrospinning parameters.
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A solution of PCL/gelatin was electrospun to obtain the membrane and the
spun fibers were collected on a foil sheet, as shown in Figure 3.2.21. The
selected electrospinning parameters for membrane fabrication are
summarized in Table 2. The electrospinner used for this work is depicted in

figure 3.2.7 and is referred to as the NovaSpider instrument.

3.2.7 Confocal microscopy

The confocal microscope utilizes fluorescence optics, similar to the
widefield microscope, but instead of illuminating the entire sample
simultaneously, the confocal microscope focuses laser light onto a specific
spot at a particular depth within the sample. This precise focusing results
in the emission of fluorescent light exclusively at that specific point. To
eliminate out-of-focus signals, a pinhole positioned within the optical
pathway restricts the entry of such signals, allowing only the fluorescence

signals from the illuminated spot to reach the light detector (55).

Figure 3.2.22 Excitation and emission light pathways (55).
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To generate images of a single optical plane, the specimen is scanned in
a raster pattern. By scanning multiple optical planes and stacking them
together using advanced microscopy deconvolution software (z-stack),
three-dimensional objects can be visualized. Additionally, modern
confocal microscopes equipped with multiple lasers and
emission/excitation filters enable the analysis of multicolor
immunofluorescence stainings (55). The microscope used for biological
characterization is the Nikon Eclipse Ti2 at Politecnico di Torino (figure

3.2.23).

Figure 3.2.23 Nikon Eclipse Ti2 at Politecnico di Torino.
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3.3 Device materials

3.3.1 PDMS

In this thesis work, PDMS was used to produce the layers of the microfluidic
device. Polydimethylsiloxane (PDMS) is a widely used silicone elastomer in
various fields, including microfluidics, bioengineering, and soft robotics.
PDMS possesses unique properties that make it an ideal material for these

applications (Table 3).

Property Units Value
Viscosity A:B=1:1(25°C) Pas 35
Specific gravity - 1.02
Hardness Shore A 10
Thermal conductivity W/(m-K) 0.2
Dielectric strength kV/mm 27
Dielectric constant (25 °C, 100 kHz) - 4.5
Volume resistivity Q'm 2.2:10°"°

Table 3 PDMS properties (56)

PDMS is a transparent, flexible, and biocompatible material. It exhibits
excellent optical transparency, allowing for easy visualization of samples
and cells under a microscope. Its flexibility enables the fabrication of
intricate structures and devices, making it suitable for creating microfluidic
channels and flexible membranes.

One of the key advantages of PDMS is its permeability to gases, including

oxygen and carbon dioxide. This property is crucial in biological
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applications as it allows for the exchange of gases, supporting cell culture
and maintaining physiological conditions within microfluidic systems.
PDMS is also known for its ease of use in fabrication processes. It can be
molded or cast into various shapes and sizes, making it highly versatile. Its
low surface energy prevents the adhesion of proteins and cells, reducing
the risk of unwanted interactions and enabling precise control over the flow
of fluids. Polydimethylsiloxane (PDMS) can be chemically functionalized to
modify its surface properties and enhance its compatibility with specific
applications. Functionalization of PDMS involves introducing various
chemical groups or coatings onto the surface of the material (57).

One common method of PDMS functionalization is plasma treatment.
Plasma treatment exposes the PDMS surface to a highly reactive plasma,
which leads to the formation of new chemical groups on the surface. This
process can increase the surface energy of PDMS, making it more
hydrophilic and improving its wettability. Plasma treatment can also
introduce functional groups, such as carboxylic acids or amino groups,
onto the PDMS surface, enabling further modifications or covalent bonding
with other molecules. This technique, in particular oxygen-plasma
treatment, has been used to realize the interface bonding between layers
(52). Other methods of PDMS functionalization include chemical vapor
deposition (CVD), where a thin layer of desired material is deposited onto
the PDMS surface, and surface grafting, where specific molecules are

attached to the PDMS surface through covalent bonds (58).
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Functionalization of PDMS allows for a wide range of applications. It can be
used to improve cell adhesion and promote cell growth in tissue
engineering, enhance protein immobilization and biosensing capabilities
in microfluidic devices, and create specific surface properties for drug
delivery systems or surface patterning (59).

To achieve a thoroughly crosslinked solid structure (figure 3.3.1), a PDMS
solution for replica molding was prepared by combining a polymeric base
and a curing agent from the SYLGARDTM 184 Silicone Elastomer kit
(figure3.3.2) in a volumetric ratio of 10:1. The solution was mixed vigorously
by hand, and any trapped air bubbles were subsequently removed using a

vacuum pump (figure 3.3.3).

