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Abstract: Respiratory diseases are top-ranked causes of deaths and disabilities around the world,
making new approaches to the treatment necessary. In recent years, lung-on-a-chip platforms have
emerged as a potential candidate to replace animal experiments because they can successfully
simulate human physiology. In this review, we discuss the main respiratory diseases and their patho-
physiology, how to model a lung microenvironment, and how to translate it to clinical applications.
Furthermore, we propose a novel alveolus lung-on-a-chip platform, based on all currently available
methodologies. This review provides solutions and new ideas to improve the alveolar lung-on-a-chip
platform. Finally, we provided evidence that approaches such as 3D printing, organ-a-chip devices
and organoids can be used in combination, and some challenges could be overcome.

Keywords: lung disease; microfluidic; organ-on-a-chip

1. Introduction

To understand the clinical applications of the lung-on-a-chip platform, we will briefly
overview the main respiratory diseases and their pathophysiology, the available approaches
to lung cell culture, modelling of the lung microenvironment and microfluidic systems.

Respiratory diseases are top-ranked causes of deaths and disabilities, with a high
burden on health service costs across the globe. In the European Union, the total cost
of respiratory disease accounts to more than €380 billion annually, including the costs of
primary health care, hospitalizations, and lost production due to disability [1]. In 2017, the
Forum of International Respiratory Societies identified the most common global causes
of severe illness and death, the Big Five: chronic obstructive pulmonary disease (COPD),
asthma, acute lower respiratory tract infections, tuberculosis and lung cancer [2].

1.1. COPD

COPD is responsible for approximately 6% of deaths, which makes it the third most
fatal disease at a global level, with a higher burden in low- and middle-income countries [3].
COPD is typically caused by prolonged exposure to tobacco smoke, air pollution, chemicals,
and dust. These factors produce an inflammatory pattern that progressively damages the
peripheral lung tissues and causes obstruction of the small airways. As a consequence, de-
creased blood oxygen levels and increased carbon dioxide levels may result from abnormal
gas exchange. Furthermore, narrowing of the airways leads to different degrees of airflow
limitation that may impact total lung capacity, exercise capacity and quality of life.
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1.2. Asthma

In the group of chronic respiratory diseases, asthma is the most prevalent, affecting
262 million people and killing 461,000 of them in 2019 [4]. Asthma has a multifactorial
etiology that can be associated with maternal risk factors during pregnancy (e.g., low
fiber diet, cesarean section, environmental exposure to allergens) and/or events that
happen in the early life of an individual (e.g., exposure to allergens, use of antibiotics) [5].
These factors trigger Thl- or Th2-mediated immune responses that result in airway hyper
responsiveness, smooth muscle dysfunction and airway remodeling [6]. An asthma attack
typically involves wheezing, coughing and dyspnea.

1.3. Acute Lower Respiratory Tract Infections

Lower respiratory infections account for more than 4 million deaths annually in the
world [2]. The most aggressive ones are pneumonia caused by Streptococcus pneumoniae, and
respiratory syncytial virus (RSV) infections, presenting a high incidence of episodes and
mortality in children of low- and middle-income countries. Persistent pneumonia and RSV
infections are threatening because they can potentially lead to chronic respiratory diseases
such as bronchiectasis and asthma, both characterized by airway mucus hypersecretion and
difficult management with regular antibiotics [7]. On top of that, climate change also takes
a toll on respiratory infections, as variations in temperature and air humidity contribute to
increased viral transmission and the need for hospitalization [8].

1.4. Tuberculosis

Although, back in 1993, WHO declared tuberculosis a global emergency, this disease
is sadly far from eradication at present. An estimated 10 million people developed tuber-
culosis in 2019 and 1.4 million died from the disease in that year [9]. Tuberculosis is a
communicable disease caused by Mycobacterium tuberculosis, spread through the inhalation
of droplets from the cough or sneeze of an infected person. This disease is especially
threatening for people living with HIV, as they are more vulnerable to manifestations of
tuberculosis symptoms. Despite being curable and preventable, tuberculosis is a very
heterogeneous disease that may cause sequelae at different degrees in treated individuals.
The most frequent ones include lung cavitation, fibrosis and nodular infiltrates that may
lead to persistent lung dysfunction [10].

1.5. Lung Cancer

Among all types of cancer, lung cancer remains a major concern worldwide, with
2.2 million cases registered, being the most fatal one, with 1.8 million deaths in 2020 [11].
Although the pathophysiology of lung cancer is not yet fully understood, it is hypothe-
sized that dysplasia of lung epithelium is triggered by repeated exposure to carcinogens,
predominantly cigarette smoke, but also environmental pollutants (e.g., asbestos, arsenic,
and chromium) associated with genetic susceptibility [12]. Lung cancer is divided into
two major categories: small cell lung carcinoma (SCLC) and non-small cell lung carci-
noma (NSCLC). The latter is more prevalent and represents 85% of all cases of lung cancer.
Depending on the type of cells involved, NSCLC is further divided into the major cate-
gories of adenocarcinoma, squamous- and large-cell carcinoma [12]. Effective treatment
approaches are available depending on the type of lung cancer and how far it has spread.
However, even after the treatment, individuals may present long-term impairments in
several outcomes including lung function, exercise capacity, quality of life, and depressive
symptoms [13].

