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Abstract

The respiratory system is exposed to harmful substances reaching the lung dur-
ing the breathing cycle. For this reason, studying the role of alveolar-capillary
barrier in the pulmonary homeostasis plays a fundamental role to understand
the pathophysiology of diseases associated with this barrier, such as the asthma,
Idiopathic pulmonary fibrosis (IPF), Chronic obstructive pulmonary disease
(COPD) and Coronavirus disease 2019 (COVID-19). To achieve this purpose,
engineering microdevices platforms called Organ-on-chips (OoCs) are imple-
mented to study the mechanism underlying the functions of a tissue, analyzing
the cells environment and fluidic behavior. OoCs are high-throughput in vitro
models that describe the architecture, the functionality and dynamic physiologi-
cal environment into a miniaturized scale in order to analyze in vivo pathological
conditions.

The objective of this Master thesis work is the development of an alveolus-on-
chip system to mimic the alveolar barrier. The main goal is focused to recreate
in vitro the thickest portion of the alveolar barrier, characterized by the pres-
ence of a collagen hydrogel, and the implementation of the air-liquid interface
(ALI) in the apical compartment of the device to mimic the natural environ-
ment inside the alveolus. The system comprises a microfluidic platform made of
polydimethylsiloxane (PDMS), which incorporates a nanofibrous PCL/Gelatin
membrane (80:20) obtained by electrospinning to mimic the basement mem-
brane of the alveolar barrier and a type I collagen hydrogel loading fibroblasts
to reproduce the stromal tissue.

The starting point for the development of this work is the optimization of a
functional geometry of the PDMS device. The PDMS layers constituting the
alveolus-on-chip are obtained from poly(methyl methacrylate) (PMMA) molds,
designed through Rhinoceros software and produced by laser ablation technique
with a Poly-Jet 3D printer. In order to ensure the ALI and to reduce the ten-
dence of liquid to flow back towards the inlet and/or to rise above the nanofi-
brous PCL/Gelatin membrane, the two microfluidic channels are connected to
valvular conduits designed on a Nikola Tesla’s original patent that are tested
with colored water via microscope comparing the final device with and without
valvular conduits. A co-culture was set within the here design OoC by pouring
collagen based hydrogel loading MRC-5 fibroblasts above the electrospun mem-
brane and then seeding A549 epithelial cells atop.

The resulting model is characterized at different time pointing through fluo-
rescence imaging (DAPI, to perform the staining of the nuclei, and Phalloidin,
to evaluate the staining of the actin filaments). The images show that the
adopted multi-culture protocol allows the epithelial cells as well as fibroblasts
inside the hydrogel to reach confluence with close cell-cell contact and a spread
morphology, respectively. In addition, immunostaining tests were conducted
to assess the barrier function of the model. These tests demonstrate the con-
fluence of epithelial cells, which is determined by detecting the expression of
E-cadherin (epithelial cadherin), and the enhanced proliferation of fibroblasts
inside the bioinspired collagen hydrogel through the detection of Vimentin ex-



pression. Moreover, live/dead staining is carried out to evaluate the cell viability
using fluorescent microscopy and, in order to prove the 3-Dimensions structure
of in vitro alveolar barrier, Z-stack images are analyzed.



1 Introduction

1.1 The pulmonary respiratory system

The respiratory system is a collection of organs that function in unison to enable
the intake of oxygen and expulsion of carbon dioxide from the body. It is clas-
sified into two major parts: the upper region, which encompasses the nostrils,
mouth, pharynx, and larynx, and the lower region, which includes the trachea,
bronchi, and lungs. The nostrils and mouth serve as the entry points for the
respiratory system, facilitating the ingress of air into the body. The air then
flows through the pharynx, which is a muscular tube that leads to the larynx.
Upon entering the larynx, the air moves into the trachea, which is approxi-
mately 10-12 cm long and 2.5 cm wide. The trachea subsequently branches off
into two primary bronchi, one for each lung. These bronchi further divide into
smaller bronchioles, which, in turn, divide into alveoli. Alveoli are small air
sacs located inside the lungs, where gas exchange between air and blood takes
place thanks to the different pression between C'O, and O5. The lungs contain
approximately 50 million alveoli at birth and about 480 million by adulthood
and their region comprises about 90% of lung total volume [1].

Pulmonary circulation differs from systemic circulation, because it is character-
ized by thin-walled vessels and by less musculature. The pulmonary vascular
tree begins as the main pulmonary artery and repeatedly bifurcates into arteri-
oles and capillaries that cover 85-95% of the alveolar surface [2].

In this way pulmonary vessels can assist fast gas diffusion. There is an ex-
ceptionally thin membrane of only 1 pm between the alveolar gas and blood,
allowing the rapid diffusion of the gases[3]. Indeed, the process of respiration
serves the purpose of supplying cells with oxygen, needed for aerobic cellular res-
piration, thanks to inhalation, and removing the C'O3 produced by cells through
exhalation [3].

This gas exchanger is characterized by a close relationship between the air
spaces and the blood capillaries over a large surface area and across a minimal
tissue barrier [4].

1.2 Physiological design principles of the pulmonary gas
exchanger

The respiratory system can be categorized into two zones: the conducting zones
and the respiratory zone. The conducting zones, which extend from the nose
to the bronchioles, provide a pathway for the transportation of inhaled gases.
On the other hand, the respiratory zone, which spans from the alveolar ducts
to the alveoli, is where gas exchange occurs. [3].

The conducting airway of the lung is divided in 3 parts: the trachea, bronchi,
and bronchioles. The tubes in this branched network get progressively smaller
until they terminate with thin distal air sacs, called alveoli, which are closely
associated with the capillary network to allow diffusion of oxygen into the blood-
stream and removal of carbon dioxide [5]. In the walls of the alveoli (also called
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alveolar-capillary barrier), a dense capillary network is connected to the termi-
nal branches of pulmonary artery and pulmonary vein. The conducting airways
and pulmonary arteries are designed to minimize both dead space and flow
resistance; by contrast, in the gas exchanger part the air and blood volumes
are maximized, thanks to the formation of alveoli that increase the surface-to-
volume ratio, while the tissue barrier that separates air and blood is minimized
[6]. The very thin alveolar tissue barrier that separates blood and air is com-
prised of two continuous cell layers, epithelium and capillary endothelium, and
an interstitial space of variable composition and thickness between them [6].
The structure is shown in Figure 1.

Pseudoglandular

Sox2+ proximal progenitor  S8%  Cartlage 1 Neursendoerine cell (3 Alveolar progenitor § Sobletcen @ AveolarTypell
B Soxt+ distal progeshor " TNt membrane [ Muiciisted cell = Myofibroblast @ Coracel i Alveolar Type |
Smooth muscle
@ Firoblast — A Basal stom coll

Figure 1: Development and anatomy of the human lung [5].
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1.3 A single lung unit: The alveolar-capillary barrier

The gas exchange is due to the different pressure inside and outside the alve-
olus.The partial pressure of Oz (PAO3) in the alveolar gas (PAO3) is much
higher than in the capillary blood and O2 diffuses passively from the alveolar
space into the blood during passage through the capillaries, until the pressure
inside the alveolus equals that one outside in the capillary; meanwhile, the par-
tial pressure of COy (PCO3) is greater in mixed venous blood (Pv™ COs) than
in the alveolar gas (PCO2) and diffusion over the alveolar—capillary membrane,
therefore, results in a net flow in a direction opposite to that of Oz, from blood
to alveolar gas [7], Figure 2.
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Time s Time s

Figure 2: Gas exchange thanks to different pressure inside and outside of cap-
illary [4].

1.4 The alveolar-capillary barrier: biological Membrane
Conditions

The alveolar lung is characterized by a multitude of modulations and fine-tuning,
such as varying the density of gas exchange surface or the thickness of diffusion
barrier without compromising mechanical robustness of the microstructure or
the overall organ. Instead, we can discern two different parts of the alveolar-
capillary membrane: a thin interstitial space, where the two basement mem-
branes are fused to facilitate the gas exchange, and a thick interstitial space,
where the two basement membranes are separated to allow the formation of
a slim interstitial space with the presence of fibroblasts and some connective
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tissue fibers for mechanical support. The thin interstitial space is characterized
by a basement membranes and some connective tissue fibers for the separa-
tion between the the endothelial cells (End) and the type-1 alveolar epithelial
cells (EP1), Figure 3. In this part, there is also the presence of type-2 alveolar
epithelial cells that secretes both the phospholipid and protein components of
surfactant. But typer-1 cells (EP1) cover 95% of the alveolar surface [6].

The thick interstitial space assure the mechanical robustness of the mi-
crostructure thanks to an an interstitial space of variable composition and thick-
ness between epithelium and capillary endothelium, this part is composed by a
slim interstitial space rich in fibroblasts and some connective tissue fibers for
mechanical support [6].

Figure 3: The alveoli are lined by epithelial cells, here a type-1 cell (Epl),
which are separated from the endothelial cells(End) by a single fused basement
membrane in the upper part(circle) [6].

Despite its main function is to ensure the gas exchange, the alveolar ep-
ithelium is not directly exposed to air but covered by a surface film and an
aqueous hypophase, where surfactant is present and constitutes the surface film
at the air-liquid interface [1]. The mature alveolar epithelium consists of type
I (AECI) and type II (AECII) alveolar epithelial cells, that occupy respectively
about 95% and 5% of the surface. The AECIs provide the thin surface of the
alveolus [8] and the AECIIs are large cuboidal cells that secrete active sub-
stances on their surface; AECIIs are widely referred to as ’alveolar stem cells’
and contribute toward lung repair and regeneration [9].

The alveolar epithelium has different mains roles:

e to provide an extensive surface for gas exchange, this is supported by
the alveolar epithelium that represents 99% of the surface area of the
lung. During inspiration, this surface can reach 150 m? and this is made
possible by the presence of almost 500 million small bubble-like alveolar
components [8].

e to protect from environmental insults by secreting inhaled foreign agents
and regulating water and ions transport that contribute to the mainte-
nance of alveolar surface fluid balance [8].
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e to regulate the production of the pulmonary surfactant that allows me-
chanical stability of the membrane during breathing and constitutes an
important barrier that pathogens must cross to gain access to the rest of
the organism via the respiratory [10].

e to permit a cross-talk between local cells and the lung immune and in-
flammatory response [8].

Underneath both the epithelial and endothelial cell layers, there is a base-
ment membrane composed by a thickness of about 50 nm [11]. Those basement
membranes are a permeable barrier with no general size of pores: the diameter
is about 0.5-2.5 nm, with a small portion of larger pores characterized by a
diameter of less than 400 nm [11].

In the thick portion of alveolar-capillary barrier, Figure 4, the two basements
membranes, are divided by an alveolar interstitium composed by small fibrils of
collagen, elastin and fibroblasts characterized by a stiffness of 1-2 kPa, measured
as Young’s elastic modulus, and with a total alveolar-capillary barrier thickness
of 1.1 um, instead the thickness of the air-blood barrier (alveolar-capillary bar-
rier at the site of gas exchange) is smaller: thickness of 0.23 pm for the thick
part and only 0.02 pm for the thin one [6],[11].
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Figure 4: Schematic of cellular composition of the human airway tree from
upper bronchus to alveolus [11].
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1.5 Physiologic Stretch

A healthy lung normally inflates at a frequency of about 0.20 Hz, that is 12-15
inhalation-exhalation cycles per minute for rest conditions. This inflection
causes the increasing of alveoli’s size and surface area [6]. Under these res-
piratory conditions, the basement membrane, which represents the structural
core of the air-blood barrier, is stretched to a linear strain of 4%, that can
be reach 12% during deep inspiration and heavy exercise and 20% in patho-
logical conditions [6]. This stretch with the mechanical stability is ensured by
two components: a connective tissue fiber network and the surfactant system.
The surfactant system is composed by about 90% of lipids and the last 10%
of proteins. All of its components are synthesized, stored and secreted by type
IT alveolar epithelial cells. Its main role is to stabilize alveolar dimensions and
to prevents alveolar collapse by a surface area-dependent reduction of alveolar
surface tension [1].