CH, CH,) CH,
| I |
CH,- Si 1 O — Si + O-Si—CH,
| I |
CH, CH,] CH,

n

Figure 3.3.1 PDMS structure (60).

Figure 3.3.2 SYLGARDTM 184 Silicone Elastomer kit (61).  Figure 3.3.3 Vacuum pump with PDMS replicas.
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3.3.2 Collagen

Collagen is a crucial component of the extracellular matrix and widely used
in tissue engineering. It has diverse applications, including tissue
substitutes, drug delivery systems, and wound dressings. Its
biocompatibility and binding capacity make it suitable for multi-purpose
bioscaffold designs. The collagen superfamily consists of 28 identified
types, mainly classified into fibrillar and non-fibrillar subfamilies (62). Type
| collagen, belonging to the fibrillar subfamily, is the most abundant,
comprising about 80% of total collagen in the human dermis. Other types,
such as |V, VI, and VII, have specific functions in basement membranes and
anchoring structures. Collagen, with its diverse types and structures, plays
a crucial role in tissue engineering. The molecular structure of collagen
consists of triple helices formed by three polypeptide a-chains. These
helices can be homotrimers or heterotrimers, depending on the collagen
type. Collagen type I, the most abundant in human dermis, is a
heterotrimer composed of two alpha-1 (al) chains and one alpha-2 («2)
chain (figure 3.3.4). Collagen triple helices assemble into microfibrils, which
further form fibrils of different diameters in tissues. The arrangement of
collagen fibrils contributes to the specific properties and functions of
various tissues. For example, in the skin, collagen forms a complex network,
while in bone, it combines with hydroxyapatite crystals in an ordered
composite. Tendons have parallel bundles of large-diameter collagen

fibrils, while the cornea contains smaller-diameter fibrils arranged
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orthogonally for transparency. Cartilage exhibits zonal architecture with
collagen fibres packed differently in each zone. Collagen type | has been
extensively studied due to its repetitive structure, self-assembly properties,
and relevance to tissue regeneration. Collagens have a distinct molecular
structure characterized by a repeated proline-rich amino acid sequence

and a glycine (Gly) residue every third position, forming a triple helix (62).

Triple helix
collagen type |
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Figure 3.3.4 Collagen structure (62).

The Gly-X-Y motif, with X and Y commonly being proline and 4-
hydroxyproline, is essential for collagen’s gelling function. The triple helix
structure varies in length among collagen types, with approximately 300
nm corresponding to 1000 amino acids. Gly residues form the central axis,
while X and Y residues are positioned on the helix's surface for binding

interactions crucial in fibril formation. Despite variations in amino acid
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composition between collagen types, hydroxyproline, glycine, and proline
are prevalent in all collagens (62). Different collagen sources exhibit
variations in amino acid content, which can impact chemical and physical
properties relevant to tissue engineering applications. Understanding the
amino acid sequences and their role in collagen assembly is essential for

developing suitable biomaterials for tissue engineering.

In this thesis, a hydrogel solution was created using Advanced BioMatrix
Fibricol®, a type | collagen solution (figure 3.3.5). The proprieties are snown
in the table 4. Fibricol® contains 97% type | collagen and 3% type Ill collagen,

with a collagen concentration of 10mg/mL.

Form Solution
Storage Temperature 2-10°C

Collagen Concentration - 9.0-11.5 mg/mL
Biuret

Collagen Purity - Silver =99.9%

inf i
Flarmsal®

Staining

pH 1.9-2.1

Source Bovine Hide
Figure 3.3.5 Collagen solution (63). Table 4 Collagen propetrties (42).

The hydrogel solution was prepared by mixing 1 part of PBS 10X and 8 parts
of collagen at low temperature. The mixture was stirred at 230 rpm for a

few minutes to ensure homogeneity. The pH of the solution was monitored
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using pH paper and sterile 0.IM NaOH was added if the pH was too low,
followed by additional stirring. An optimal pH is around 7.5/8. Finally, 1 part
of sterile distilled water was added. The entire process was carried out in
an ice-filled beaker on a stirrer to maintain a low temperature and prevent

the gelation of the solution.

3.3.3 PCL

PCL (polycaprolactone) is an aliphatic polyester belonging to the poly-a-
hydroxy acid group, along with polylactic and polyglycolic acids. It is a
biocompatible, biodegradable, and bioresorbable polymer. It consists of a
chain of repeated €-caprolactone units (C6H1002)n, with the length of the

chain (n) determining its degradation time and persistence.