Aside from the Big Five, other respiratory conditions also impact global health. The
inhalation of chemicals in the workplace causes a number of interstitial lung diseases
including asbestosis, silicosis or coal worker’s pneumoconiosis. Obstructive sleep apnea
(OSA) is another common condition, affecting 1-6% of adults [2]. It is characterized by the
recurrent narrowing of upper airways, causing breathing interruption and hypoxia during
sleep. Other, less common conditions involve alterations in the cardiovascular system, such
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as pulmonary hypertension, mainly related to left ventricular failure and lung conditions,
and pulmonary embolism, a life-threatening condition caused by blockage of a lung artery
by a blood clot (thrombus) [1,14].

More recently, in light of the current pandemic of coronavirus disease 2019 (COVID-19),
more than 180 million cases and 3.8 million deaths were reported globally by June 2021 [15].
The disease pathophysiology begins with an asymptomatic phase in which individuals are
highly contagious. The virus enters the cells and replicates locally in the nasal epithelium,
then propagates with the infection of ciliated cells in the conducting airways. The majority
of patients do not progress beyond this phase, as the normal immune response is sufficient
to contain the spread of infection. However, approximately one-fifth of infected patients
will progress with involvement of the lower respiratory tract, presenting more severe
symptoms and complications such as acute respiratory distress syndrome (SARS-CoV-2),
acute respiratory failure, sepsis, disseminated intravascular coagulation and others [16].

Hence, new approaches to the treatment of respiratory diseases are needed to reduce
the length of hospital stay and the number of deaths. In this sense, the lung-on-chip
platform appears to serve as a potential alternative to replace animal experiments and,
more specifically, simulate human physiology.

2. Lung Cell Culture

The complex physiology of the lung, which could be translated into an engineering
system, requires careful selection of the culture method and cell type. Although the two-
dimensional (2-D) culture has been extensively used since the early 1900s, this method is not
able to reproduce the in vivo cell-cell and cell-extracellular matrix (ECM) interactions [17].
Therefore, for the lung-on-chip platform based on microfluidic chip technology, we need to
mimic the lung microenvironment, and the three-dimensional (3-D) culture is indicated.

The lung cell sources can be divided into primary cells, immortalized cell lines and
stem cells. There are advantages and disadvantages to all cell sources. Primary cells are
extracted directly from patient’s tissue and they include lung fibroblasts [18], small airway
epithelial cells [19], bronchial epithelial cells [20] and alveolar type II cells/pneumocytes
(AT2) [21]. However, primary cells are highly specialized and lose their proliferation
abilities after a while, which is a problem if we desire to keep these cells in a microfluidic
device for a prolonged period.

Adenocarcinomic alveolar A549 and NCI-H441 cell lines have commonly been used
as a model for alveolar epithelium in different studies and seem to have a good ability
to model lung injury and repair [22-25]. Furthermore, bronchial epithelial cell lines such
as BEAS-2B are usually co-cultured with the epithelial cell line A549 to model airway
epithelial cell injury in a cigarette smoke model [26], allergic airway inflammation [27],
acute respiratory distress syndrome [28] and lung cancer [29]. However, it is unclear how
the cell lines maintain the normal physiology of airway cells, which can be a limitation
regarding in vitro models and microfluidic devices.

When using stem cells for in vitro models, it is desirable to differentiate them along
pulmonary lineages by providing an environment where it is possible to mimic the lung
microenvironment. For this reason, we believe that microfluidic devices could be an ideal
candidate for this source of cell. Embryonic stem cells (ESCs) have been demonstrated to be
able to generate both airway and alveolar cell types in vitro, and could eventually be used in
therapeutic and regenerative applications [30]. However, there is a lot of ethical controversy
about the use of ESCs and, for this reason, induced pluripotent stem cells (iPSCs) can
be used as an alternative resource. Recent data demonstrated that iPSCs can generate
type Il alveolar cells (iIAEC2s) by directed differentiation, and may provide a platform for
disease modeling [31]. Unfortunately, deriving mature lung lineages from iPSC precursors
is challenging, even with the expertise from researchers regarding the differentiation
protocols for producing ectodermal and mesodermal lineages [32]. We must remember
that the lung alveolus and airways are composed of multiple epithelial, endothelial and
mesenchymal cell types. Therefore, the use of a combination of cells provides physiological
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relevance and should be considered during applications of regenerative medicine and
engineering systems.

Regarding the choice of cell type for culture on the lung-on-chip platform, the specific
clinical application should be considered. Asmani and colleagues cultured primary normal
human lung fibroblasts (NHLF) or human lung small airway epithelial cells (SAECs)
mixed with collagen type-I, and created a fibrotic microtissue system to study idiopathic
pulmonary fibrosis [18]. In another study, human airway epithelial cells (Calu-3) were
cultured on one side of the microfluidic device and on the other side, to achieve the
air-liquid interface (ALI), with human bronchial smooth muscle cells (hBSMCs). Therefore,
this model was efficient to study the interaction between the cell matrix in chronic lung
diseases [33]. Zhang and colleagues recreated the human alveolar—capillary barrier to
evaluate the pulmonary toxicity of nanoparticles [34]. They used a lung-on-a-chip platform
in which human alveolar epithelial cells (HPAEpiCs) were cultured on the alveolar side
and human umbilical vein endothelial cells (HUVEC) on the capillary side.

