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Abstract
Tissue engineering approaches, including those to functional lung tissues, are finely honed by the inclusion of upgraded devices
that mimic biophysical and biochemical features in vivo. Perfusion culture is one of these essential biophysical characteristics
enabled by the introduction of microfluidic devices in recent years. This review links the importance of dynamic culture
for in vitro maintenance of functional lung cells to the modeling of respiratory disease. We identify and discuss different
parameters for fabricating the requisite microfluidic models for lung cells, as well as their application in modeling lung
diseases caused by external factors such as smoking and pollution. The possibility of creating a multi-organ-on-a-chip to
establish a more physiologically relevant model is highlighted. Overall, the focus is on different prospects for the in vitro
modeling approach and for lungs-on-a-chip for developing advanced, reliable technology to analyze the pathophysiology of
respiratory diseases and screen potential treatments.
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Introduction

The prevalence of respiratory diseases results in about 4
million deaths worldwide every year and thus represents a
major concern and an increasing healthcare burden on soci-
ety [1]. As the foundational organ of the respiratory system,
lungs are primarily responsible for facilitating gas exchange
between the bloodstream and the environment. The primary
bronchi, formed from the bifurcated trachea, are subdivided
into the lobes, segmental bronchi, bronchioles, terminal bron-
chioles, and ultimately over 300million alveoli [2]. Different
lung diseases, e.g., chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis (IPF), acute respi-
ratory distress syndrome (ARDS), infectious diseases such
as tuberculosis and pneumonia, and lung cancer, are identi-
fied as the prime cause of mortality in all countries [3, 4].
In recent years, the massive outbreak of SARS-CoV-2 also
reportedly affected lung pathophysiology due to an inflam-
matory response induced by cytokine storm. This made it
evenmore vital to develop a representative human lungmodel
for disease analysis and preclinical validation of effective
treatments [5, 6]. Researchers aimed at finding potential ther-
apeutic approaches based on in vivo animal models have not
been sufficient to establish reliable cures for human lung
disease, due to the proven differences in pathophysiology,
as well as genotypic variability [7]. Again, with increasing

ethical concerns about using animals for research purposes,
development of a representative in vitro model has become
necessary for basic and preclinical research. The most com-
mon approach so far is two-dimensional (2D) monolayer
culture of lung cells, which has failed to accurately rep-
resent the functional properties of the three-dimensional
(3D) human tissue [8, 9]. Moreover, conventional 2D culture
models [10] are unable to represent structural cues such as
surface stiffness or mechanical cues such as shear stress and
strain, which leads to significant alteration of cell morphol-
ogy, physiological function, gene expression, kinetics of cell
division, and type and quantity of cytokine secretion when
compared to in vivo counterpart processes [11–13]. Rela-
tively recently, microfabricated [14–18] microfluidic devices
[17, 19–24] began to draw considerable attention for cre-
ating physiologically relevant gradient flow of media and
other essential growth elements in in vitro mammalian cell
cultures; they appear to offer an alternative to static culture
models for achieving an organ-level dynamic microenvi-
ronment. Lung-on-a-chip devices obtained by combining
modern tissue engineering with microfabrication techniques
provide a new, effective, and reliable in vitro platform for
screening potential drugs and efficiently modeling respira-
tory diseases (Fig. 1) [11]. These in vitro models can also
allow the inclusion of human lung cells for analysis of
metabolic, genetic, and biochemical activity, while providing
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Fig. 1 Recapitulation of lung physiology using lung-on-a-chip sys-
tems. a The evolution of cell culture methods. b The fabrication of
microfluidic devices to mimic lung microenvironment and physiol-

ogy. c Application of lung-on-a-chip systems to evaluate respiratory
diseases associated with contamination, smoking, infections, nanopar-
ticles, drugs, etc.

an in vivo microenvironment that mimics functional living
cells. The present review highlights various lung cell culture
models and the ensuing development of the lung-on-a-chip
device, its application in analyzing human respiratory dis-
eases in vitro and existing challenges.

Developments in in vitro modeling
of the human lung

Fabrication of an accurate representative lungmodel to repre-
sent in vivo functional andmorphological aspects is the basic
requirement for investigating pathogenesis in human lungs.
In vitro models for respiratory disease have been modified
over the years depending on complexity requirements. Stud-
ies of these models have reported the inclusion of single or
multiple cell types, either originating from lung tissues or
from multiple other organs, to establish the required physio-
logical relevance.