Figure 3.3.6 PCL structure (64).

PCL is a hydrophobic, semi-crystalline polymer with a low glass transition
temperature of -60°C and a melting point ranging from 59° to 64°C. It has
favorable viscoelastic properties, making it easy to manufacture and

manipulate into various structures such as microspheres, fibers, films, and
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foams. PCL can also be blended with other polymers to create copolymers
with different properties and degradation rates (65).

PCL (polycaprolactone) is both biodegradable and bioresorbable. In vitro
and in vivo tests conducted according to ISO 10993 standards have
demonstrated the safety of PCL when in contact with human tissues and
fluids. The biodegradation of PCL occurs through hydrolysis of its ester
bonds. This degradation process involves two phases. In the first phase,
water penetrates the polymer, causing chain scission. This phase follows a
controlled and predictable first-order linear pattern, with the length of the
polymer chain decreasing over time. The rate of chain scission is
determined by factors such as water permeability and polymer length. In
the second phase, which occurs when the polymer is more crystalline, the
shorter polymer chains allow small fragments to diffuse through the matrix.
Ultimately, the degradation end products, carbon dioxide (C0O2) and water

(H20), are completely eliminated from the body (65).

3.3.4 Gelatin

Gelatin is a natural polymer derived from the hydrolytic degradation of
collagen protein. It is commonly found in the form of tablets, granules, or
powders and is used in various applications. Gelatin is widely studied as a
matrix for three-dimensional cell culture and tissue-engineering scaffolds.
It is also a high-protein component in nutritionally balanced foods and can

serve as a fat and carbohydrate substitute. Collagen, the source protein of
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gelatin, is naturally abundant in the skin, bones, tendons, and ligaments of
humans and animals. There are two main types of gelatin: type A, produced
from acid-treated collagen, and type B, produced from alkaline-treated
collagen (66). These types differ in their isoelectric points and crosslinking
degrees (table 5). Gelatin exhibits amphoteric behavior due to its
functional amino acid groups and terminal amino acids, making it versatile

in various applications.

Twvpe A Gelatin Type B Gelatin
(193 Bloom) (150 Bloom)
Extracted by acidic hydrolvsis of Extracted by alkaline hydrolvsis of
bovine bone, bovine hide and pork bovine bones and hide
skin
High gel strength and can resist cross- High plasticity and elasticity
linking better than tvpe B (compared to acud pork skin)
pH ~ 3.8-6.0 pH ~ 5.0-7.4
[3 Isopelectric point ~ 6-8 lsoelectric point — 4.7-3.3

Table 5 Differences and propetrties of Type A and B gelatin (67).

Gelatin is a complex polymer composed of various amino acids, with
glycine, proline, and hydroxyproline being the major components. It has a
hydrophilic character and consists of different polypeptide chains. Gelatin
undergoes a gelatinous state below a certain temperature range, but
prolonged boiling leads to irreversible changes in its properties. The
viscosity and gel strength of gelatin are influenced by factors such as
molecular mass distribution, electrolyte concentration, pH, and
temperature. Gelatin gels are thermally reversible and are held together by

hydrogen-bonded junction zones. However, they are not stable at
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physiological temperatures, necessitating chemical or enzymatic
crosslinking for stability. Gelatin is derived from the hydrolysis of collagen
found in animal tissues, and appropriate pre-treatment is required to
solubilize collagen and extract gelatin. Gelatin exhibits favorable physical
properties such as jelly force, dispersibility, low viscosity, dispersion stability,
and water retention. It is used as a food additive for coating, toughness,

reversibility, thickening, foam formation, and emulsification purposes.

3.3.5 Membrane

The membrane was obtained by electrospinning a PCL/gelatin solution,
following the protocol outlined below.

PCL and type A gelatin were combined in a weight ratio of 80:20 and
dissolved in a mixture of acetic acid and formic acid (11 v/v) at a
concentration of 15% w/v. The solution was stirred for 24 hours at room
temperature to achieve a well-mixed consistency. To prevent gelatin
degradation, a gelatin crosslinker called GPTMS was added at o
concentration of 3.68% v/v. The solution was further stirred for 30 minutes
to promote the formation of tangled chains and ensure a transparent
solution. The membrane characterization has been previously carried out

by the other thesis students and reaches a thickness of 100 micrometers

(41) (42).
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3.4 Cellular Components

3.4.1 Human Foreskin Fibroblasts cells

The Human Foreskin Fibroblast (HFF-1) cell line was utilized to simulate the
PDAC stroma. These cells were suspended in a collagen hydrogel and
seeded in the central channel of the bottom layer. As mentioned in the
“Introduction” chapter, fibroblasts are a type of connective tissue cells that
play a significant role in producing ECM components, making them
valuable for studying the function of PDAC stroma.