3. Modelling Lung Microenvironment

The architecture of an organ is intimately related to its function. The structural design
of the lung has been optimized to fulfill its primary function, which is gas exchange.
During the branched morphogenesis of the lung, the airway tree is positioned adjacent to
the arterial vasculature and ultimately branches into hundreds of millions of alveoli sacs
with a diameter ranging between 100 and 200 um. Given the high number of alveoli sacs
and the thin tissue layer that separates air from blood (approx. 500 nm), the lungs offer
a large surface area (100 m?) in a relatively small tissue volume (6 L) to support fast gas
exchange. This enables the perfused blood to gather oxygen molecules and release carbon
dioxide into the atmosphere in a short time [35].

Given the dynamic nature of lung function, lung cells continuously experience var-
ious types of mechanical forces, which are known to deeply impact their function and
phenotype [36]. Notably, lung cells undergo biophysical stimulation consisting of: (1) cyclic
stretching due to expansion and contraction during respiration; (2) shear stress associated
with airflow into the lungs and vascular perfusion; (3) local changes in the composition and
hence, stiffness and viscoelastic properties of the ECM; (4) local variations in oxygen partial
pressure; (5) the presence of an air-liquid interface in the airway epithelium. Although
these stimuli are all of a physiological nature, it is worth noting that lung cells are often
exposed to non-physiological stimuli as a result of disease or injury. Several examples of
this include ventilation-induced lung injury (VILI), stiffening of the ECM in lung cancer
or lung fibrosis and changes in oxygenation levels associated with chronic respiratory
diseases including COPD and OSA.

The use of animal and 2D in vitro models helped us understand the bases of lung
physiology and disease. However, they present many limitations. Studies involving animal
models have ethical concerns, are laborious, the interpretation of results is not always
straightforward, and they have limited predictability in human clinical trials due to the
differences between species. Although conventional 2D models remain the tool of choice
for many researchers, they fail to reproduce the architecture, mechanical and functional
properties inherent to native tissues, thus hampering the interpolation of results. These
types of cultures focus more on the effect of biochemical factors, but it is well known that
biophysical factors are equally important in determining cell behavior and need to be
considered [37]. Therefore, understanding the mechanisms that underlie lung physiology
and disease requires the development of alternative 3D in vitro models to enable the precise
application and tight control of the most relevant biochemical and biophysical cues found
in the lung cell niche.

Top-down and bottom-up approaches have been used for the generation of lung
models in the laboratory. Top-down strategies refer to lung de- and recellularization with
either lung cells, stem cells or their combination, while bottom-up strategies include the
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DECELLULARIZATION/
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generation of organoids, 3D bioprinting and microfluidic lung systems. An overview of
the current strategies available for in-lab lung models is depicted in Figure 1.
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Figure 1. Overview of the current strategies available for in-lab lung models.

3.1. Organ Decellularization/Recellularization

The ECM is a non-cellular 3D structure present within all tissues and is essential for life.
Every organ in our body has a unique ECM that, in addition to providing physical support
for tissue integrity and elasticity, also confers biomechanical cues and regulates diverse
cell functions including migration, proliferation and differentiation [38]. At the same time,
cells synthesize, degrade, reassemble and chemically modify the components of the ECM.
Therefore, its structure is highly dynamic and undergoes continuous controlled remodeling
to maintain tissue homeostasis, meaning that the presence and relative abundance of
each ECM component may vary over the lifetime according to continuous remodeling.
In addition, excessive or uncontrolled ECM remodeling leads to changes in its structure and
composition. Such changes directly impact cell behavior and are considered contributors
to several pathological conditions such as pulmonary fibrosis and cancer [39].

Given the structural complexity of the lungs and the key role that the ECM plays
during lung development and adulthood, organ decellularization has been one of the
preferred strategies for the development of biomimetic lung 3D models over the past
decade [40]. Through this technique, lung donor cells are removed while the acellular 3D
scaffold retaining the biochemical components, mechanical properties and the structural
integrity of the native lungs (including the original vasculature) prevails.