1.6 The influence of mechanical stimuli on cells

Under physiological conditions, as breathing, the biological membrane with all
the different cellular compartments in the lung face a continuous and dynamic
cyclic mechanical stretch (21%, surface area), mainly a result from inspiratory
inflation, expiatory deflation and pulsatile blood [6].

This mechanical stretch has an important role in the cell proliferation, cell
differentiation, surfactant secretion. In addition, cyclic stretch can alter cell
morphology of alveolar epithelial cells. For example, in this review [12], the
gene transfer and expression of reporter plasmid DNA has been enhanced in hu-
man pulmonary A549 cells thanks to the application of a moderate equibiaxial
cyclic stretch (10% change in basement membrane area, 0.5 Hz, 50% duty cycle)
that made possible a cytoskeletal reorganization encouraging the gene therapy.
There was a significant reorganization of the microtubule network after 24 hours
of cyclic stretch: Figure 5 a) shows that tubulin in the TX-100 insoluble fraction
(i.e. polymerized tubulin) decreased significantly over time with stretch, indi-
cating a depolymerization of the microtubule network; this result was confirmed
by immunofluorescence microscopy, Figure 5 b, where fewer microtubules were
seen (right panel) compared to unstretched control (left panel).

Moreover, a high deformation can active intracellular signaling pathway that
could disrupt the tight junctions affecting the way that micro-molecules have to
across the alveolar epithelium [6]. For example, an excessive cyclic cell stretch
(30%, surface area) for up to 48 h upregulated the production and release of
cytokines, especially inflammatory mediators such as interleukin-8 (IL-8) [13].
Furthermore, mechanical stimuli also induce apoptosis, phosphatidylcholine se-
cretion, necrosis in alveolar type II cells [14] and may therefore promote pro-
cesses such as angiogenesis, proliferation, inflammation, apoptosis, vascular tone
and cell survival [11].
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Normalized Polymeric Tubulin

Figure 5: Cells were removed from the stretching environment at t = 0.5, 1, 4,
8 or 24 hours and allowed to grow under static conditions out to 24 hours, at
which time the protein containing either total tubulin or polymerized tubulin
was extracted. a) Densitometry measurements for polymeric tubulin relative to
unstretched controls, b) after stretch for 24 hours (right panel) and compared
to unstretched controls (left panel)[12].

1.7 Pathological conditions

Respiratory diseases are the leading causes of death worldwide [6]. The respira-
tory system is exposed to damaged substances during inhalation and exhalation,
such as dust and soot, mould, fungi, bacteria and viruses. For this reason, one
of the mains roles of the alveolar-capillary barrier is to defend itself from these
harmful substances thought a complex mechanism of defense. The major role in
the defense mechanism is made by alveolar macrophages, a type of white blood
cell on the surface of alveoli, that seek out deposited particles, bind to them,
ingest them, kill any that are living, and digest them. Together with alveolar
epithelial cells, they provide the immediate response to toxic substances and
pathogens that reach the lower respiratory tract [15].

Diseases associated with alveolar epithelium dysfunction include the idio-
pathic pulmonary fibrosis (IPF) that is a chronic disease characterized by alve-
olar epithelial cell dysfunction or a reprogramming, which leads to abnormal
fibroproliferation in the lung, it is also a progressive disease because with the
time the dense scar tissue takes the place of normal lung tissue [16].

Between airway and systemic inflammatory diseases there is the Chronic
obstructive pulmonary disease (COPD) that is caused by a persistent obstruc-
tion of the airflow in the lungs and it is the third cause of mortality worldwide
by 2030 [17]. It can be caused by emphysema, where the pulmonary air sacs
are damaged, or by chronic bronchitis characterized with a continuous airway
inflammation. [17]. Individuals who have high levels of exposure to tobacco
or to other harmful chemicals as well as individuals with alpha-1-antitrypsin
deficiency are more prone to developing COPD [17].

Inside the diseases associated to an excessive alveolo-capillary permeability,
it can be classified the Acute respiratory distress syndrome (ARDS) that is
defined by the acute onset of noncardiogenic pulmonary oedema, hypoxaemia
and the need for mechanical ventilation [18]. It occurs when fluid builds up in
the tiny elastic air sacs (alveoli) in the lungs; this fluid takes the place of the
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air that means less oxygen. Normally, a protective membrane keeps this fluid
in the vessels.

Generally, an excessive alveolar-capillary permeability is one of the major
pathological characteristics of acute lung injury [15].

Coronavirus disease is a systemic disease associated with vascular inflamma-
tion and endothelial injury. For the infection of the endothelial cells (ECs), once
it reaches the alveoli of the lung, the virus uses the receptor the angiotensin con-
verting enzyme 2 (ACE2) that bonds with the protein Spike of the virus. This
link allows the release of RNA viral genome inside the ECs. After the infection,
ECs are characterized by significant cytoplasmic disruption, dissolution of gap
junctions and separation from the basement membrane [19].

1.8 Lung models

The following sections will be dedicated to a comparison between the main
types of models used in biomedical research, with a focus on lung and alveolar-
capillary barrier models.

1.8.1 Animal models and limitations

Animal models are enormously used in biomedical research thanks to their ca-
pacity to mimic human condition and its complexity in terms of circulatory
factors, hormones, cellular structures, and tissue systems. Generally, animal
models are very useful for understanding and predicting physiological and ther-
apeutic outcomes that are used in various fields of regenerative and tissues
engineering. The most important criteria are the proper selection of models in
terms of resemblance between animal species and humans in terms of physiolog-
ical and/or pathophysiological aspects [20], but also choosing the appropriate
animal model associated with economic costs that can be afforded [21]. In vivo
models are mostly conducted in mice, rats, and rabbits for its lowest possible
position in the evolutionary scale while still being compatible with a good degree
of similarity with the human species. For example, transgenic minces are used
to study the Gram-negative bacteria genus Neisseria that colonize mucosal sur-
faces and the oral cavity of humans and many animals [22]. Transgenic minces
are also used to study Alzheimer’s Disease [23].

Despite the similarities between the animal and the human organism, there
are obvious differences between the two organisms. For example, in human
organisms the cell turnover is very low and the airway progenitor cells are qui-
escent, while inside the mice the proliferation and phenotype of cells can change
in response to certain injury: an example is Alveolar epithelial type 1 cells
(AEC1), this cell type normally has a limited proliferative capacity in vivo, but
in specific injury mice models they have shown the ability to proliferate and
give rise to Alveolar epithelial type 2 cells (AEC2) cells [24], [25].
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1.8.2 The 3R principles

According to the Directive 2010/63/EU, the Europe wants to follow a guiding
principle for animal experimentation called “the 3R principles”: Replacement,
Reduction, Refinement.

e Replacement: Directive 2010/63/EU contains the following major clause
“An experiment shall not be performed if another scientifically satisfactory
method of obtaining the result sought, not entailing the use of an animal,
is reasonably and practicably available”, in other words there is a wide
range of well-established and emerging methodologies as alternatives for
the absolute replacement of animals.

e Reduction: when the replacement of animals is not possible, Directive
2010/63/EU suggests to reduce the number of animals involving in exper-
iments.

e Refinement: when every effort has been made to reduce the number of
animals for experimentation and replacement is not an alternative, it the
moment to pass into refinement that refers to the decrease in the incidence
and/or severity of inhumane procedures applied to animals while partici-
pating in experimental protocols to minimize the pain and distress and to
enhance welfare.

Historically, the 3R have been advocated for social and ethical reasons, with
less focus on how they can contribute to advances in research itself. For this
reason, in the last years there have been an expansion of the 3R to the 5R, to
include “Rigour” and “Reproducibility”. This addition may provide a higher
reduction in the use of animal: Rigour in adding more detailed descriptions
of experimental procedures, animal welfare measures, housing conditions and
this transparency in reporting methods, experimental desing and their results
could help to improve refinement and the welfare of animals and enhance Re-
producibility [26].

1.8.3 1In silico models

Understanding how developmental systems evolve over time is a key question
in biomedical and medical research, in recent years, we have been constructing
in-silico models that synthesize experimental knowledge using software engineer-
ing tools. Otherwise, in silico medicine is the use of computational modeling
simulation in medicine to make easier the prevention, diagnosis, prognosis and
treatment planning of diseases. Computational methods can quantify physical
quantities that are difficult or impossible to measure directly. The critical point
of in silico medicine is that this model should be robust enough to provide a
trust description of what happens in reality. For example, in silico models have
been used to study cancer, in this case in silico medicine is very useful because
it can be involved biological interactions across diverse physical, temporal, and
biological scales [27]. These in silico approaches are also used to improve the
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drug design and to optimize the delivery of drugs to target sites in the host
tissue [28].

The in silico models are also useful to estimate human parameters inside the
organ. For example, it can be used to map the pressure of conductive branches
during inspiration and expiration, Figure 6 [29].

a) b)

Figure 6: a)Pressure contours for a flow rate of 65 L/min in inspiration and b)
in expiration [29].

Moreover, computational simulations of lung airflow may contribute to cost
reduction and improved outcomes [29].

1.8.4 1In vitro models

In vitro models include 2D cell cultures that can be cell monolayers or co-
cultures, 3D cultures like spheroids, organoids or assembloids; microfludic de-
vices like organ-on-a-chip. The use of these models allows to overcome ethical
problems connected with animals used inside experiments, as well as they can
be reduced the cost inside the research. Moreover, in vitro systems offer tightly
controlled cellular environments that can be evaluated in real time.

1.8.5 Two-Dimensional (2D) cell culture models

The first basic in vitro models are based on a culture of cell in a 2D condi-
tion. 2D monolayer cell culture has been used for decades because it is easy to
maintain and can expand with little cost. However, 2D models do not mimic
in vivo conditions due to the missing of the tridimensionality. For this reason,
preclinical testing with 2D cultures are not predictive for different reasons: cells
in 2D are constantly exposed to high levels of nutrients and oxygen, parameters
that, in vivo, are subject to variability imposed by the environment. More in
general, cell lines do not recapitulate certain in vivo conditions such as peculiar
cell—cell and cell-matrix interactions. For example, in this review [30], it has

19



been analyzed how using two-dimensionally (2D)-cultured cell lines is unable
to precisely select clinically active oncology drugs because, once cell lines were
seeded, there wasn’t the developing of dense multicellular spheroids (MCSs), so
there was a smaller resistance to paclitaxel and doxorubicin compared to the
three-dimensionally (3D)-cultured cell lines. In this scenario many drugs could
work in a culture dish but ultimately fail in the clinic.