HFF-1 have been purchased from the American type culture collection
(ATCC), and they have been grown into DMEM 1X (Dulbecco's Modified
Eagle Medium, Gibco, ThermoFisher scientific).

In this work, DMEM has been enriched with:

e 15% Fetal bovine serum (FBS, Gibco ThermoFisher scientific), used
as a supplement for cell growth, it provides nutrients such as
growth factors, proteins, vitamins, hormones and trace elements
(68).

e 1% Penicillin/streptomycin (P/s, Gibco, ThermoFisher scientific), an
antibiotic to avoid gram-positive/gram-negative contamination.

e 2% L-glutamine (Gibco, ThermofFisher scientific), an aminoacid.
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3.4.2 Epithelial cell

HPDE
Human Pancreatic Duct Epithelial (HPDE) cells are immortalized cell lines,

obtained from normal human pancreatic duct cells, that are used to
recreate pancreatic epithelia. In this thesis, they have been seeded into top
layer channel. The HPDE-used cells were purchased from the American
type culture collection (ATCC). Two cell lines were used for this work. To
mimic normal physiological conditions, the wild-type form, the HPDE-WT
cells, which does not have gene mutations, was used, While, to recreate the
pathological conditions of PDAC, cells from the HPDE-KRAS line that carry a
mutation in the KRAS gene were used. These cells have been suspended in
RPMI media, Roswell Park Memorial Institute (Gibco, ThermoFisher
scientific), which contains glutathione and high concentrations of vitamins
(biotin, vitamin B12). It has been supplemented with:

e 10%, fetal bovine serum (FBS, Gibco ThermoFisher scientific), used
as a supplement for cell growth, it provides nutrients such as
growth factors, proteins, vitamins, hormones and trace elements
(68).

o 1%, Penicillin/streptomycin (P/s, Gibco, ThermoFisher scientific), an
antibiotic to avoid gram-positive/gram-negative contamination.

e 1%, L-glutamine (Gibco, ThermofFisher scientific), an aminoacid.
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show non-mutated gene (HPDE-WT) to mimic healthy microenvironment,
and Human Pancreatic Duct Epithelial Cells with oncogene KRAS mutation

(HPDE-KRAS) or MIA-PaCa-2 cells for the pathological condition.

MIA-PACA-2

Another cell line used to mimic the cancer condition is the MIA-PACA-2, an
epithelial cell line that was derived from tumor tissue of the pancreas
obtained from a 65-year-old (69). Unlike HPDE cells, these were cultured

using DMEM as the culture medium. Additionally, it was supplemented with:

e 10%, fetal bovine serum (FBS, Gibco ThermoFisher scientific), used
as a supplement for cell growth, it provides nutrients such as
growth factors, proteins, vitamins, hormones and trace elements
(68).

* 1%, Penicillin/streptomycin (P/S, Gibco, ThermoFisher scientific), an
antibiotic to avoid gram-positive/gram-negative contamination.

e 2%, L-glutamine (Gibco, ThermoFisher scientific), an aminoacid.

3.4.3 Common Culture Medium

Once fibroblasts were seeded in the bottom layer and epithelial cells in the
top layer, a common culture medium for both cell types was introduced

through the two inlets of the side channels until the reservoirs were filled.
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The culture medium consisted of DMEM/F-12 (Dulbecco's Modified Eagle

Medium/Nutrient Mixture F-12, Gibco, ThermoFisher scientific) and:

e 15%, fetal bovine serum (FBS, Gibco ThermoFisher scientific), used
as a supplement for cell growth, it provides nutrients such as
growth factors, proteins, vitamins, hormones and trace elements
(68).

e 1%, Penicillin/streptomycin (P/S, Gibco, ThermoFisher scientific), an
antibiotic to avoid gram-positive/gram-negative contamination.

e 2%, L-glutamine (Gibco, ThermoFisher scientific), an aminoacid.

3.4.4 Splitting and Count

To maintain cells in a proliferative state and prevent overconfluence,
regular cell passaging at defined intervals is crucial. Cell passaging, also
known as cell splitting or subculturing, is performed to sustain cell cultures,
scale up cell volume, or initiate experiments. The optimal timing for
passaging depends on the proliferation rate and desired cell number. Each
cell type requires a specific splitting protocol. Typically, adherent cells are
detached from the substrate using proteolytic enzymes like trypsin/EDTA,
which break down the protein attachments. After detachment, cells are
homogenized, counted, and seeded into a new vessel, incrementing the
passage number by one (70).