Numerous studies on lung decellularization and recellularization for tissue engineer-
ing purposes have been carried out by us and other researchers [41-44]. In this regard,
rodent, porcine and human lungs have successfully been decellularized and recellularized,
mainly with lung endothelial and epithelial cell lines [41], lung endothelial and epithelial
primary cells/progenitors derived from iPSCs or ESCs [45—47], or with a combination of
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different cell types, including bronchial epithelial cells, vascular endothelial cells, lung
fibroblasts and mesenchymal stromal cells [42]. A combination of physical, chemical and
biological agents is employed for the decellularization of small sections (~1-3 cm?) [42]
and whole lungs [40,41,44]. Cell lysis is usually achieved by means of applying several
freezing and thawing cycles, followed by osmotic shocks and subsequent instillation with
detergent-based solutions. Some protocols also include a final treatment with DNase to
degrade residual DNA fragments once cells have been lysed. Although these works repre-
sented a milestone in lung bioengineering with promising future clinical applications, the
use of organ decellularization and recellularization has been hampered by some limitations.
The main ones are the lack of concurrence on the best method for organ recellularization
and the lack of bioreactors allowing for the long-term maintenance of recellularized lungs
in the lab. In particular, the task of effective recellularization remains unsolved, mainly
due to the lack of consensus about which cell/s type/s and delivery methods would be the
most suitable for lung recellularization, together with the need to obtain large cell numbers
and adequate cell positioning within entire lobes and whole lungs, which largely depends
on the seeding method. On the other hand, investigation into the technology required to
sustain the engineered tissue in the long-term is scarce, due to complexity, specialization
and costs.

3.2. Organoids

Organoids are stem-cell-derived, self-organized 3D structures, able to recapitulate
the primary functions and structure of the tissue of interest. This approach enables the
generation of simplified, miniaturized organs, which, when patient-derived, are suitable
for research and envisioning personalized medicine. Classic methods for generating
organoids involve the use of either pluripotent or tissue-derived stem cells. The generation
of organoids from pluripotent stem cells requires a first step for the determination of the
germ-layer (endoderm, mesoderm or ectoderm), followed by the sequential addition of
specific signaling factors to differentiate into the tissue of interest. On the other hand,
organoids derived from adult stem cells require cell isolation from the target tissue, have
epithelial origin and, by contrast, do not contain mesenchymal or immune cells unless
added separately.

Lung organoids have been developed from human pluripotent stem cells, as well as
from epithelial stem/progenitor cell populations within the adult lung. Both basal and se-
cretory club cells from the upper and middle airways and AT?2 cells from the lower airways
are common choices for their generation [48]. Despite allowing for numerous advances in
basic and translational research, they present several limitations which complicate their
potential applications in the field of lung development, regenerative medicine, disease
modeling, drug safety and efficacy testing. Such limitations are mainly associated with
the absence of other lung stroma cell types, such as fibroblasts, which contribute to the
generation of ECM and its remodeling, or immune cells, as well as the lack of a vascular
network, a poorly defined 3D architecture, etc. Nonetheless, if combined with other ap-
proaches such as organ decellularization, 3D bioprinting or organ-on-a-chip devices, some
of these drawbacks could be overcome.

Organoid cultures classically involve the use of Matrigel, a commercially available
matrix derived from the Engelbreth—-Holm-Swarm mouse tumor, as a supportive material.
Nonetheless, this material is afflicted with limitations associated with its ill-defined com-
position, and lack of reproducibility and tunability, generating some concerns regarding
the study of normal regenerative processes. Therefore, hydrogels generated from lung
decellularized ECM (dECM) have recently emerged as a potential option for culturing
organoids, since they provide the unique environmental cues found in lungs in vivo. A re-
cent comparative study has revealed that lung organoids derived from human bronchial
epithelial cells maintain their identity in dECM hydrogels while those cultured in Matrigel
show an upregulation of the oncogenic markers and pathways that are known to be aber-
rant in cancer, thus supporting the initial idea [49]. Other researchers have demonstrated
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the feasibility of combining the bioprinting of bioengineered organoids with microfluidic
systems [50], as we can see in Figure 2. These authors developed a three-tissue organ-
on-a-chip closed circulatory perfusion system, composed of liver, heart, and lung, which
facilitates the study of inter-organ responses. In this platform, each of the aforementioned
tissues is housed in a microfluidic polydimethylsiloxane (PDMS) device fabricated by soft
lithography and replica molding. Liver and cardiac modules were created by bioprinting
spherical organoids within customized bioinks, while the lung module was formed by the
creation of layers of cells (lung fibroblasts, epithelial and endothelial cells) around a porous
polyester membrane coated with human lung dECM. Microfluidic devices were connected
to a circulatory perfusion system through a central fluid routing breadboard (Figure 2A).
The authors first demonstrated the correct performance of each of the individual compo-
nents of the platform by evaluating their response to a panel of drugs, including bleomycin,
propranolol and acetaminophen, amongst others. More importantly, when combined in
a single platform, more complex integrated responses were observed, indicating that the
functionality of one organoid was deeply influenced by the response of another organoid
(for example, bleomycin likely evoked an inflammatory response in lung tissue with the
release of inflammatory cytokines with cardiotoxic properties). This and other works in
the field highlight the critical relevance of creating combinatory approaches and integrated
systems to enhance the predictability of potential drugs and therapeutic in vitro studies.