1.8.6 Air-Liquid Interface

The alveolar epithelium of the lung constitutes a unique interface with the out-
side environment. For this reason, submerged in vitro models are not predictive.
Submerged in vitro models lack the physiological features of alveolar-epithelial
barrier that includes both endothelial and epithelial cells with the requirement
of the epithelial barrier exposed to the air. This is fundamental to mimic the
inside of alveolus. To overcome the drawback related to physiological relevance
of human alveolar-epithelial barrier, more complex models have been created
with cells kept in Air-Liquid Interface (ALI) condition. ALI allows to generate
biomimetic airway epithelial cell culture and it takes the main role in the study
of several pathogens connected to the gas exchange, like SARS-coV-2 [31]. To
create the Air-Liquid Interface, Human airway epithelial cell (hAEC) are ex-
panded on a porous membrane insert (transwell). After 2-4 days, once cells
have reached confluency, is the moment of differentiation induced by removing
the liquid medium. After complete differentiation, it appears a pseudostratified,
polarized epithelial layer including ciliated cells, club cells, goblet cells and basal
cells, Figure 7 [31].

submerged air-liquid interface
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epithelium
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transwell

Figure 7: Generation of human airway epithelial cell culture in air-liquid inter-
face (ALI) from human airway epithelial cells (hAECs) [31].

ALI is also used to study inflammatory and oxidative stress responses of
Alveolar Epithelial Cells after airborne nanoparticles of Zinc Oxide inhalation.
This review [32] compares the ALI model with the submerged model (where
the toxin/stressor is dissolved or suspended) directly in the cell culture medium
covering the cells. The last model has 2 mains problems: first of all, it is unreal-
istic and artificial environment for alveolar epithelial cells in the lungs, secondly
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it is more difficult the quantification of NPs that reach the cells, this problem
is higher when there are small particles and the diffusion along the membrane
becomes the dominant transport mechanism, Figure 8 [32]. Furthermore, the
ALI condition gives more biomimetic particle deposition rate: under ALI con-
ditions, the rate of particle deposition onto the cells remained constant (within
20%) throughout the 3-hour exposure time by maintaining the sample flow and
ZnO aerosol concentration. While, under submerged conditions, the size of ZnO
particles increased from a mass median diameter of around 350 nm to approxi-
mately 900 nm within 30 minutes due to agglomeration, resulting in a threefold
increase in deposition rate. This means that the entire ZnO dosage is delivered
to the cells within approximately an hour [32].

Medium

Porous membrane

a) b)

Figure 8: Schematic of the two cell exposure models used for studying particle-
cell interaction. (a) Exposure at the air-liquid interface (ALI): airborne particles
are directly deposited on cells grown at the air-liquid interface. (b) Exposure
under submerged conditions: particles were suspended directly in the cell culture
medium covering the cells [32].

Then, the ALI conditions are more physiologic than the submerged ones be-
cause they allow to polarize the epithelial cells, mimicking the epithelial barrier’s
function. To reproduce this condition, epithelial cells are typically cultivated
on a porous membrane (usually polyethylene terephthalate, PET) with cells
exposed to the air on the apical side and to the medium on the basal surface,
Figure 9 [11].

Submerged condition

a) b) ALl condition

Figure 9: a) In vitro cell culture model under submerged condition; b) In vitro
static cell culture model under ALI condition using Transwell inserts [11].
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1.8.7 Co-Cultures

Monocultured cells are not representative of the alveolar-epithelial barrier archi-
tecture and complexity whose functionality depends mostly on the co-presence
of endothelial and epithelial cells.

In this review [33], they have analyzed how the crosstalk between co-cultures
of A549 cells and THP-1 cells can reduce the oxidative stress due to cigarette
smoke (CS). Indeed, the monoculture of A549 cells showed that, after 24h, the
cytotoxicity was about 48%, while if A549 cells were kept together with THP-1
cells, the cytotoxicity decreased to 24%. So THP1 had the role to protect A549
cells from the cytotoxicity of CS and the co-culture shows a better simulation
of what in vivo happens.

First of all, the permeability of the barrier changes in case of monocultures
or co-cultures, as demostrated by Pasman et al. [34] that compares the electri-
cal resistance and the permeability in case of only human lung microvascular
endothelial cells (LMVECs), only Calu-3 cells (derived from human bronchial
adenocarcinoma) or co-cultures of both cells types, Figure 10 shows the higher
electrical resistance and lower permeability when both cells are cultured on
Porous Poly(Trimethylene Carbonate) Membrane.
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Figure 10: (a) Electrical resistance and (b) FITC-dextran permeability assays
were performed on inserts with M3 or PET membranes containing either no
cells, Calu-3 cells, LMVECs, or co-cultures [35].

1.8.8 Tri-Cultures

In human airway barrier, there is an interstitium rich of fibroblasts, for this rea-
son it becomes interested studying how these three cells types work together. In
this review [35], the behavior of epithelial, endothelial cells with fibroblasts has
been analyzed on a native collagen membrane to reproduce the buccal mucosa.
Co-cultures and tri-cultures were generated by placing the collagen membrane
(6 mm diameter) in cell culture inserts for 24 well plates. This the collagen
membrane has been used as a scaffold with a porous side where endothelial cells
and one day later fibroblasts were seeded on the porous side; after cultivation
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with endothelial cells and fibroblasts for three days the collagen membrane was
carefully turned upside-down and seeded with epithelial cells.

The results, Figure 11, show an epithelial layer on the upper side of the
collagen membrane, a deep infiltration of fibroblasts from the bottom side, and
superficially-formed capillary structures by microvascular endothelial cells ex-
hibiting a lumen size between 10 and 30 um [35]. The co-presence of epithelial,
endothelial cells and fibroblasts is essential to analyze how the alveolar-capillary
barrier works.

seinetacels —¢ OO0

Endothelial Cells
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Figure 11: Scheme of pre-vascular buccal mucosa: epithelial cells, fibroblasts,
endothelial cells besed on a natine collagen membrane [35].
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1.8.9 Bioreactors in tissue engineering

Several existing systems allow the examination of large sections of lung tissue
ex vivo, but only for a limited period of a few hours within the laboratory set-
ting. To overcome this problem, bioreactors are used to provide a tissue-specific
physiological in vitro environment during tissue maturation over long durations
(several days), [36]. Moreover, they are used to mimic in vivo condition and to
control cell culture parameters (e.g. temperature, cell density, media renewal
rate). In this paper [37], the final bioreactor design is capable of supporting the
culture of whole native lung tissue for up to 1 week in the laboratory. The tissue
was a lung harvested from young adult (3 month-old) male rat. The bioreactor
is composed by a central chambre to contain the lung, this main chambre is
connected with a second chambre, “ tracheal reservoir”, that can be filled with
culture medium to allow ventilation with medium, or can be empty to enable
ventilation with air, Figure 12.

A Perfusion loop Singleline B ‘Loop
(when used) ventilation  Perusion loop ventilation’

(when used)

Medium exchange
‘g‘\ Medium exchange

Ventilati
ilation pump<—\ —

Ventilation |:nump¢.j —

Figure 12: Bioreactor schematic diagrams: A)schematic showing single ventila-
tion; B)schematic showing a ”loop” ventilation [37].

In this paper [38], they developed a decellularized murine lung matrix biore-
actor system that could be used to evaluate the potential of stem cells to re-
generate lung tissue. Following the process of decellularization, a small tube
was introduced into the trachea of the matrix and sutured in position with silk
thread. The cannula was attached to a ventilator to simulate normal, murine
breathing-induced stretch ventilation (180 breaths/minute; 300 uL volume) and
placed in a 37°C, 5% CO2 incubator, Figure 13.
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Figure 13: Setup of decellularized lung matrix bioreactor system: Depiction of
how the cannula is inserted through the filter cap into the trachea of the decel-
lularized lung and tied in place with silk suture; (B) The matrix is suspended in
a flask filled with the small airway growth medium, and the cannula is attached
to a ventilator (room air) to simulate normal, murine breathing-induced stretch
and placed in a 37°C, 5% CO2 incubator. (C) Schematic of bioreactor setup
[38].

Moreover, tissues in the body do not exist in isolation, but reside in a highly
integrated and dynamically interactive environment. For this reason, several
systems can be connected each other to recreate a body-on-chip to study multi-
organ physiology and, for example, to correctly reproduce the response of the
chip to drugs. In this review [39], they analyzed three-tissue organ-on-a-chip sys-
tem, comprised of liver, heart, and lung (figure) to observe drug responses that,
as already mentioned, depend on inter-tissue interaction. Each tissue model was
created with the cell types present in the native human tissue: while the heart
and liver organoids were obtained by bioprinting spheroids and culturing them
in suspension conditions, the lung model consists of a co-culture of pulmonary
epithelial cells and pulmonary fibroblast layered on a side, and endothelial cell
on the other side of a porous membrane. Once all the constructs were mature,
they were connected into the same circulatory flow to be subjected to perfusion,
Figure 14.
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Figure 14: Overall design and implementation strategy for the 3-tissue-
representative organ-on-a-chip system using a variety of biofabrication ap-
proaches: a,b)Illustration and photograph of the modular multi-tissue organ-
on-a-chip hardware system set up for maintenance of 3 tissue model: liver,
heart and lung; c¢,d) General overview of how each tissue type is prepared for
the system [39].

1.8.10 Microfluidic approaches

Microfluidic devices can be separated into active and passive devices: passive
microfluidic devices are geometry-dependent, while active microfluidic devices
include sensors or detectors that transduce chemical, biological, and physical
changes into electrical or optical signals, [40]. Microfluidic devices have many
advantages, as it can be seen in the Figure 15. First of all, the cost for the
production is minimal due to the small dimension, for the same reason the
use of reagents is low. Furthermore, the microchannels’ size (in the order of
a few micrometers with a volume of 107°L to 10713L), that enables a low
Reynold number, allows to have a laminar fluid, resulting in more precise and
accurate results, offers a faster reaction time due to the lower diffusion inside the
microchannels, increases the velocity of the response, allows to put on the single
chip more than one assay making possible an high throughput, [41]. Moreover,
the devise’s size (in the order of a few centimeters) makes it easy to portable.
Microfluidic device support dynamic culture condition that is essentially
also for angiogenesis and cell migration and make the fluidic conditions similar
to those found in vivo. So, it is a better biomimetic device than the models
previously discussed. Various materials can be used in the fabrication of a
microfluidic device such as inorganic materials (like silicon or glass), organic
materials (like paper) and polymers that are most extensively used due to their
ease of access, low cost, flexibility and superior biochemical performance [41].
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Figure 15: Schematic showing various advantages of microfluidic technology
[40].