2D culture models

Monolayer 2D culture or culturing cells at the air–liquid
interface (ALI) are the most basic approaches and are prac-
ticed extensively for in vitromodeling of respiratory diseases.
In 1999, Elbert et al. [25] reported in vitro culture of normal
human lung tissue-derived human alveolar epithelial cells on

collagen-I or fibronectin-coated polyester filter inserts. The
cells proliferated well to form a confluent monolayer cul-
ture with tight junctions, reaching a TEER (transepithelial
electrical resistance) value of (2108±62) �·cm2 after 8 days
of culture. Later, matrigel, an extracellular matrix (ECM)-
associated protein gel secreted by Engelbreth-Holm-Swarm
mouse sarcoma cells, was established as an effectivematerial
for coating glass coverslips or tissue culture plates to main-
tain alveolar type II (AT2) epithelial cells in two dimensions.
However, in 2D cultures, AT2 cells acquire a flattened mor-
phology which is different from their natural cuboidal shape,
as experienced after only 24–48 h of culture. The AT2 cells
also lose the ability to produce surfactant and characteristic
lamellar bodieswithin only 3–5 days of culture [26]. Again, it
is widely reported that AT2 cells, which are the resident stem
cells of the lung, proliferate in response to lung injury and
can differentiate into AT1 cells in conventional 2D cultures
[27], so it is not possible to maintain functional AT2 cells
in vitro. Another important approach for in vitro culture of
lung epithelial cells which has been reported is the culture
of cells in the air–liquid interface, which can promote dif-
ferentiation of epithelial cells toward basal cells, club cells,
goblet cells, and ciliated cells, thus closely mimicking the
in vivo multicellular microenvironment [28]. Bluhmki et al.
[29] reported the culture of human small-airway epithelial
(hSAE) cells on collagen-I coated transwellmembranes; they
weremaintained in anALI condition for over fourweeks. The
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model culture gave a pseudostratified epithelium with multi-
ple epithelial cell types (basal, club, goblet, and ciliated) and
was responsive to profibrotic cytokines such as transforming
growth factorβ1 (TGF-β1) and tumor necrosis factorα (TNF-
α). Furthermore, Xu et al. [30] reported that whenmaintained
with both apical and basolateral feeding, i.e., away from the
air–liquid interface, airway epithelial cells showed reduced
oxidative metabolism compared to cells maintained with
only basolateral feeding at the ALI. Thus, it can be con-
cluded that ALI is superior to traditional 2D culture for lung
epithelial cells for studying lung pathophysiology and is a
more appropriate technique for fabricating an in vitro cellu-
lar microenvironment that mimics in vivo conditions.

Spheroid/organoid cultures

Multicellular spheroids or organoids from patient-derived
cells can be used as a scaffold-free 3D microtissue model,
which has been established as a valuable tool in develop-
ing personalized medicine [31, 32]. Lung spheroids can be
formed from healthy cells or cancer cells by self-aggregation
of the lung cells; the resulting lung spheroids better resemble
the functional and morphological microenvironment found
in vivo [33]. In this context,Cores et al. [34] proposed a robust
and rapid method for fabrication of healthy human lung
tissue-derived human lung spheroids, which showed progen-
itor markers, e.g., surfactant protein C (SFTPC) and club
cell secretory protein (CCSP). They used suspension culture
on ultra-low-attachment plates and were able to successfully
apply themethod for treatment of idiopathic pulmonaryfibro-
sis in a rat model. Interestingly, the spheroids were further
disaggregated when cultured on an adherent surface coated
with fibronectin, and were applied as supporting cells along
with the progenitor cells from lung spheroids to create a phys-
iologically relevant in vitro culture model. Another group,
Dinh et al. [35], used a similar approach to obtain human
lung progenitor cell-based spheroids and lung spheroid cells
from pulmonary tissues. These spheroid cells could have
applications in cell-based therapies, especially for COPD,
IPF, and other diseases. However, the most prominent appli-
cation of lung spheroids discovered so far is in modeling
lung adenocarcinoma (LADC), due to the technique’s abil-
ity to preserve mutational and histological characteristics of
the parental tumor [36]. Researchers have established many
drug screening platforms with lung cancer organoids derived
from patients at different clinical stages; for example, Li et al.
[36] reported the establishment of 12 LADC organoid lines
from various tumor resections. The organoids showed spe-
cific biomarkers, phenotypes, andmolecular characterization
comparable to those of the corresponding parental tumor tis-
sue; thus, this method can be applied to obtain representative
in vitro models for drug screening. The major challenges
for application of spheroids for in vitro modeling of human

lung tissue are variation in spheroid size, induced hypoxia
due to scarcity of oxygen, nutrient transport to the core when
spheroid size is more than 200 μm, and formation of small
spheroids with less cell diversity [37].