3.3. 3D Bioprinting

3D bioprinting is an emerging technology that has attracted considerable interest
from the healthcare sector in recent years, especially for its applications in regenerative
medicine. By automated additive manufacturing of cells and biomaterials (bioinks) of
different nature, this technique enables the customized fabrication of relatively complex
3D structures in a reproducible manner that can potentially be used as lung tissue models.
Fabrication methodologies include extrusion-based, inkjet-based, laser-assisted bioprinting
and stereolithography (SLA) [51]. Extrusion-based is the most widely employed due to
its simplicity, affordability, flexibility and scalability. In this technique, the application of
pressure allows for the dispensing of a continuous filament of material from the syringe
to the stage. Depending on the dispensing mechanism employed, this is categorized into
pneumatic, piston-driven and screw-driven dispensing. Despite the previously mentioned
advantages, this technique presents some limitations, such as a lower resolution and gener-
ation of higher shear stress, when compared with others. On the other hand, inkjet-based
bioprinting is a non-contact printing technique that uses a drop-on-demand technology,
allowing for a highly accurate deposition of very small droplets of material, which results
in the generation of 3D structures with higher resolutions. When using laser-assisted
bioprinting, the bioink is projected from a film to the depositing stage by using a laser beam
as a driving force to trigger the droplet release; the laser evaporates the bioink, creating an
expanding bubble with the subsequent jet formation and the final deposition of the droplet
onto the substrate. This method is the most widely used for the high-resolution patterning
of bioinks. Similar to laser-assisted bioprinting, SLA is a nozzle-free technique that uses
digital light to cure the liquid bioink in a layer-by-layer fashion.

In the respiratory system, most of the progress has been restricted to conducting
airways [52,53] due to the complexity of recreating alveolar sacs. These and other studies
showed that the generation of 3D structures with the desired organization and composition
via 3D bioprinting can be feasible. However, before bioprinting of complete tissues and
organs suitable for transplantation becomes a reality, there are many challenges that need
to be faced.

As mentioned previously, one of the most remarkable challenges in lung bioengineer-
ing is the generation of a vascular network closely adjacent to the alveoli. By using 3D
bioprinting technology, Kang et al. (2021) fabricated a three-layered alveolar barrier with a
total thickness of approximately 10 pm in a transwell insert [54]. The bottom layer consists
of lung endothelial cells, the middle layer of a collagen I hydrogel containing fibroblasts and
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the top layer contains type I and II alveolar epithelial cells deposited by automated high-
resolution drop-on-demand inkjet printing (Figure 2B). The authors demonstrated that this
approach can recapitulate the structure, morphology and function of the lung tissue, and
could potentially be used as disease models to study influenza infection, amongst others.
Grigoryan et al. (2019) formed photopolymerizable PEGDA-based hydrogels containing
intricate and functional vascular architectures through the addition of biocompatible food
additives, including tartrazine, which work as photoabsorbers for projection stereolithog-
raphy [55]. By using this breakthrough technique, authors were able to reproduce the
lung multivascular network surrounding alveolar sacs and demonstrated its functionality:
the tissue resists the pressure generated during pulsatile breathing (i.e., cycles of intake
and outflow of air simulating pressures and frequencies in human lungs) and blood flow
(Figure 2C). More intriguingly, blood cells can be reoxygenated as they flow through the
vascular network surrounding the air sac, thus demonstrating that the main function of
the lungs—gas exchange—is completely fulfilled. This important development solves the
longstanding questions about how to vascularize bioprinted tissues, which is fundamental
to their maturation in the lab and in transplantation. In addition, the technique can be
extrapolated to the biofabrication of other organs, including the liver.

Another challenge is finding a consensus on the most suitable bioink for applications
in lung bioengineering. The predominant components of lung ECM in adulthood are colla-
gens (mostly types I, Il and 1V), elastin, proteoglycans and glycoproteins [56]. However,
the majority of natural polymers used in bioprinting, which include alginate, collagen or
fibrin do not present adequate rheological properties for 3D bioprinting when used alone
and are not able to provide the complexity found in the native organ, which is essential
for accomplishing cell functions. Building hybrid biomaterials from decellularized lung
ECM combined with synthetic or other natural materials is a strategy that has attracted the
attention of researchers since it solves the current issues associated with the bioprinting of
either natural or synthetic materials alone.

De Santis et al. (2021) made significant advances in this regard by improving both
the properties of the bioink and the bioprinting methodology employed in the generation
of human small airways composed of the regionally specified primary human airway
epithelial progenitor and smooth muscle cells [57]. By using the Freeform Reversible
Embedding of Suspended Hydrogels (FRESH) method, which uses thermo-sensitive gel
baths or sacrificial materials such as gelatin, collagen or pluronic as supportive materials
that degrade after bioprinting the structure of interest, they were able to generate branched
small airways with a good resolution that remain patent for up to one month in vitro
(Figure 2E). In addition, the bioink of choice consisted of an alginate reinforced with ECM
from human decellularized lungs, which keeps the natural components and the biological
inductive properties of native tissue (low immunogenicity, proangiogenic properties, etc.)
while conferring proper rheological and gelation properties for the 3D bioprinting process.
In collaboration with other authors, the group developed a hybrid hydrogel where a
clickable decellularized lung ECM crosslinker was incorporated into poly(ethylene glycol)-
a-methacrylate PEGaMA in order to reproduce controllable spatiotemporal changes in its
stiffness, with applications in diseases such as lung fibrosis [58].