1.8.11 Fabrication of organ-on-chip

One of the commonly used material for the manufacture of microfluidic devise is
the Polydimethylsiloxane (PDMS), consisting of a polymeric chain with repeat-
ing Si-O groups and CH3 groups on the side. It has many advantages for the
biomedical field, Figure 16, such as its transparency, flexibility, biocompatibility
and gas permeability. It is also optically transparent and non-fluorescent, that
make it compatible with monitoring techniques. Futhermore, it has a simple
fabrication by replica moulding, chemical stability and it is simple to handle
and its production is easier and less expensive than other materials [42], [43].
The most famous techniques to obtain the molds are:

e Soft lithography is a technique for fabrication using elastomeric master.
It is called soft because it uses elastomeric materials like PDMS for the
master. This one is obtained through traditional lithography: transfer
a precise design from a mask on a polymer layer (resist) coated on the
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Figure 16: The PDMS applications corresponding to its properties [42].

substrate you want to change. There is a mask that allows or not the
passage of UV rays or X rays. The mask that could be positive or nega-
tive: positive if solubility in areas exposed to radiation increases after the
rays’ exposition and those parts will then be removed; negative if the part
of the resist not impressed by rays are removed after the exposition. Af-
ter the development, where the excess of resist is removed, the result is a
wafer with a tri-dimensional pattern. Then this 3D pattern will be used to
obtain an elastomeric master, most notably a PDMS master. Soft lithog-
raphy is the most common approach for rapid and low-cost fabrication of
microfluidic devices for medicine, biology, and chemistry.

e Laser micromachining or ablation technique is a thermal technique where
the large temperature gradient easily leads to the distortion of PMMA
material during laser ablation through the melting, decomposing, and then
vaporizing from the molten material. In this way it can be obtained the
geometry wanted [43].

e Additive manufacturing techniques, like fused deposition modelling, stere-
olithography, PolyJet and 3D printing, are techniques that allow to obtain
molds layers-by-layers using computer-aided design [44].

Once the molds are obtained, the elastomeric solution is casting inside the mold
and cured in the oven. After the curing process, the piece is taken out of the
mold. This technique is called “Cast-molding” and the main advantage is that
the mold could be used repeatedly to prepare the PDMS structures without
compromising their quality [45].
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1.8.12 Organs-on-Chip

The inadequate comprehension of the fundamental pathophysiology and under-
lying mechanisms of human diseases is a primary cause for the high rate of new
drug failures during clinical trials. Organ-on-a-Chip has the potential to be
used as a substitute or alternative modeling system for animal models, as it can
aid in the discovery of crucial pathological mechanisms and the identification of
therapeutic targets and biomarkers for enhancing disease outcomes [46].

The Figure 17 shows microfluidic form of microphysiological system in vari-
ous sizes and shapes.

Figure 17: Microfluidic devices [46].

In our case, alveolus- on-chip would face the challenge of developing a device
able to support both the presence of an air-liquid interface (ALI) in the apical
compartment of the device and the presence of a tri-culture cells to mimic the
natural environmental of alveolar-capillary barrier. Moreover, the implemen-
tation of a mechanical stimulation of the barrier model would recapitulate the
effects of the breathing motion on the physiological tissue.

Lung-on-chip could be used in submerged or ALI conditions: device contain-
ing a submerged condition are less representative on the in vivo setting. For
implementing ALI condition, there are different ways, Figure 18: in standard
2D-colture cells where media is simply removed from the top compartment after
a period of cells adhesion and the lung-on-chip device where ALI can be oper-
ated in dynamic or semi-dynamic more where there is a porous membrane, that
mimics the submucosal layer, placed between two different canals, the upper
channel to create the air condition and the lower channel to mimic the blood
flow [47].

29



()]

Static Static Air-Liquid
Submerged Interface

Standard 2D g
(Transwell) oLl
ia By
()] Lung-On-A-Chip Dynamic
(Vertically Stacked Configuration) Submerged
P — Yo C:> Media Flow
o Semi-Dynamic [1o¥ 0
Channel Submerged [?' ’ Air Flow
Porous Al Semi-Dynamic Dynamic Air-Liquid
id Interfé

ir-Liquid Interface
Apical Artw
. ¥ Gavere
e
: —_—
Epithelial
Cells ’

Figure 18: Air-Liquid Interface Configurations: (A) Standard 2D ALIs require
simply removing media from the top compartment while; (B) ALI in lung-on-
a-chip devices can be operated in semi-dynamic or dynamic mode [47].
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Since lung-on-chip models can mimic many aspects of the human environ-
mental, they also can be used to study respiratory diseases. In this review [48],
with the use of a gut-on-chip, it has been analyzed the intestinal responses af-
ter SARS-CoV-2 infection. The human intestinal model presents two different
channels that are separated by a thin (25 ym) PDMS membrane with through
holes to build tissue-tissue interfaces, Figura 19.
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Figure 19: The configuration of the multilayered intestine on the chip device
infected with SARS-CoV-2 [48].

Before cell seeding, both sides of the porous membrane were coated with
type I rat tail collagen. In the upper channel, the intestinal epithelial Caco-2
cells and HT-29 cells secreting intestinal mucin were seeded under static culture
for 2 hours, while in the lower channel human umbilical vein endothelial cells
(HUVECSs) and immune cells were seeded to create the vascular endothelium.
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Once the attachment has been ensured, the culture become dynamic for 5 days
and, for the infection with SARS-cov-2 the human intestine model, the upper
intestinal canal of the chip device was infused with 30 ul of DMEM containing
high glucose virus at a MOI of 1, [48]. As confocal micrographs shown, after
5 days of co-culture, intestinal epithelial and endothelial cells formed confluent
monolayers under fluid flow, thus forming an epithelium-endothelial intestinal
tissue barrier demonstrated by ZO-1 and VE-cadherin formation, Figure 20 a,b.
In particular, the epithelial cells formed structures similar to villi, Figure 20
¢) and the Figure 20 d shows as MUC2 had an ability to secrete mucus under
fluidic flow.
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Figure 20: Characterization of the intestinal epithelium and endothelium in the
human gut-on-chip:a) Confocal micrographs of the intestinal epithelial barrier
on the chip visualized by the expression of an adhesion junction (E-cadherin)
and tight junction markers (ZO-1). The intestinal villus-like structures with
high levels of ZO-1 expression are indicated by white dashed lines; b) Confocal
micrographs of the vascular endothelium identified by the expression of an ad-
hesion junction protein (VE-cadherin) and ZO-1; ¢) DIC image of an intestinal
villus-like structure with clumps of cells (indicated by white dashed lines); d)
Immunostaining of a mucin marker (MUC2) in intestinal epithelial cells [48].

About the virus, the SARS-cov-2 infection on this gut-on-chip system caused
the interruption of the villi (Figure 21 a), the distruption of the integrity of the
intestinal barrier (Figure 21 d), the alteration in the secretion of mucus (Figure
22 a), the reduction of cell density and size (Figure 22 ¢ and d).
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Figure 21: Examination of SARS-CoV-2 infection in the human gut-on-chip
system: (a) Confocal micrographs of SARS-CoV-2 infection (Spike protein) on
the intestinal epithelium (E-cadherin) and intestinal villus-like structures (indi-
cated by yellow dashed lines) at day 3 post-infection; b, ¢) The 3D reconstructed
confocal image and side view of a mock-infected gut-on-chip; d, ) The 3D re-

constructed confocal image and side view of the virus-infected intestinal model
[48].
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Figure 22: Morphological changes in the intestinal barrier on the chip after vi-
ral infection: (a) Confocal micrographs of SARS-CoV-2 infection and MUC2
expression in the intestinal epithelium at day 3 post-infection; b) Confocal mi-
crographs of viral infection (Spike protein) in the vascular endothelium (VE-
cadherin);c, d) Quantification of endothelial cell density and size for mock- and
SARS-CoV-2-infected chips [48].
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Another example of lung-on-chip has been analyzed in this article [49] Zhang
et al. investigated the immune response to SARS-CoV-2 infection.

The system described in Figure 23 consisted of a porous membrane coated
with extracellular matrix (ECM), allowing for the co-culture of human alveolar
epithelial cells, pulmonary microvascular endothelial cells, and immune cells
between two perfused channels - the alveolar lumen and vascular channels. The
top channel was utilized to infect the barrier model, while immune cells were
introduced into the vascular channel to investigate the pathological changes
of the epithelium-endothelium interface and inflammatory responses following
virus infection. In this study, the team treated the virus-infected human alveolus
chip with Remdesivir, which was found to effectively suppress virus replication
and reduce virus-induced damage to the alveolar-capillary barrier.

Modeling SARS-Co n on chip Real chip

Figure 23: Schematic diagram of microengineered human alveolus chip infected
by SARS-CoV-2: A) Illustration of 3D human alveolar-capillary barrier in vivo;
B) The configuration of biomimetic human alveolus chip infected by SARS-
CoV-2 [49].
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1.8.13 Mechanical stimulation of the barrier model

Mechanical stretch has been shown to modify cell regulation, proliferation and
differentiation. For this reason, the presence of mechanical stimulus is manda-
tory when physiological response must be studied. The microfluidic device em-
ployed in this study [50], referred to as the "human alveolus chip,” comprises of
two parallel channels. These channels are divided by a porous membrane coated
with an extracellular matrix (ECM) and are lined with primary human lung
alveolar epithelium cells. These cells are cultured under an air-liquid interface
(ALI) on the upper surface of the membrane, while primary human pulmonary
microvascular endothelial cells are present on the lower surface. The lower chan-
nel is continuously supplied with culture medium to provide nourishment to the
endothelial cells, Figure 24.

/ Cyclic \
FIR —
AT Air A
.

ATI

Figure 24: Schematic of human alveolus chip with primary alveolar epithelial
type I (ATI) and type IT (ATII) cells lining the upper surface of the porous
ECM-coated membrane in the air channel with and pulmonary microvascular
endothelial cells (MVEC) on the lower surface of the same membrane in the
basal vascular channel that is continuously perfused with medium [50].
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In order to replicate the natural breathing patterns, the artificial connection
between the alveoli and capillaries is subjected to periodic mechanical move-
ments. This is achieved by applying cyclic suction to the hollow side chambers
present within the flexible polydimethylsiloxane (PDMS) device, resulting in a
5% cyclic strain at 0.25 Hz [50].

One of the most known approach to stretc the membrane consists in the
application of positive pressure to obtain the deformation on the air-liquid in-
terface, as Radiom et al. [51] did in this paper where the models is an array of
hexagonal monolayers of electrospun gelatin nanofibers suspended microframes
and integrated in a microfluidic device, Figure 25. The suspended monolayers
had a diameter of 500 pm a thickness less than 1 um and were covered by a cul-
ture of A549 cells that have been subjected to a periodic strain of 5% due to air
pressure of 200-1000 Pa with a frequency of 0,2 Hz for 1 hour to obtain a central
displacement of 40-80 um at the air-liquid interface. The added cell layer did
not significantly alter the elasticity of the monolayer because the stiffness of the
cell monolayer was much smaller than the stiffness of the gelatin monolayer, for
this reason the combination of the two layers had an elastic modulus that was
similar to the elastic modulus of gelatin monolayer (4 MPa), [51]. This strain
reduced the coupling between cells and the nanofibers and induced remodeling
of the actin cytoskeletron: the cells appeared to be less rounded, and their dis-
tribution on the gelatin monolayer appeared more homogenous in the samples
subjected to the mechanical stimuli compared to the control, this means that
the periodic strain may encourage cell migration towards less covered regions of
the substrate, resulting in the formation of a tighter cell layer.

(b) Bare gelatin nanofibers A549-seeded culture patch
Pressure Pressure

L L

Pressure (Pa)

e

Displacement Displacement

Figure 25: Displacement-pressure response of gelatin nanofiber monolayer to-
gether with fit to plate theory equation [51].
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1.8.14 Alveolus-on-chip: background works

In vivo, as the Figure 26 shows, the alveolus air-blood interface is made by three
lays across which gas occurs: there is a squamous epithelium in the air part, an
endothelium in contact with the blood and these two cells type share a fused
basement membrane, which allows for the minimization of the barrier across
which exchange must occur.