For cell splitting, a 0.05% trypsin solution was used following the protocol

outlined below:
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- Remove the culture medium.

- Wash cells with Dulbecco's phosphate-buffered saline (DPBS, Gibco) to
prevent trypsin action interference with residual serum.

- Add trypsin and incubate the flask at 37°C for 3 minutes to facilitate the
detachment of cells from the substrate by disrupting cell-to-substrate
protein interactions.

- Observe cell morphology; if cells appear round-shaped, it indicates
successful detachment by trypsin.

- Add culture medium to stop trypsin activity.

- Aspirate the cell suspension and transfer it into a Falcon tube.

Afterward, the cells needed to be seeded into the bottom layer by
resuspending them in collagen. To ensure the correct volume of cell
suspension to centrifuge and resuspend, cell counting was performed. The
desired cell concentration was 7000 cell/pL for each device.

A 10uL aliquot of the cell suspension was placed in a Burker chamber
(figure 3.4.1), covered with a microscope glass, and observed under an

optical microscope.
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Figure 3.4.1 Burker chamber under the optical microscope.

The Burker chamber has 9 large squares (1mm 2 each), divided by double
lines (0.05 mm apart) into 16 group squares. The double lines form small

0.0025 mm 2 squares. The Chamber depth is 0.1 mm (71)(figure 3.4.2).
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Figure 3.4.2 Burker chamber (71).
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Only cells in the four-square grid are considered, and the total number of

cells is calculated as follows:

Number of cells = cell count * 10,000 * square factor | 4

The volume to centrifuge was then calculated using the proportion:

Number of cells to seed : seeding volume = Number of cells counted :

volume to centrifugate

The obtained volume was centrifuged at 1000rpm for 8 minutes to separate
the solid cell pellet from the liquid phase, which was discarded. The cells
were resuspended in a small quantity of fresh media to disrupt cellular
aggregates. Finally, the calculated volume of this cell suspension was
added to each chip. After seeding, the chips were incubated at 37°C in a
humidified atmosphere with 5% CO2 for 30 minutes. Subsequently, the
culture medium was added to the two lateral channels through the
reservoirs and replaced daily. The microfluidic chips seeded with HFF-1and
HPDE-WT, HFF-1 and HPDE-KRAS, HFF-1 and MIA-PACA-2 cells were analyzed
at three different time points (24 hours, 48 hours, and 72 hours). Each cell
combination was sampled three times per time point to have reliable

results, obtaining a total of 27 samples.
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3.4.5 Immunostaining

Immunostaining is a powerful technique used in research laboratories to
identify and visualize specific proteins in tissue sections. It involves
incubating the tissue sample with antibodies that are specific to the protein
of interest, followed by visualization of the bound antibodies using a
chromogen  (immunohistochemistry or IHC) or fluorescence
(immunofluorescence or IF) method.

In contrast to techniques like in situ hybridization, which detect gene
transcripts in cells, immunostaining allows the direct identification of the
proteins themselves. This provides valuable information about the
localization of proteins within cells, such as whether they are found in the
nucleus, cytoplasm, cell membrane, or extracellular matrix (72).

For this thesis work, two fluorescent markers were used: DAPI to detect cell
nuclei and Phalloidin for cytoskeletons, while E-cadherin was considered
for immunostaining as an antigen and marker of epithelial cells (73). This
allowed for a clear distinction between the seeding of epithelial cells on the
top and fibroblasts on the bottom layer.

Before doing that, each device was treated with paraformaldehyde for 40
minutes to ensure cell fixation and preserve cellular structures effectively
and then wash each device three times with PBS. Paraformaldehyde is
capable of binding to free amino groups present in the lateral chains of
amino acids, thereby providing good conservation of cellular structures

(74).
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Following the protocol, Triton X-100 and Tween-20, non-ionic detergents,
were used to enhance the cell membrane permeability (75) (76) without
affecting their biological activity (77). Also, a blocking buffer was used, the
Bovine Serum Solution (BSA) to saturate excess protein-binding sites on
membranes (78).