Despite the current advances, once the 3D structure is bioprinted, the main challenge
is to maintain the bioprinted tissue in a proper microenvironment to support its maturation,
thus enabling the performance of basic and translational research. At this step, the use of
bioreactors to support bioprinted lung tissue maturation through biomimicry is essential,
but they must be custom-designed for each bioprinting application. The design, fabrication
and performance of the bioreactors required to that goal is quite complex. To our knowl-
edge, there are no commercial bioreactors that are able to provide the growing tissue with
the physiological stimulation of the lung (including mechanical stretch and gas and fluid
perfusion). However, the use of miniaturized bioreactors to maintain small constructs and
organ-on-a-chip systems has been extended along the academic sector and in the industry.
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bioprinting and microfluidic systems). Copyright, 2019, reproduced with permission from Reference [50]. (B) Schematic

diagram of inkjet-printing process for the generation of a 3-layered alveolar barrier (from bottom to top: endothelial cells,

collagen I and fibroblasts, and type I and II alveolar cells, representing the endothelium, the basement membrane and

the epithelium, respectively). Copyright, 2021, reproduced with permission from Reference [54]. (C) Schematic of the

lung-mimetic design (left) and the distal lung subunit (right) of hydrogels with vascularized alveolar model topologies.

Copyright, 2019, reproduced with permission from Reference [55]. (D) 3D view showing the working principle of the

alveolar lung-on-a-chip model with GelMa-based alveolar sac-like 3D structures. Copyright, 2021, reproduced with
permission from Reference [59], CC BY-NC-ND 4.0. (E) Schematic depicting FRESH technology employed for the fabrication
of small airways. Copyright, 2019, reproduced with permission from Reference [60].

4. Microfluidic Lung Systems

Microfluidic lung systems constitute an effective and affordable small-scale alterna-
tive, where single cultures, co-cultures and even 3D cultures can be maintained under
tightly controlled conditions. These models allow for the performance of more realistic
experiments where specific microenvironmental parameters such as oxygen tension, shear
stress and mechanical stretch can be precisely and individually controlled and are compati-
ble with live cell imaging. Therefore, these platforms have the potential to provide new
insights into normal lung function and disease, as well as to more accurately predict the
effectiveness and safety of new treatments under a microenvironment biomimicking the
lung [61].

To date, research efforts have mainly been conducted to recreate alveoli, bronchi
and bronchioles. The first lung-on-a-chip device was fabricated by Hugh and coauthors
(2010), who recreated the blood-air barrier [62]. Through the use of soft lithography,
they generated a PDMS device consisting of two microchannels, separated by a 10 um
thick, porous and stretchable membrane coated with proteins of the ECM. The upper
side of the membrane was seeded with human alveolar epithelial cells, while the lower
side was seeded with lung capillary endothelial cells. By depleting the cell culture media
of the upper channel and maintaining a continuous media flow in the lower channel
(vascular), researchers generated an air-liquid interface similar to the alveolar—capillary
barrier. The simulation of physiological breathing was also feasible by cyclically stretching
cells through the application of vacuum, which deforms the elastic membrane to which
cells are adhered. Using this model, Hugh et al. studied lung physiological processes
such as the differentiation potential of epithelial progenitor cells, carried out toxicological
studies and modeled the pulmonary edema and thrombosis [63].

Other microfluidic lung systems modeling the alveolar region were set up in other
studies, using a similar working principle [59,64]. In some of these models, the flat and
synthetic porous membrane was replaced by a biological membrane containing proteins
of the ECM and relevant 3D shapes, thus conferring a more physiologically relevant 3D
microarchitecture and enhancing their biological performance [59,64]. Although PDMS has
been the synthetic material of choice for the fabrication of most lung-on-a-chip devices and
their membranes, it presents a high absorption of small molecules such as hydrophobic
drugs, thus hindering the widespread use of PDMS-based microfluidic devices for drug
screening. Some PDMS-treatments have been proposed to overcome this problem, as
well as alternatives consisting of the use of hydrogels. Huang et al. (2021) generated
a 3D porous gelatin methacryloyl (GelMa) hydrogel, presenting an alveolar sac-like 3D
structure (Figure 2D) [59]. Amongst the advantages of using GelMa instead of synthetic
membranes, the stiffness (6.23 £ 0.64 kPa) is within the range reported for native lungs [65].
In addition, GelMa is not biologically inert, since it contains arginine-glycine-aspartic acid
sequences that promote cell attachment, and matrix metalloproteinase-responsive peptide
motifs, which facilitate its remodeling and promote processes such as cell migration and
proliferation. Besides all these features conferred by GelMa, a mechanical stimulation
simulating breathing is also feasible with this model. Multiscale analyses revealed that
opal structures resembling alveoli sacs were more adequate than planar membranes made
by GelMa or PDMS in maintaining the functions of primary human alveolar epithelial cells.
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Zamprodogno et al. (2021) created a thin, elastic, biological membrane by drop-casting a
collagen—elastin solution onto a thin gold mesh with a poresize of 260 um that supports
the array of 40 alveoli [66]. This membrane showed a good performance, enabling the
recreation of the air-liquid interface and application of mechanical stretch to reproduce res-
piratory motions. Therefore, such microfluidic devices are considered a second generation
of organ-on-a-chips, offering a higher level of analogy to whole-organ systems through the
mimicry of biological barriers.