Cross section
of an alveolus
with capillaries

Figure 26: Structur of the alveolar-capillary interface [2].

An alveolar-capillary barrier in vitro model should include: cell types in-
volved in the barrier, a stretchable substitute of the basal membrane, the air-
liquid interface, perfusion and the shear stress for the endothelium and the
cyclic mechanical stimulation that causes an average of 20% deformation with
a frequency of 0,2 HZ [11]. In this work [52], the device contains two PDMS
compartments separated by a thin porous membrane that reproduces the mi-
croarchitecture of the alveolar-capillary interface, as the Figure 27 d,e show with
the formation of junctions lined by ZO-1 in the epithelium (Figure 27 d) and
VE-cadherin in the endothelium (Figure 27 e).
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Figure 27: Engineering of an endothelium-lined tube within the alveolus chip
[52].
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A similar device has been used to study the SARS-CoV-2 infection that is
firstly a pulmonary disease. [53] is a review in which a microfluidic alveolus
chip is analyzed to study how the infection can attack the airways. The device
contains an epithelial cell (t(hAEpiC) culture channel where cyclic air mechan-
ical strain can be induced to better mimic in vivo condition, endothelial cell
(HUVEC) culture channel where continuous medium flow can be induced to
mimic the blood flow, and central collagen I gel channel to mimic the stretch-
able substitute of the basal membrane, Figure 28.

(a) Human lung structure in vivo

Alveolus

Human lung
(b) Alveolus-on-a-chip in vitro

Medium reservoirs ihAEpiC
Virus
Collagen I gel

% . > HUVEC
Medium flow :

Figure 28: The 3D alveolus-on-a-chip platform: a) Schematics of the alveolus
and alveolar-capillary barrier in vivo; b) Design and structure of the microfluidic
chip [53].

The gold standard of the alveolar-capillary barrier is represented by the
device by Huh et al. [54]. It is one of the first biomimetic microsystem that
included the critical function of the alveolar-capillary human lung, especially for
the presence of mechanical strain. The device is composed by three chambers
and the central one is itself split into the upper chamber dedicated to the air and
the low chamber to the medium flow, Figure 29. The PDMS porous membrane
used to divide the central chamber is covered by alveolar epithelial cells and
human pulmonary microvascular endothelial cells on the opposite side [54]. To
recreates physiological breathing movements, in the two lateral chambers are
connected by silicon tubes to a vacuum pump controlled by a software that
allows to strain the PDMS membrane with a mechanical stretching of ranged
from 5% to 15% to match normal levels of strain. Once the confluence was
reached (;, 2 weeks), the air was introduced into the epithelial microchannel and
the alveolar cells were maintained at an air-liquid interface. Living Escherichia
coli bacteria expressing green fluorescent protein was introduced in the medium
flow, while neutrophils flowing in the vascular microchannel. The presence of
these pathogens for only 5 hours was sufficient for the endothelium activation
as indicated by neutrophils transmigration into the alveolar microchannel.

To test the inflammatory response of the lung-on-chip, its alveolar epithe-
lial microchannel was exposed to silica nanoparticles for 5 hours, this type on
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Figure 29: Biologically inspired design of a human breathing lung-on-a-chip
microdevice [54].

nanoparticles are perfect to mimic the airbone particles. The result was that
inflammatory cytokines was produced by the epithelial tissue and endothelial
cells started to express ICAM-1 and recruited circulating leukocytes [29]. More-
over, also the mechanical strain could induce dangerous inflammatory responses
that it would never have been detected in conventional culture models based on
static cultures. The detection was quantitated by measuring intracellular pro-
duction of reactive oxygen species (ROS) using microfluorimetry: the presence
of nanoparticles in absence of mechanical stress induced a little or not ROS
production, while in presence of physiological levels of cyclic strain (10% at 0.2
Hz), the ROS production increased by more than 4-fold within 2 hours, the
presence of the stimulus changes the cells behavior, [29].
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Aim of the work

The objective of this study was to develop an alveolus-on-chip system that
mimic the structure of the alveolar barrier and the physiological exposure of
epithelial cells to air . The system comprises a microfluidic platform made of
PDMS, which incorporates a nanofibrous PCL/Gelatin membrane to mimic the
basement membrane of the alveolar barrier and a lung fibroblast laden-type I
collagen hydrogel to mimic the interstitial space of the alveolar wall. The model
utilized in this study involves a co-culture of human alveolar epithelial cells
(A549) and human lung fibroblasts (MRC-5) to recreate the complex structure
of the thick portion of the alveolar wall. The model was created by initially
MRC-5 cells embedded in the collagen hydrogel were seeded on the top side of
the electrospun membrane to mimic the interstitium, followed by the addition
of A549 cells to simulate the alveolar epithelium. The starting point for the
development of this work was the thesis work of Martina Cicolini [55] which
design a functional geometry of the PDMS device after a hard work of opti-
mization. The PDMS layers constituting the alveolus-on-chip were obtained
from poly(methyl methacrylate) (PMMA) molds, designed through Rhinoceros
software and produced by laser ablation technique. In her thesis, the geome-
try of the microfluidic channels, the shape of the inlets and the number and
dimension of the pillars supporting the membrane were optimized after var-
ious tests, microfluidic experiments and cell adhesion evaluation. To mimic
the composition and the three-dimensional architecture of the human alveolar
interstitial space, the collagen hydrogel was formulated following the protocol
optimized by Michela Licciardello [56] in her PhD thesis. In her work, the the
alveolar-capillary barrier was recreated on an engineered transwell system devel-
oped by modifying a transwell insert to accommodate the PCL-Gel membrane.
This modification process ensured the preservation of the morphological and
physico-chemical composition of the electrospun membrane.
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2 Materials and methods

The microfluidic device comprises three PDMS layers. The bottom layer is
designed with microfluidic serpentines and a circular culture chamber that in-
cludes four pillars to support the PCL/Gelatin membrane that is specifically
created for the seeding and maintenance of HULEC-5a cells in its bottom side
and collagen hydrogel embedded with MRC-5 fibroblasts on the opposite side.
The membrane is held in place, suspended on the culture chamber, between
the bottom and top layers. The top layer features a circular hole, exposing the
upper part of the membrane to air. The final layer serves as a reservoir and
has a larger diameter hole that allows the storage of the A549 epithelial cells’
medium until the implementation of the air-liquid interface. Each PDMS layer
with its respective pattern was produced using 3D-printed molds. Following the
assembly of the layers with the electrospun membrane, endothelial was seeded
on the lower side of the membrane, the hydrogel rich in fibroblast was placed
on the upper side. Once it reached a solid structure, the epithelial cells were
seeded on his upper side.

2.1 3D printing
2.1.1 Mold design

The mold for each layer is designed in the previous work [55] using Rhinoceros
software. A CAD model of the mold is created, utilizing a non-uniform rational
basis spline (NURBS) mathematical model, which enables the representation
of 2D and 3D geometries. The tridimensional model is generated by taking a
2D drawing and extruding each component to form a closed surface. The final
CAD design represents the negative of the desired pattern for the PDMS layer.
The master for each layer of the device consists of an external frame, measuring
1 mm in thickness and 2 mm in height. This frame serves as a container for the
liquid PDMS during the solidification process within the mold. The internal
surface of the mold has dimensions of 60 mm x 20 mm.

Figure 30, is specular on the 2 sides with a serpentine, each with a width and
height of 600 um, and it can be accessed through lateral inlet designed in the
shape of semi-truncated cones. To enhance the filling process and prevent any
leakage from the inlet, the 2 half-inlets of the bottom layer are complemented
by their corresponding halves in the top layer. This configuration ensures that
the resulting conical shape aligns perfectly with the micropipette tips utilized
during the experimental phase. The aim of the 2 serpentines is to maximize
the capacity for holding the cell medium, allowing for a larger volume(about 80
uL) to be accommodated and minimizing the need for frequent replenishment
during the static phase of the cell culture. To reduce the tendency of liquid to
flow back towards the inlet and/or to rise above the membrane in the reservoir
instead entering inside the second serpentine, the 2 microfluidic channels are
connected to valvular conduits designed on a Nikola Tesla’s original patent [57].

The Nikola Tesla’s valvular conduit, thanks to its convoluted shapes that
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Figure 30: On the left, top view (a) and front view (b) of the CAD model of the
master of the bottom layer. On the right, front view (c) and perspective view
(d) of the CAD model of the master of the plug for the conic inlets. Dimensions
are expressed in millimeters. CAD made via Rhinoceros.

create a preferential path, possesses direction-dependent fluidic resistance [57].
Its purpose is to facilitate the flow of the cell medium in the desired direction
(from the left inlet to the right outlet), while preventing the liquid from flowing
back or rising above the membrane during the filling of the second turbine. The
valvular conduit connects to the central element of the master, which serves
as the culture chamber. This circular component, that is the negative of the
final PDMS layer, is 1 mm in height and features four holes with a diameter
of 600 pum for supporting the PCL/gelatin membrane. Additionally, a smaller
central inlet, distinct from the other 2 inlets, provides direct access to the culture
chamber through a 600 gm x 600 pm channel. This inlet was specifically used
for seeding HULEC-5a cells into the culture chamber. To ensure proper sealing
of the central channel when filling the microfluidic channels, a custom mold was
created to produce a PDMS plug, as illustrated in Figure 30. This PDMS plug
is used to block the central conic inlet in the lower section of the membrane
after cell seeding. The plug effectively seals the channel, preventing any leakage
or unwanted flow during subsequent steps of the experiment.

In Figure 31, which is 2 mm thick, functions as a seal for the microfluidic
channels in the bottom layer. It features three semi-inlets that align with their
corresponding counterparts in the lower layer. Its main feature is the central
hole of 2 mm height with a diameter of 3.25 mm that exposes the upper part of
the membrane to air. It is particularly important for the implementation of the
air-liquid interface condition, which is typically required 72 hours after seeding
the epithelial cells.

The final layer of the microfluidic device serves as a medium reservoir, Figure
32. For this reason, its main feature is a central hole with an 8 mm diameter and
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Figure 31: Top view (a) and perspective view (b) of the CAD model of the
top layer master. Dimensions are expressed in millimeters. CAD made via
Rhinoceros.
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2 mm height. It allows for the storage of approximately 100 ul of cell medium.
In order to make possible the endothelial cells culture, a plug is designed, Figure
32 c,d. It fits the concentric holes of the top layer and reservoir. The vertical
dimensions of the plug are carefully studied to ensure that there is no contact
between the plug and the central membrane.
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Figure 32: On the left, top view (a) and perspective view (b) of the CAD model
of the reservoir master. On the right, front view (c) and perspective view (d) of
the CAD model of the master of the plug for the central upper hole. Dimensions
are expressed in millimeters. CAD made via Rhinoceros.
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2.1.2 Mold fabrication

3D printing is selected as the fabrication technique for the molds due to its fa-
vorable throughput/quality ratio. This technique offers several advantages that
make it well-suited for the project [58]. Poly-Jet 3D printing, as an additive
manufacturing process, operates by sequentially adding layers of a photopoly-
mer resin into a build tray and subsequently curing them using ultraviolet lamps
mounted on the 3D printing heads [58]. This technique utilizes a CAD model
of the desired geometry as a basis for creating three-dimensional objects. The
poly-jet 3D printer used in this work is the OBJET30 Stratasys (Figure 33),
characterized by an XY Resolution of 600x600 DPI (dots per inch) and hori-
zontal build layers range between 16 microns and 36 microns depending on the
print mode.