Each device was incubated with a solution of Triton-X-100 (0.2%) in PBS for
10 minutes at room temperature and then washed three times using PBST
(PBS + 0.1%Tween-20). After that, they were treated with a solution of 2%
BSA, diluted in PBST for 60 minutes at room temperature, and left overnight
at 4°C with a solution of PBST, 1% BSA and Anti-E-Cadherin antibody in
1:2000 concentration. The next day, each chip was washed three times with
PBST and incubated for 2 hours at room temperature with the secondary
antibodies (PBST + 1% BSA + Cyanine 1:500), washed again three times with
PBST and set on with the fluorescence marker solutions:
PBST+1%BSA+phalloidin(1:60) for 2 hours, washing with PBS,

PBS+DAPI(1:1000) for 5 minutes and final cleaning with PBS.
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4 Results and discussion

Membrane Detachment

Figure 4.1 Assembled device.

One of the first successes of the new device developed (Figure 4.1) is
certainly the ease of removal and disassembly of the device. As mentioned
earlier, previous versions of the chip had difficulties in model monitoring,

since the membrane remained stuck to the top layer during the debonding
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phase, and the fibroblast-laden hydrogel in the bottom layer resulted
difficult to be isolated and characterized. Furthermore, the membrane also
caused problems regarding the filling of the central channel because when
the device was assembled, it would collapse and fall into the central
channel, obstructing it. So, the idea was to design lateral cavities to be filled

with PDMS for the housing and fixation of the membrane.

Figure 4.2 Device before the bonding.
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From Figures 4.2 and 4.3, we can see respectively the device disassembled
before bonding, prior to the oxygen plasma treatment, and after bonding,

following the cell seeding and culture.

Figure 4.3 Disassembled device after the bonding.

This provided a significant advantage: the membrane could be directly
analyzed under a microscope by placing the bottom layer on the
microscope slide (Figure 4.4) or by removing the membrane from the

bottom layer and examining it separately (Figure 4.5).
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Figure 4.5 Membrane under the microscope.
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HPDE-WT

Focusing now on the biological characterization, we will analyze confocal
microscope images. A first HFF-1/HPDE-WT sample was taken at 24 hours.
From a 10x acquisition of the membrane (Figure 4.6), we can clearly see the
cells confined within the channel where they were injected. Therefore, the
cell solution inserted in the inlet did not leak out of the channel but
remained confined inside, and the cells adhered and proliferated on the
membrane, showing the perimeter of the channel. Three different channels
were acquired (Figure 4.7):

e The green color emitted by Phalloidin highlights the cytoskeleton,
enabling the identification of cell types. HPDE cells exhibit a flat
cuboidal shape (79), whereas fibroblasts display a more elongated
and expanded, spindle-shaped morphology (80).

o DAPI (4,6-diamidino-2-phenylindole) is a DNA stain that emits a blue
fluorescence. It is commonly employed to label DNA in fixed cells due
to its inability to penetrate cell membranes. However, it should be
noted that at higher concentrations, DAPI can enter live cells and stain
DNA (81).

e Cyanine5 (Cy5) dye is abright, far-red-fluorescent dye (82). It
identifies the e-cadherin expressed by epithelial cells (83). This allows
for a proper distinction between epithelial cells and fibroblasts.

o Alexa 555 (AF555) has an excitation peak at 555 nm and an emission
peak at 565 nm and shows a red-orange fluorescence (84). It was

used to detect the a-SMA protein expressed by CAFs (Cancer-
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Associated Fibroblasts), as a marker of their inflammatory status
(85), to observe and compare the secretions of fibroblasts
associated with the three types of epithelial cells in HPDE-WT, HPDE-
KRAS, and MIA-PACA-2 configurations, thereby understanding how
epithelial cells influence fibroblasts and their cancer severity level
(86).

The membrane is analyzed from the top layer. Firstly, we can see a layer of

cuboidal epithelial cells from Phalloidin staining and this is confirmed by

the presence of E-cadherin marked with Cyanine. We can observe the

successful seeding, culturing, and fixation of HPDE-WT cells in the top layer.
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Figure 4.6 HFF-1/HPDE-WT, 24h, 10x — DAPI-Cyanine merged channels

Figure 4.7 Channels from left: Phalloidin, DAPI, Cyanine




From a higher magnification image at 20x, we can better observe the
shape of HPDE-WT cells (Figure 4.8.1-4.8.2) and the epithelial layer they

have formed with their interconnections.

Figure 4.8.1 HPDE-WT, 24h, 20x — DAPI-Cyanine merged channels
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Figure 4.8.2 HPDE-WT, 24h, 20x — Phalloidin, Cyanine,Dapi channels

As for the seeding and cultivation of fibroblasts on the other side of the
membrane, this was evaluated by removing the membrane from a chip

fixed at 72 and placing it on the microscope slide. (Figure 4.9).