Several groups have created lung airway-on-a-chip, aiming to model lung physi-
ology and diseases that primarily affect the airways, such as asthma or COPD [66—-69].
Sellgren et al. (2014) created a biomimetic microfluidic device composed of three indi-
vidually accessible and vertically stacked compartments, separated from each other by a
synthetic nanoporous membrane [67]. From top to bottom, the compartments contained
either tracheobronchial epithelial, lung fibroblasts or endothelial primary cells, cultured on
an air-liquid interface. Similarly, Humayun et al. (2018) designed a three-compartment
device where a suspended hydrogel composed of a mixture of collagen I and Matrigel
was injected in the middle compartment to act as a barrier between airway epithelial and
smooth muscle cells, thus avoiding the use of synthetic porous membranes to recreate the
lamina propria [33]. The accommodation of air-liquid culture conditions normally resulted
in the formation of a pseudostratified, differentiated bronchiolar epithelium, confirming
the good performance of the models. Some of these models also reproduced respiratory
symptoms including asthmatic inflammation and were used as platforms to test drug
efficacy under a microenvironment that biomimics the pathology [68,69].

Lung-on-a-chip models providing mechanical stimuli, aiming to study mechanical
injury caused by a cyclic stretch in VILI or by movement of liquid plugs mimicking those
diseases in which pulmonary surfactant production is compromised (asthma, pneumo-
nia, cystic fibrosis, etc.), have been developed [70,71]. Regarding VILI, Tas et al. (2021)
recently developed a lung-on-a-chip model using 3D printable moulds and a commer-
cial nanofibrous poly(caprolactone) membrane. The thin (~20 pm) membrane was cast
between two PDMS channels fabricated from 3D printed molds [70]. Proof-of-concept
experiments using murine lung epithelial cells showed the good performance of the model,
which recreates the air-liquid interface while providing mechanical stretch at relevant
magnitudes (25%) without the need to employ complex biofabrication techniques. On the
other hand, Nonaka et al. (2020) designed a computer-controlled PDMS chip to expose
rat lung mesenchymal stem cells (MSCs) cultured in lung ECM to realistic biochemical
and stiffness substrate cues while applying cyclical stretch simulating ventilation (20%
amplitude, 12 cycles/min), aiming to determine whether biophysical preconditioning
could potentiate the immunomodulatory properties of MSC [72]. Dynamic stretch was
generated by the application of cyclical positive pressure underneath a flexible membrane
where 3D cultures were attached. After biophysical preconditioning for 7 days, MSCs
were applied through femoral venous injection to treat mild VILI in Sprague Dawley rats.
Amongst the other results, only preconditioned MSCs were found to induce a significant
recovery in elastance. Although this is the first study to demonstrate that biophysically
preconditioned MSCs were more effective than non-preconditioned MSCs in reducing mild
VILI in a rodent model, more detailed studies highlighting the importance of biophysical
stimuli to enhance translational research are required.

It is well known that oxygen levels have a direct impact on processes such as cell
proliferation, cell migration and stem cell differentiation. The prediction of oxygen levels
within the microfluidic lung systems is of vital importance to create adequate oxygen
tension to study cellular behavior under realistic conditions. The most common oxygen-
sensitive indicators employed to measure oxygen levels in microfluidic devices are optical
fibers and oxygen-sensitive compounds including ruthenium- and metalloporphyrin-based
molecules. A comprehensive review of these and other oxygen sensor types for applications
in microfluidic systems was published by Grist et al. (2010) [73]. In previous works, we
and coworkers fabricated simple devices that allowed for the fast diffusion of gases to
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the cell culture through thin elastic and gas-permeable PDMS membranes [74-76]. When
connected to commercial gas blenders or to two gas reservoirs providing different oxygen
concentrations (i.e., 20% and 1% O,), through an automated two-way solenoid valve, cells
can undergo cyclic changes in PO; in short periods of time (approx. 6 s), as determined by
an oxygen-sensitive ruthenium dye and optical fiber. In addition, some of these models
allowed for the application of cyclic stretch at a frequency and amplitude simulating lung
breathing [72,74]. Although these systems did not recreate the complex 3D architecture of
the alveolar barrier or incorporate shear stress through microfluidics, because they were
out of the scope, their simple fabrication, low cost and ability to apply several biophysical
cues to cultured cells made them attractive tools. These models have a special relevance for
the study of the molecular mechanisms underlying disorders such as OSA and lung cancer,
where changes in oxygen tension play a pivotal role in determining their fate and new
treatment approaches. In this line, the increased expression of inflammatory molecules
such as prostaglandin E; has been observed in macrophages in response to intermittent
hypoxia (OSA model), as well as their increased migration towards hypoxic cancer cells,
likely due to an increased release of cytokines with chemoattractant properties by the
latter [75,76].

Moreover, Benam et al. (2016) described a model of COPD where the living human
bronchiolar epithelium from patients was connected to a device that “breathes”cigarette
smoke in and out of the small airway-on-a-chip. This smoking human small airway chip
allowed for identification of the COPD-specific molecular signatures, ciliary micropatholo-
gies, and epithelial responses to smoke generated by whole cigarettes and electronic
cigarettes [77]. Furthermore, this provided a tool for studying airway pathophysiology and
biological responses in COPD patients.