Figure 33: ChiLab OBJET30 Stratasys 3D printer.

The CAD model has to be converted into a STL (Standard Triangulation
Language) format and imported to the Objet Studio software of the printer,
where the slicing algorithm splits the 3D geometry into two-dimensional slices.
After the 3D printing process, the objects are detached from the build tray using
a metal spatula. The support material at the base of each piece is then removed
and washed off with water. Following this step, the molds undergo a crucial
thermal treatment. They are placed into an oven at a temperature of 110°C
overnight. This thermal treatment is essential for the successful curing of the
PDMS (Polydimethylsiloxane) that will be poured into the 3D printed objects
for replica molding. PDMS curing involves the crosslinking of vinyl-terminated
oligomers in the presence of a catalyst, typically through a hydrosilylation mech-
anism. During the curing process, certain molecules with a strong affinity for the
catalyst can inhibit the crosslinking reaction. These inhibiting molecules, such
as polyethylene glycols, diethyl-phthalates, unreacted monomers, and phosphi-
neoxide photoinitiators, may be released into the solution by the 3D printed
objects [59]. The thermal and UV treatments applied to the 3D printed molds
have been demonstrated to vaporize the remaining photo-initiators from the
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structures and promote recombination reactions between the photo-initiators
and any residual high molecular weight species in the resin [59]. These treat-
ments help eliminate any inhibiting molecules and further enhance the curing
process, ensuring the production of high-quality PDMS molds.

2.1.3 Replica molding

The replica molding technique is a fast and adaptable method that enables the
production of objects. By utilizing the replica molding technique, it becomes
possible to achieve high-resolution objects with simplicity, speed, and versatility.
The molds can be created using different methods like 3D printing, photolithog-
raphy, or laser ablation, while the final Young Modulus of the PDMS solution
can be adjusted by varying the ratio of the pre-polymer to the reticulating agent.
In this study, PDMS replicas are obtained using 3D printed masters, resulting
in the creation of elastic and transparent patterned layers.

2.1.4 PDMS layer fabrication

A solution is prepared with a weight ratio of 10:1 (PDMS pre-polymer to retic-
ulating agent) and thoroughly mixed manually. To minimize the occurrence of
bubbles, the solution undergoes vacuum degassing process. Following that, the
viscous PDMS is meticulously poured into clean molds, ensuring that no menis-
cus formed. The molds are subsequently placed in an oven set to a temperature
of 90°C for a duration of 15 minutes. Once taken out of the oven, the replicas
are ready to be peeled off from their molds. After conducting geometry checks
and dimensional controls, the layers are immersed in a falcon tube containing
ethanol and subjected to a 5-minute ultrasonic bath at a frequency of 49 Hz.
To prepare the replicas for plasma oxygen treatment, the cleaned replicas are
dried on a hot plate at 80°C for approximately 10 minutes, allowing the surface
to be suitably prepared.

2.1.5 PDMS layer characterization

The PDMS layers were characterized by comparing the real dimensions via
microscope with the nominal dimensions to evaluate the fidelity. The geometric
features chosen are the ones that cells influence. The bottom layer was sectioned
to measure the real dimensions of the pillar (height and diameter), the cell
chamber (diameter) and the serpentine (diameter and distance), while in the
top layer the central hole is measured. The real dimensions were confronted
with the nominal dimensions in terms of average and standard deviation.

2.1.6 The Nikola Tesla’s characterization

In order to demonstrate how Nikola Tesla’s valvular conduit, Figure 34 a, in-
fluences the raise of medium over the membrane, the device with 100 ul of a
mixture of water and Toluidine Blue to show the difference between devices with
and without valvular conduits, Figure 34 b.
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Figure 34: a)Nikola Tesla’s valvular conduit b)Comparison beetwen device with
and without Nikola Tesla’s valvular conduit

2.2 Electrospinning

The alveolar basement membrane was reproduced using the electrospinnig set-
up in Figure 35.

Figure 35: Novaspider V5 elettrospinning instrument in PolitoBIOMed Lab.
Electrospinning is a technique for producing fibers by utilizing electric forces

to extrude polymeric solutions or melt polymers. The process involves loading
a syringe with the desired material and applying a high voltage between the
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syringe nozzle and the collector, where the extruded fibers are collected due to
the applied voltage. Different types of collectors can be employed based on the
intended outcome. Rotating collectors with large diameters are used to obtain
aligned fibers, while smaller diameters are useful for creating tubular fibrous
scaffolds. In particular, in this wprk, planar collector is utilized, resulting in
randomly oriented fibers to mimic the alveolar basement membrane, [60], Figure

2
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Figure 36: A schematic illustration of the electrospinning process [60].

The electrospinning instrument used to fabricate the membranes is the No-
vaspider V5 in Figure 35. It allows for movement along the x, y, and z axes while
maintaining real-time monitoring and control of the process parameters through
an interface accessible via a touch screen panel. The size and quality of the fibers
are influenced by several factors, Figure 37. These include the characteristics of
the polymeric solutions such as viscosity, surface tension, concentration, molec-
ular weight, and polymer structure. Additionally, the evaporation rate and
conductivity of the solvent, as well as the process parameters including voltage,
flow rate, and distance between the needle and the collector, play a crucial role.
Furthermore, the temperature and humidity of the surrounding environment
also impact the final outcome, [61].

46



Effects on

Sl. No Solution Parameters " Mechanism
Fiber
It has been demonstrated that ) Increased s{)lut}un conduch\'lt.y m:sul(s in
. N ) s increased stretching of the solution jet due to
L increasing the solution conductivity e . .
Conductivity of . ; . the solution’s larger charge-carrying capacity.
1 T improves the fiber quality, as seen by e . O -
the Solution Additionally, increasing solution conductivity
fewer beads and a smaller X ! . - .
" . results in an increase in bending instability and
fiber diameter. N
a longer jet path.
There is a possibility that the charges used to
. - Fiber diameter will increase as the start spinning will not be enough to stretch the
Solution viscosity . . . .
viscosity of the fluid increases. solution to reach the target when
viscosity increases.
The location with the greatest solvent Wet fibers, fused fibers, or nu.flber colle({hon
. . o can all occur when a solution is made using a
volatility must be identified. solvent with a low volatility. The solidification
2 Solvent volatility Ribbon/flat fibers and fibers with ) ; Y N .
of the new polymeric solution at the spinneret
surface pores may be produced by L . . R
" N tip might cause intermittent spinning when the
using a more volatile solvent. o e
polymer has a high volatility.
There are two factors that contribute to this:
high humidity causes polymer precipitation,
Larger fiber diameters have been linked ~ preventing fiber elongation; and lower relative
3 Humidity to both higher and lower relative humidity causes faster solvent vaporization,
humidity levels. which causes an increase in solidification rate
that results in larger fiber diameter, thus
resulting in thicker fibers.
The diameter of the fiber will be Higher temPeratures result in qulgker solvent
4 Temperature evaporation and a lower viscosity of the

smaller at higher temperatures. N
polymer solution.

Figure 37: Influence of solution and process parameters on the morphology of
the electrospun fibers [60].

2.2.1 Membrane fabrication and characterization

The chosen material for constructing the alveolus-on-chip scaffold is a blend of
PCL (polycaprolactone) and gelatin. This combination involves the integration
of a synthetic polymer (PCL, Sigma Aldrich) with a natural polymer (gelatin
type A, Sigma Aldrich). In a previous thesis work by Eleonora Palumbo et al.
[62], a comparison was made between membranes made solely of PCL and those
made of the PCL/gelatin blend. The results indicated that the blend produced
fibers and pores with a smaller diameter compared to PCL membranes. How-
ever, cyclic uniaxial mechanical tests revealed that incorporating gelatin into the
solution enhanced the Young’s modulus of the fibers, resulting in a reduction in
material elasticity. Overall, the PCL/Gel blend is considered a good compro-
mise between the bioactivity properties of gelatin and the fatigue resistance of
PCL. PCL (polycaprolactone) is a semi-crystalline, hydrophobic polyester that
is biodegradable. It is synthesized through the ring-opening polymerization of
the cyclic monomer € -caprolactone. On the other hand, gelatin is a natural
polymer derived from the partial hydrolysis of collagen. The macromolecules
of gelatin consist of amino acids such as hydroxyproline, glycine, and proline,
which promote cell adhesion, migration, and proliferation. It is important to
note that gelatin is water-soluble unless it undergoes crosslinking. The aim is to
develop blended scaffolds that combine the benefits of natural and synthetic ma-
terials, with the ultimate objective of creating ECM-like structures that possess
favorable properties for facilitating the growth of lung cells.
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Others test have been done in the previously thesis [56]. In this work
[56], there is a comparison between PCL membrane and the combination of
PCL/Geltin membrane: the degradation rate of 2 membranes was tested with
the FTIR-ATR spectra; the nanofibrous morphology of PCL and PCL-Gel was
analyzed by FESEM images and SEM images; the mechanical properties were
calculated from the stress-strain curves; the surface wettability was measured
with the contact angle. Moreover, the morphology of A549 and HULEC-5a and
their viability on PCL and PCL-Gel membranes was evaluated by staining the
cell nuclei and actin filaments.

In this work, gelatin was stabilized by crosslinking using (3-Glycidyloxypropyl)
trimethoxysilane (GPTMS), a silane coupling agent whose oxirane rings react
with the ammino groups of the gelatin, forming pendent silanol groups, Figure
38.
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Figure 38: Chemical structure of (3-Glycidyloxypropyl) trimethoxysilane
(GPTMS). Image via Wikipedia.

During the fibers extrusion, the solvent evaporates, and Si-O-Si bonds be-
tween gelatin macromolecules are formed thanks to condensation reactions of
two silanol groups. In this study, a mixture of PCL and gelatin is prepared in an
80:20 weight /weight ratio. This mixture is dissolved in a solution consisting of
5 mL of acetic acid and formic acid in a 50:50 ratio. The resulting solution had
a concentration of 15% w/v. To facilitate the polymerization process, a reticu-
lating agent called GPTMS (3.68% v/v) is added to the PCL/gelatin solution
after 24 hours of stirring in a glass beaker at room temperature and 200 rpm.
The solution is further stirred for an additional 30 minutes and then transferred
into a syringe. The extrusion process involved pumping the 5 mL solution at a
constant flow rate of 500 p/min. The distance between the syringe nozzle and
the collector is set at 12 cm. A potential difference of 20 kV is applied dur-
ing electrospinning. These specific parameters were determined based on the
optimized combination identified in the previously mentioned work [62].

The morphology of the electrospun fibers was analyzed in the previously
work [55] with the scanning electron microscopy (SEM, Tescan Vega) Zeiss
SUPRA 40. In this study, SEM was used to evaluate the effects of thermic
treatments on the morphology of the fibers of the PCL/Gel membrane.

Scanning Electron Microscopy (SEM) is an advanced imaging technique that
offers high-resolution visualization by detecting secondary electrons emitted
from the sample when exposed to a focused, high-energy electron beam. The
primary electrons necessary for this process are generated using an electron gun
and accelerated with a voltage ranging from 1 to 30 kV. A series of electromag-
netic lenses then focus the electron beam onto the specimen within a vacuum
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chamber. In order to emit secondary electrons, the samples are typically coated
with a thin layer of platinum through a process known as sputter-coating before
analysis to allow secondary electron emission during SEM imaging.