Figure 4.9 HFF-1, 72h, 20x

Fibroblasts exhibit a distinctive star-like shape, and their vitality can be

assessed by observing the branching and filamentous connections.

The inflammatory state of fibroblasts was also evaluated using the Alexa
555 channel (figure 4.10), and only a low level of fluorescence is observed
in the presence of HFF-1, this indicates that the fibroblasts have not been

cultured in an aggressive tumor environment (85) (86).
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Figure 4.10 Alexa 555 channel, HFF-1, 72h, 20x Figure 4.11 Cyanine produced by HPDE-WT.

Instead, analyzing the cyanine dye (Figure 4.11), we observe a hazy
fluorescence that it is not expressed by the fibroblast monolayer but from

the underlying membrane plane produced by HPDE-WT.

We sought the same exact point, characterized by a triangular shape likely
caused by a folding of the membrane, on the opposite side of the
membrane to verify the correspondence of the epithelial culture (Figure

4.12).
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Figure 4.12 HPDE-WT correspondence.

In fact, it can be observed that the weak cyanine signal in Figure 4.8 is not
produced by fibroblasts but by the underlying epithelial cells. If it had
originated from the HFF-1 layer, knowing that they do not express E-
cadherins, it would have meant that a mixing of the two cell lines had
occurred and some epithelial cells had entered the bottom layer. This result
proves the effectiveness of this model in separating the two cell types and

therefore study the crosstalk effect in a specific and controlled way.

From a 4x widefield acquisition at 48h, we can observe the distribution of
HFF-1 and HPDE-WT. The Brightfield, Phalloidin, and Cyanine channels were

merged (Figure 4.13).
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Figure 4.13 HFF-1/ HPDE-WT panoramic view, 48h.

The gel containing fibroblasts remained confined in the central channel
without any leakage into the outer channels. Additionally, the presence of
epithelial cells on the upper side of the membrane was indicated by the
fluorescence from the E-cadherin signal. By capturing a series of 21 slices
(Table 3) in a close z-stack near the inlet of the central channel, we can
observe, from slice 1 and using phalloidin staining (figure 4.14), the
presence of residual collagen gel at the channel entrance and the passage

of fibroblasts beneath the membrane.

Phase Properties
A count: 4
Z count: 21, bottom: 2198.08, top: 2293.48, home: 2245.78, step: 5.00

Table 3 z-stack properties acquisition.
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Figure 4.14 HFF-1/collagen at slice 1.

By focusing on the last slice (slice 21) using the cyanine channel, we can
instead observe the seeded epithelial cells above the membrane at the

inlet, with the collagen/HFF-1 meniscus passing beneath them (Figure 4.15).

Figure 4.15 HFF-1/HPDE-WT at slice 21.
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HPDE-KRAS

Furthermore, analyzing a sample seeded with HFF-1/HPDE-KRAS and fixed
at 48 hours, the overlap of epithelial and fibroblast cells can be seen while
keeping the device assembled, without having to completely remove the
membrane. This is achieved simply by utilizing the z-stack feature of the
confocal microscope, which allows movement across multiple slices along

the z-axis.

Figure 4.16 HFF-1 at slice number 27, 48h, 20x.
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Channels (c): 1
Slices (z): TE]
Frames {t): 1
MNote: c*z*t must equal 43
Pixel width: 0.53365%75  micror
Pixel height: 0.5336575 -
Voxel depth: 0.9000000 -
Frame interval: 0 sec
Origin (pixels): 0,0,0

Figure 4.17 Dapi and Cyanine channel at slice 27 and properties’ z-stack.

From the acquisition of the z-stack frame, we can observe on slice 27 the
slight presence of fibroblasts (figure 4.16) that the microscope was able to
focus on with the assembled device as shown in Figure 4.4. The overall
depth reached is 43 slices, and the properties are shown in Figure 4.17. By
increasing the number of slices and reaching maximum depth, the
microscope instead focused on the layer of epithelial cells, confirming their
stratification into different layers (Figure 4.18). The epithelial cells
highlighted by phalloidin and cyanine are more focused compared to the
previous image, where they emitted a faint halo of fluorescence, and the

excellent state of overconfluence in which they were fixed can be observed.

Figure 4.18 HPDE-KRAS at slice number 43, 48h, 20x.
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To obtain a more detailed assessment of the vitality and culture
proliferation state of fibroblasts, the membrane was removed from the

bottom layer and analyzed separately using a 20x acquisition (figure 4.19).