To mimic the disease environment, Asmani et al. (2018) considered the effect of
tissue stiffening on the progression of lung fibrosis. They developed a microfluidic chip
technology, where membranous human lung microtissues were created to model key
biomechanical events occurring during lung fibrogenesis [18]. In this sense, the tissue
stiffening has to be considered in the lung cancer as well. Yang et al. (2016), developed a
lung-on-a-chip microdevice to test anti-cancer drugs [78]. On this platform, they created
a membrane made by poly(lactic-co-glycolic acid) (PLGA) nanofiber with a controlled
stiffness, which simulated the alveolar respiratory and allowed for the invasion of cancer
cells. In those studies, it was clear that all features of the disease must be considered and
can be mimicked on a microfluidic chip platform.

Recently, the combination of different approaches has been attracting the attention
of biomedical scientists, physicists and engineers. The integration of organoids and 3D
bioprinting with organ-a-chip technology attempts to gather the strengths of each of these
strategies and increase their versatility. As an example, both organoid-on-a-chip and organ-
on-a-chip fabrication by 3D bioprinting have promising applications in pharmacology
because (1) either organoids or 3D bioprinted structures are more similar to actual organs,
making them more suitable for target identification and future validation and (2) organs-
on-a-chip are more controllable and reproducible devices, which are best suited for drug
efficacy and safety screenings [52,79].

5. Future Applications

Based on these different approaches to the development of microfluidic platforms, and
considering the future clinical applications, we propose a novel alveolar lung-on-a-chip
platform (Figure 3). This microfluidic device has a combination approach, considering
the best technologies in the field of regenerative medicine. We believe that it is possible
to create a device in which a viral infection (e.g., SARS-CoV-2) can be induced, or the
respiratory epithelium can be exposed to airborne environment agents (e.g., tobacco smoke,
pollutants). Additionally, in this model, a pharmacological treatment could be applied.
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Figure 3. Alveolar lung-on-chip platform.

Regarding the structure, our device can be generated by soft lithography using PDMS,
and separated by two aligned upper and lower microchannels (epithelial and endothelial)
to simulate the alveolar—capillary barrier. The device contains two lateral vacuum chambers
to mimic the physiological respiratory cycle. Each of those chambers will have a tube to
allow for control of the flow of the culture medium, oxygen levels, percentage of CO,,
and percentage of mechanical strain applied by vacuum to the side chambers on the
hybrid membrane.

5.1. Printed Hybrid Membrane

Several authors use the porous and stretchable membrane coated with ECM proteins to
model a 3D environment for the cells in a lung-on-a-chip device. In our device, we propose
a bioprinting technology associated with a dECM. We previously discussed the role of
dECM in cell functions and remodeling processes. However, to shape the membrane, which
will recreate the alveolar—capillary barrier, the GelMa hydrogel will be printed together
with dECM. In this way;, it is possible to recreate human alveolar sacs with advantages for
the cells, stiffness and biological cues. The hybrid membrane can be printed with 10 um
thickness, and guarantee porosity and stretchability during strain in the respiratory cycle.

5.2. Alveolar Lung-on-a-Chip Culture

In the proposed device, we aim to solve some problems faced by cell cultures in
microfluidic technology. For this purpose, organoids will be employed. It is clear that
organoids and organ-on-a-chip platforms have the same goal: to recreate the complexity
of human organs in vitro [74]. The organoids (hPSCs differentiate into iAEC2s) will be
cultured on top of the hybrid membrane (epithelial channel) and lung microvascular
endothelial cells (HMVEC-L) will be cultured on the opposite side of the same membrane
(endothelial channel). The alveolar lung-on-a-chip will be exposed to cyclic strain (10%
strain, 0.2 Hz) to mimic the physiological breathing and continuous flow (60 puL/h) by
media through the top and bottom channels for 21 days. With the cell culture in the
device, it is possible to induce a viral infection or to expose the alveolus to airborne
environment agents through the inlet channel (virus/airborne agents channel), which
provides direct access to the epithelial channel. Considering the COVID-19 pandemic, a
model of SARS-CoV-2 infection could be applied to understand the disease mechanism
and explore treatment options. In this device, there is a drug channel that gives direct
access to the endothelial channel, which allows for some pharmacological tests to be
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run. Furthermore, this device will also enable morphological analysis, epithelial barrier
evaluation and 24 h cell tracking.

We hope this platform allows for the creation of a translational medicine, where we
can recreate and treat lung diseases. Here, we can provide a precise medicine, where the
patient can receive individualized treatment. It is possible to develop studies based on the
extraction of cells from patients and more realistic modeling of lung diseases.

6. Conclusions

It is well known that a lot of work and effort is required to develop and improve the
organ-on-a-chip methodology. However, this review provides solutions and new ideas to
improve the alveolar lung-on-a-chip platform. We provided evidence that approaches such
as 3D printing, organ-a-chip devices and organoids can be used in combination, and some
challenges could be overcome.
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