2.3 Device assembling by plasma treatment

The device assembly involved utilizing plasma treatment. To obtain circular
membranes of specific dimensions, the electrospun membrane mats are cut using
a 7 mm diameter puncher. Each circular membrane is carefully handled and
positioned over the culture chamber on top of a clean PDMS bottom layer.
Subsequently, a plasma treatment is conducted at this stage. Plasma oxygen
is used to activate the surfaces generating reactive chemical groups for covalent
bonding between two PDMS layers. The terminal methyl groups (-CH3) in
PDMS (generally comprised of repeating units of — O-Si(CH3)2-), Figure 39,
can be replaced by silanol groups (Si-OH).

ch CH3
Hac\ /CH3

Figure 39: Chemical structure of PDMS. Image via Wikipedia.

The presence of hydroxyl groups allows the irreversible bonding by (Si-O-Si)
bonds of the two replicas, after the loss of a water molecule, Figure 40.

PDMS PDMS
CH; CHsCH; CHs OH OH OH OH Hz0
Pl (o] PDMS
asma O, +
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CH; CHsCH; CH; OH OH OH OH
PDMS PDMS

Figure 40: PDMS after Plasma-Oxygen treatment. Image made via Biorender.

The Atto plasma system by Diener electronic (as shown in Figure 41) is
utilized for the PDMS activation process, which consists of four phases. These
phases are meticulously optimized to achieve the best possible result for PDMS
activation.

e Pumping down: once each PDMS replica is positioned in the chamber,
with the surface to be functionalized facing upwards, the door is closed.
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Figure 41: ChiLab Atto plasma system by Diener electronic.

The subsequent step involves pumping down the chamber, gradually re-
ducing the pressure inside to reach a level of 0.3 mbar.

e Gas supply: oxygen is introduced into the chamber, and the pressure is
set to 0.7 mbar. This oxygen pumping process continues for a duration of
one minute.

e Plasma process: plasma is produced for 30 seconds.

e Venting: the last phase when the chamber is filled with air and the atmo-
spheric pressure is restored. This phase has a duration of one minute.

The assembly process involved aligning each layer with its correspond-
ing layer, ensuring that the membrane is properly positioned. In total
2 plasma treatment are done: first one to align the bottom layer with
the top and the second one to align the structure bottom/top with the
reservoir. For each layer aligning a light pressure is applied to secure
the components together. To further enhance adhesion, the assembled
structure underwent a thermal treatment on a hot plate. This treatment
involved exposing the structure to a temperature of 70°C for a duration of
10 minutes to improve the adhesion between the layers, ensuring a robust
and stable assembly.

2.4 Gel formulation and characterization

The hydrogel mimics the structure and composition of the interstitial space and
successfully supports the encapsulation of lung fibroblasts, Figure 42.

To mimic the thickest portion of the alveolar wall, type I collagen hydrogel
is formulated starting from a 1 % wt./v concentrated solution, to resemble
the composition and the three-dimensional architecture of the human alveolar
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Membrane PCL/Gelatina

Figure 42: A schematic illustration of the different cell layers. Image made via
Biorender.

interstitial space. The hydrogel is combined with MRC-5 fibroblasts and placed
over the membrane.

Pre-hydrogel solution is obtained by dispersing gelatin powders in 0.5 M AA
in EMEM (AA: Acid Acetic). The suspension is maintained under stirring at
4 °C for 12 hours, obtaining a solution with a hydrogel concentration of 1 %
wt./v. The acid pH of the solution is adjusted to approximately 7.5 by adding
a 10 M NaOH solution dropwise at 4 °C.

The rheological characterizations were performed in the previously work [56]
where the curves of storage modulus (G’) and loss modulus (G”) were studied.
Moreover, swelling and dissolution tests were conducted and to study the bio-
compatible features of the hydrogel cell viability and proliferation of MRC-5
encapsulated in the hydrogel were evaluated through the metabolic colorimetric
assay CellTiter blue (Promega, Italy).

In order to optimize and choose the right volume of hydrogel, once it was
colored with Toluidine Blue, 3 volumes of hydrogel 5 ul, 10 ul and 20 ul are
placed over the membrane. Once the sol-gel transition is done, devices are
sectioned and analyzed via microscope.
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2.5 Cell culture

The A549 cells line (adenocarcinomic human alveolar basal epithelial cells) are
grown in RPMI 1640 medium (Gibco, ThermoFisher scientific) characterized
by the presence of the reducing agent glutathione and high concentrations of
vitamins. The RPMI is supplemented with the growth medium that contais sev-
eral components essential for cell maintenance and vitality. These components
included:

e 10% Fetal Bovine Serum (FBS) from Gibco (ThermoFisher Scientific):
FBS is a commonly used supplement in cell culture media. It provides
essential growth factors, hormones, proteins, and other nutrients necessary
for cell growth, maintenance, and vitality.

o 1% L-glutamine 200 nM from Gibco (ThermoFisher Scientific): L-glutamine
is an amino acid that plays a crucial role in cell metabolism. It supports
the growth of rapidly dividing cells with high energy demands and aids in
the synthesis of proteins and nucleic acids. In the case of A549 cells, L-
glutamine is particularly important for their specific growth requirements.

e 1% penicillin-streptomycin (P/S) from Gibco (ThermoFisher Scientific):
Penicillin and streptomycin are antibiotics commonly added to cell culture
media to prevent bacterial contamination. They help maintain a sterile
environment for the cells to grow without interference from potential bac-
terial pathogens. By including 10% FBS, 1% L-glutamine 200 nM, and
1% penicillin-streptomycin in the growth medium, the experiment ensured
that the cells received the necessary nutrients, energy support, and pro-
tection against bacterial contamination.

The MRC-5 cells are maintained at 37 °C in a humidified atmosphere of
5% CO2 on tissue culture plates (TCP). For biological characterizations, the
collagen powders are sterilized with UV light for 30 minutes in ice and acid
aceticc: EMEM solution are filtered using 0.22 pm filters. In this work, the
morphology of MRC-5 fibroblast encapsulated in the hydrogel is investigated
by staining cell nuclei and cytoskeletons and with immunostaning of MRC-5
marked by Vimentin. Moreover, live/dead is done to study their viability.

2.5.1 Seeding protocol

To ensure the sterility of each microfluidic chip before seeding, a two-step ster-
ilization process is followed:

1) UV Exposure: Each side of the microfluidic chip is exposed to UV light for
a duration of 30 minutes. UV exposure is a common method used to inactivate
microorganisms and reduce the risk of contamination.

2) Overnight Incubation with PBS(Phosphate-Buffered Saline), Antibiotic,
and Antifungal, a solution to prevent the growth of bacteria and fungi. The
sterilizing solution is then removed and the channels are rinsed with PBS.
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The starting point of cell seeding was the microfluidic channel filled with
cell medium that served as a source of nourishment for the endothelial cells,
ensuring their proper growth and function.

After adjusting the solution pH with a sterile NaOH solution, MRC-5 fibroblasts
(80-90 % of confluency) are harvested and suspended in pre-hydrogel solution
at cell density of 1.5 x 105 cells/mL. The solution (10 uL)is plated into the
chip (n=4 samples for each condition) and incubated at 37 °C for 30 minutes.
Following sol-gel transition, 200 uL of complete medium are added to each chip.
The chip is incubated at 37 °C for 30 minutes to promote the sol-gel transition.
Then, A549 cells are suspended in MRC-5 cell medium at 1.4 x 10° cells/cm?
and seeded atop the collagen hydrogel.

After 3 days, the medium in the apical chamber is removed and the tri-culture
is maintained at ALI for additional 7 days, Figure 43.

ALI IMPLEMENTATION
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Figure 43: Timeline for the cell seeding co-culture and ALI experiment made
via Biorender.

By following this cell seeding and culture protocol, a co-culture system is
established within the microfluidic chip, allowing for the study of interactions
between MRC-5and A549 cells under ALI conditions to mimic the alveoral bar-
rier.

2.5.2 Fluorescence imaging

DAPI and phalloidin staining, Figure 43, Figure are performed at different time
pointing (24h, 72h and 7 days after co-culture seeding) to evaluate the presence
of adhered cells and their morphology on the PCL/gel membrane. Here's a
breakdown of the protocol:

e Remove the medium from the chip and wash the channels with PBS.

o Fill the channels with 4% paraformaldehyde (PAF) solution. PAF fixates
the cells by creating covalent bonds between proteins, making the sample
insoluble. The chips are incubated for 30 minutes.

e Wash the samples with PBS to remove the PAF.

e Permeabilize the cellular membranes by treating the samples with 0.5%
Triton-X in PBS for 5 minutes. This step allows the staining molecules to
enter the cells.

93



Wash the samples with PBS for 5 minutes to remove Triton-X.

Block excess protein-binding sites by incubating the samples with 1%
(w/v) bovine serum albumin (BSA) in PBS for 30 minutes. This blocking
step helps reduce nonspecific binding of the staining molecules.

Prepare a solution of 1% BSA and Fluorescein Isothiocyanate Labeled
Phalloidin (FITC-phalloidin) in a ratio of 1:60. Phalloidin selectively
binds to polymeric F-actin, which is a component of the cytoskeleton.
The conjugated FITC provides green fluorescence, allowing the evalua-
tion of cytoskeletal morphology. To achieve this aim, the channels are
filled with the phalloidin solution and incubate for 20 minutes in the dark.

Rinse the samples with PBS for 5 minutes to remove unbound phalloidin.

Stain the nuclei by preparing a solution of DAPT (diamidino-2-phenylindole)
at a concentration of 1:1000 in PBS. DAPI selectively binds to AT se-

quences of DNA and emits blue fluorescence when bound. Incubate the

samples with the DAPI solution for 5 minutes in the dark.

Wash the samples with PBS for 5 minutes to remove excess DAPI. After
following these steps, the samples should be ready for imaging and anal-
ysis. The DAPI staining allows visualization of the cell nuclei, while the
phalloidin staining provides information about the cytoskeleton morphol-
ogy and distribution.

Figure 44: Chemical structure of (a) FITC-phalloidin and (b) DAPI. Chemical
structure via Wikipedia.

After disassembling the PDMS devices, the fixed membranes are carefully

collected. Each membrane is then sandwiched between two thin glass slides,
and a small amount of mounting media (10 uL) for fixed-cell imaging is added
to preserve the samples for long-term storage. The slides are properly labeled to
indicate the cell type on each side and the fixation time point. To visualize the
samples, two imaging systems are employed. First, the Bio-Rad ZOE Fluores-
cent Cell Imager is used. This instrument utilizes specific wavelengths of light
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to isolate fluorophores and capture wide-field fluorescent images. For higher-
resolution images, the Nikon Eclipse Ti2 confocal laser scanning microscope is
utilized. Images obtained from these imaging systems were then processed and
analyzed using software such as ImageJ. By merging images captured in different
fluorescent channels, the resulting composite images provided a comprehensive
view of the samples’ fluorescence signals and cellular structures.