Figure 4.19 Three channels acquisition of HFF-1, 48h, 20x.
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The cyanine channel does not detect fluorescence because we are
completely in the plane of fibroblasts, so E-cadherin is not expressed. The
fibroblasts exhibit excellent signs of adhesion and growth, appearing

spindle-shaped, tightly packed, and communicating with each other.

Upon observing the channel corresponding to Alexa 555 (figure 4.20) of a
chip fixed at 72h, it is evident that it manifests a higher level of fluorescence
in comparison to HPDE-WT. This discrepancy implies an increased
concentration of alpha-SMA, thereby indicating that the fibroblasts have
been more profoundly influenced by the tumor microenvironment

established through the utilization of HPDE-KRAS.

Figure 4.20 Alexa 555 channel, HFF-1, 72h, 20x.
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Examining a sample collected at the 48-hour mark, we identified a
membrane defect near the inlet channel of the top layer. This defect was
likely a result of inadvertent perforation during the injection of epithelial
cells. Nevertheless, this observation is significant in shedding light on the

co-culturing of cell lines, as depicted in Figure 4.21.

Figure 4.21 HFF-1/HPDE-KRAS on a membrane defect, 48h, 10x.

The epithelial cells are sharply in focus, while the fibroblasts can be
observed in the background, located in the bottom layer. This serves as
further confirmation that the separation of the two cell cultures has been

successfully accomplished.
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MIA-PACA-2

Regarding the co-culture of MIA-PACA-2 and HFF-1, we did not achieve
satisfactory results, which requires further investigation. Anyway, the size of
MIA-PACA-2 cells should be smaller than that of HPDE cells (87), in fact we
can see the scaled-down form in Figure 4.22. Additionally, the expression of
E-cadherin should be in low quantities (88), as evidenced by the fact that

the channel corresponding to cyanine is almost completely obscured.

Figure 4.22 Channels acquisition of MIA-PACA-2, 72h, 20x.
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The fibroblasts are scarce and do not appear to be in a healthy state, as
they are accompanied by the presence of debris and secretions. However,
the DAPI staining reveals the presence of numerous nuclei, suggesting that
the fibroblasts may be dead. It is advisable to perform a cellular vitality
analysis to detect both live and dead cells (figure 4.23).

For this reason, the a-SMA assessment is not evaluable due to the low HFF-

1 quantity and their worse condition as well.

Figure 4.23 Channels acquisition of HFF-1, 72h, 20x.
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5 Conclusion

Based on the findings in this thesis work, the device exhibited significant
improvements in terms of monitoring and characterization of the
assembled chip, improved microfluidics related to the filling of the central
channel of the top and bottom layers, and external channels of the bottom
layer, as well as appropriate fluid separation between the channels. This
was achieved through the redesign of the chip's CAD, abandoning
lithography and leveraging the versatility and speed of 3D printing, while
analyzing the pros and cons of previous devices.

Regarding potential future developments, it may be considered to conduct
faster analysis during biological characterization using confocal
microscopy by employing a thinner membrane, thereby enabling
visualization of both faces of the membrane through z-stack imaging, with
one face seeded with fibroblasts and the other with epithelial cancer cells.
This is because one of the limitations of this device was the inability to
access the opposite face of the membrane with the current thickness. If
both cell lines were analyzable, it would no longer be necessary to remove
and examine the membrane separately, thereby avoiding the risk of

damage.

Another aspect to evaluate is why the fibroblasts appeared dehydrated
and deceased when co-cultured with MIA-PACA-2 cells. A more in-depth

analysis and viability test could be conducted to understand the factors
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contributing to the impaired proliferation of fibroblasts and how they were
influenced by MIA-PACA-2 cells. Furthermore, a comparison of different cell
cultures could be performed to understand the effects that various cell
lines have on fibroblasts, by exploiting a-SMA detection and conducting a
qualitative and quantitative analysis in order to better investigate the levels
of cancer severity (86) in HPDE-WT, HPDE-KRAS, and MIA-PACA-2
configurations.

Additionally, the effects of newly available drugs on PDAC could be
evaluated using this chip as a drug screening tool. During drug screening,
specific methods and tests are employed to assess the interaction of a
substance with relevant biological targets, such as proteins or enzymes, in
order to determine the compound's effects on the biological system. These
microfluidic systems are currently subjects of extensive analysis because
they allow to mimic and recapitulate the pathological conditions involved
in PDAC, which is undoubtedly one of the most challenging tumors to treat.
Therefore, making a microfluidic system capable of replicating the true
physiological and pathological conditions of the tumor constitutes an
essential starting point for the establishment of innovative therapeutic

strategies.
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