2.5.3 Immunostaining

Immunofluorescence staining is carried out to evaluate the barrier function of
the multi-layered model. The objective is to detect the expression of E-cadherin
(epithelial cadherin), VE-cadherin which indicates the adherens junctions to
mark the alveolar barrier function and Vimentin which selectively stains the
presence of fibrob- lasts in the tri-culture model. The immunostaining procedure
began with the fixation of cells, which involved washing the samples with PBS
and incubating them in 4% PAF for 30 minutes, followed by another PBS wash.
Subsequently, permeabi- lization is achieved by treating the samples with 0.2%
v/v TRITON-X in PBS for 10 minutes. To prevent non-specific binding, the
samples are then blocked using a 2% BSA solution in PBS for an hour. After
this step, the samples are ready for overnight incubation at 4°C with primary
antibodies dissolved in a solution of PBS, 1% v/v BSA, and 0.1% v/v Tween 20.
On the following day, the samples are washed using the same solution. Then,
the samples were incubated in a solution of secondary antibodies solution in
PBS, 1% v/v BSA, and 0.1

2.5.4 Live/Dead staining

Live/dead staining is carried out to evaluate the rapid quantitation of cell vi-
ability using fluorescent microscopy. The Live Dead assay staining solution is
a mixture of two fluorescent dyes that differentially label live and dead cells.
Live cells are identified on the basis of intracellular esterase activity (generating
green fluorescence) and exclusion of the red dye. Dead cells are identified by the
lack of esterase activity and non-intact plasma membrane which allows red dye
staining: the Live cell dye labels intact, viable cells green and the Dead cell dye
labels cells with compromised plasma membranes red. Cells are treated with
the following fluorescent solution: 1 mL PBS, 2ul of ethidium to mark in red
dead cells and 0.5 ul of calcein to detect in green cells that are alive. Cells are
incubated with the solution for 40 minutes and, after, analyzed with the Nikon
Eclipse Ti2 confocal laser scanning microscope.

2.5.5 3D reconstruction

The Nikon Eclipse Ti2 confocal laser scanning microscope is utilised in z-stack
mode to recreate the thickness of the alveolar barrier. Z-stack is a mathematical
reconstruction produce a three-dimensional volume. A set of confocal images
taken from the x and y axes creating a 2D image and each 2D slide is stacked
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on the other one to build the 3D image along the z axis. Z-stack reconstruction
are taken a 7 days after the cell seeding to prove the 3D structur of the alveolar
barrier.
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3 Results and discussion

Device’s characterization

3.1 Dimensional analysis

The PDMS final chip, Figure 45, undergoes characterization by analyzing the
disparity between its actual dimensions and the nominal dimensions.

Figure 45: Alveolus-on-a-chip microdevice.
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The specific geometric features selected for analysis are those that are most
significantly affected by cellular influence, Figure 46.

Figure 46: Image of the microfluidic device to analyze real dimensions:
a)diameter of chambel cell and pillars b)diameter nd distance of Tesla valvulars
¢) height of pillars d) width of pillars e)diameter hole of the top layer

To conduct a statistical analysis, 20 different devices are examined, and
for each dimension, the average and standard deviation are calculated. This
information is provided in the following Figure 47.
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Figure 47: Comparation between nominal and real sizes of n=20 devices.

The difference between the nominal values and the real ones could be due
to the nature of the laser ablation technique chosen: molds pattern are some
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tens of pm bigger than the CAD model quote, probably due to the small delay
between the liquid resin layer deposition and its UV curing and reticulation;
moreover, Madsen et al. [63] studied the shrinkage of a PDMS material utilized
for measuring nano-metric geometries concluded that the utilized PDMS shrinks
linearly between 1% and 3% in the range 40 to 120°C, leading to dimensions
that are smaller than the ones of the replicated master.

In conclusion, even if the replica molding has the ability to obtain a replica
of the features that are inaccessible for standard measurement devices due to
their complex geometry, the PDMS replicas might have geometry dimensions
some tens of micrometers different from the nominal ones.

3.2 Gel’s characterization

In order to investigate the right gel’s volume that could be placed over the mem-
brane, the hydrogel is colored by Touline Blue colorant and different volumes
are considered: 5 pl, 10 pl and 20 pl. Once the sol-gel transition is done, the
device is sectioned and analyzed via a microscope. Based on the Figure 48, it
appears that a favorable balance between the amount of gel used and the sus-
tainability of the membrane is achieved at a volume of 10 pl, which is selected
as the gel quantity for the seeding phase.

Following the initial seeding phase, as depicted in the Figure 49, the 10 ul
volume of the hydrogel appears to retain its structural integrity through the
secretion of a cell matrix by fibroblasts. For this reason, 10 ul was the selected
volume.
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Figure 48: Section of the culture chamber with: a,b) 5 ul of hydrogel volume
over the membrane; c¢,d) 10 pl of hydrogel volume over the membrane; e,f) 20
11 of hydrogel volume over the membrane

Figure 49: Image of the hydrogel (10ul) after the cell experiment.
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3.3 The Nikola Tesla’s characterization

In order to minimize the liquid’s tendency to flow back towards the inlet or
rise above the membrane in the reservoir instead of entering the second serpen-
tine, the two microfluidic channels are connected to valvular conduits inspired
by Nikola Tesla’s original patent. This outcome is examined using an optical
microscope, comparing the device with valvular conduits to the device without
them (Figure 50 b). As depicted in Figure 50 d, in the device lacking valvular
conduits, the liquid rises above the membrane once the conduit is filled with
100 pl of colored water.

Figure 50: a)Tesla’s valvular, b) comparison devise with ant without Tesla’s
valvular, ¢)cell chamber device Tesla’s valvular, d)cell chamber device without
Tesla’s valvular
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Cellular tests

3.4 Live and dead, immunostaning and fluorescence stain-
ing

To demonstrate the ability of the device to sustain the recreation of the alve-
olar barrier, a cell viability analysis was conducted 24 hours after seeding to
determine the percentage of live and dead cells. As depicted in Figure 51, it
was observed that all cells remained viable after 24 hours. This time pointing
was chosen to demostrate how the device was capable to reproduce a safe en-
vironment for the cell seeding and growthing. The analysis after 24h from the
starting of experiment is the most selected choise, as in this review [64] where
live/dead essay was carried out to evaluate, inside a lung-on-a-chip model, the
pH-responsive off HSA-ZnO nanoparticles after 24 hourd from the seeding.

DEAD MERGE

A549

Figure 51: Confocal cell Live(green) and Dead(red) images after 24h, scale bar
20pm.

In order to evaluate the cells morphology of the alveolar barrier and its con-
fluence, once the multi-cellular culture is seeded, DAPI and Phalloidin staining
is done a 72 hours. The multi-culture is performed for 3 days under liquid-liquid
interface condition. The staining of cell nuclei and F-actin filaments, Figure 52
, demonstrated that uniform epithelial layers of cells is obtained after 3 days of
culture.

Once the confluence is obtained, ALI is achieved by removing the medium
from the top side of the alveolus-on-chip and continuing the cell culture for
an additional 7 days. In order to validate the Air liquide interface, epithelial
cells morphology are analyzed by DAPI, phalloidin and E-cadherin (epithelial
cadherin).
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FITC-phalloidin

A549

MRC5

Figure 52: Confocal laser scanning images after fixation and staining at 72h
with DAPI (A,B) and phalloidin (C,D) and their merge (E,F), scale bar 20pm.

After 7 days of co-culture at the air-liquid interface (ALI), confocal laser
scanning images Figure 53 and 54 in C images demonstrate the expression of
E-cadherins, which are involved in the formation of adherens junctions, in A549
cells. The localization of E-cadherins is observed along the cell membrane,
specifically between neighboring cells. The epithelial morphology is also di-
mostrated by phalloidin and DAPI confocal images, in both merged images.
Immunofluorescence staining of cells confirmed that confluent layers of cells
were obtained for A549 ephitelial cells.
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Figure 53: Immunofluorescence staining of the A549 cells for DAPT (A,B), Cy5-
Ecadh (C), FITC.phalloidin (D) and their merge (E,F), scale bar 10 pm.

Cy5 E-cadh MERGE

Figure 54: Images after fixation and staining of A549 cells for DAPI (A B),
Cy5-Ecadh (C), FITC.phalloidin (D) and their merge (E,F), scale bar 10um.

DAPI
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To assess the morphology of MRC-5 cells encapsulated in the hydrogel, stain-
ing of the cell nuclei and actin filaments was performed. As shown in the Figure
55 fibroblasts appeared uniformly distributed within the volume of the hydrogel.

DAPI FITC-phalloidin MERGE

Figure 55: Images after fixation and staining of MRC-5 cells at 7 days with
DAPI (A) and phalloidin (B) and their merge (C), scale bar 100um.

In addition, MRC-5 cells were examined using immunostaining for Vimentin,
an intermediate filament protein expressed in fibroblasts. In Figure 56, the
MRC-5 fibroblasts exhibit their characteristic elongated and spindle-like mor-
phology, as indicated by the staining of Vimentin.

Vimentin DAPI MERGE
Cc

MRC5

Figure 56: Immunofluorescence staining of MRC-5 cells at 7 days with Vimentin
(A) and DAPI (B) and their merge (C), scale bar 10pum.
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Moreover, the Figure 57 shows Vimentin marks of a bigger hydrogel’s portion
to emphasize the MRC-5 fibroblasts confluence and morphology.

Figure 57: Immunofluorescence staining of Vimentin in MRC-5 cells at 7 days,
scale bar 10um.

After 7 days of cuture in ALI condition, the cell viability was analyzed and, as
shown in Figure 58, the quantity of dead cells is notably smaller in comparison
to the live cells, emphasizing that the alveolus-on-chip was successfully well
projected to sustain cell viability even after 7 days without cell medium. This
observation underscores the capability of the chip to effectively support and
maintain the vitality of the cells over an extended period of time.

DEAD MERGE

Figure 58: Confocal cell Live(green) and Dead(red) images after 7 days, scale
bar 100um.

In order to validate the ALI condition, numerous studies have documented
the capacity of lung epithelial cells to undergo polarization when exposed to
air under normal physiological conditions, for example in this work [65] where,
to provide physiologically more representative exposure conditions and increase
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the differentiation state, Calu-3 bronchial epithelial cells are cultured at an air-
liquid interface (ALI) and show their phenotype upon culture in ALI. Moreover,
also Kreft, Mateja Erdani, et al. [66] have shown how the Air liquide interface
resulted in a more biomimetic native bronchial epithelium displaying pseudos-
tratified columnar epithelium with more microvilli and secretory vesicles during
the characterization of the human cell line Calu-3.

3.5 3D reconstruction

3D reconstruction via z-stack was used to analyze the 3 dimentionality of the
alveolar barrier. Figure 59 shows the successful achievement of a complete 3D
reconstruction through various perspectives after 7 days of air-liquid interface
(ALI) culture. The hydrogel, embedded with healthy fibroblasts, displays excel-
lent morphology, while the epithelial cells exhibit a high level of confluence over
the hydrogel. This result demonstrates the successful integration and growth of
both cell types within the hydrogel.

At present, the hydrogel embedding technique employed for constructing
the three-dimensional alveolar stroma encounters difficulties in producing a hy-
drogel that closely resembles the thickness of human tissues. Nevertheless, by
incorporating additional cellular components of the alveolar environment like
fibroblasts, it may be feasible to further recreate the thickness of the alveolar
stroma, as shown in this thesis as well as in the Varone, Antonio, et al. [67]
Alveolus-Chip.

Figure 59: 3D reconstruction of DAPI-phalloidin stained of both MRC-5 fibrob-
lasts encapsulated in hydrogel and A549 cells at 7 days of ALIL.
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