Scaffold-based 3D cultures

The microenvironment plays an important role in the func-
tional preservation of cells and can modulate the phenotype
and genotype of cells while maintaining them in vitro.
Scaffolds of natural or synthetic origin can provide a 3D
microenvironment superior to 2D culture conditions to pre-
serve organ-specific functions; they have proven efficacy for
in vitro disease modeling and drug-screening applications
(Fig. 2). Of various types of scaffolds, decellularized ECM
(dECM) lung scaffolds have attracted more significant atten-
tion due to their preservation of the composition of major
ECM proteins. Crabbé et al. [38] reported recellularization
of decellularized mouse lungs with bone-marrow-derived
mesenchymal stromal (stem) cells (MSCs) and AT2 cells
in a bioreactor. The dynamic culture on dECM supported
better cell viability and reduced apoptosis, thus making
it suitable for long-term culture of functional AT2 cells.
Although natural ECM-derived scaffolds provide excellent
biological cues for cell attachment and growth, they usu-
ally possess inferior mechanical properties and exhibit faster
enzymatic degradation and significant batch-to-batch vari-
ation [39]. Thus, scaffolds that combine both synthetic
and natural ECM-derived polymers to provide the required
mechanical properties along with biological cues have been
fabricated and applied for lung-tissue engineering. Rezaei
et al. [40] created a 4:1 chitosan-to-polycaprolactone scaf-
fold suitable for culturing MRC-5 lung fibroblasts, which
could be applied in lung tissue engineering. However, cells
cultured on a 3D-printed scaffold provide a more 2D-like
architecture, although the microenvironment they foster is
mechanically and morphologically superior compared to
conventional culture on tissue culture plastic (TCP). Wang
et al. [41] addressed this challenge by 3D printing lung can-
cer cells A549/95-D as a suspension with a gelatin–alginate
solution to form cell-laden hydrogels and were able to main-
tain the culture for 28 days. The 3D-bioprinted cells showed
superior replication of the cancer microenvironment with
enhanced capabilities of migration and invasion compared
to conventional 2D models. Another group, Young et al.
[42], mimicked the fibrous nature of native ECM structure
by fabricating electrospun scaffolds from poly-L-lactic acid
(PLLA) anddecellularizedpig-lungECM(PLECM). In com-
parison with scaffolds made of only PLLA and both PLLA-
and PLECM-coated tissue culture plates with no structural
cues, the combined PLLA/PLECM spun scaffold was found
to be superior for supporting humanbronchial smoothmuscle
cells (HBSMCs), which acquired a contractile morphology
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Fig. 2 Different models for lung
research. a Animal models.
b Cell monolayer. c Spheroid
culture. d Scaffold-based 3D
culture in biofabrication

and showed a significantly higher expression of alpha-1 type
1 collagen after one week of culture. Overall, 3D scaffolds
with structural,morphological, and biological cues have been
established as an improved model for in vitro analysis of
lung pathophysiology in healthy and disease conditions, due
to their advantages over the tested 2D culture models with
inferior biophysical cues.

In conclusion, different technologies have been explored
and analyzed over the past years for in vitro modeling of
respiratory diseases. In 2017, Wan et al. [43] established
that perfusion culture is a significant factor in effectively
recapitulating the physiological conditions for maintaining
lung cancer spheroids in vitro. These investigations lead us
to the need to use dynamic culture to produce amore relevant
cell microenvironment in vitro. Perfusion culture introduces
a continuous physiologically relevant flow gradient of cul-
ture media and biologically active molecules into the culture
chamber. It offers high spatial and/or temporal resolution of
single cells and minimal circulation of a calculated amount
of culture media [44]. The development and applications of
these microfluidic perfusion culture models for analyzing
lung pathophysiology are discussed in subsequent sections.

Microfluidics to model the in vivo lung
microenvironment

Microfluidic organ-on-a-chip devices are cell-culture mod-
els that can recapitulate pivotal human organ architecture,

function, and pathophysiology in vitro. They can be sim-
ple or structurally complex devices consisting of one or
several chambers withmicrochannels [45] to provide embed-
ded cells or tissues with nutrients, growth factors, drug
compounds, or toxins in physiologically relevant concen-
trations. Microfluidic devices enable fluid manipulation at
the micro-/nanolevel, which allows a constant temperature
to be maintained. The continuous supply of medium also
creates physiologically relevant shear flow and a chemical
gradient, essential to reproducing processes andmechanisms
that occur in vivo [46]. To recapitulate the physiological
features of organs, cell–cell interactions, and cell–ECMcom-
munications, there is a valid need to integrate biophysical
and mechanical cues into one device [47]. Lung-on-a-chip
is a micro-engineered cell-culture platform developed to
reproduce the critical biochemical, structural, functional, and
mechanical properties of the human alveolar–capillary inter-
face [48, 49]. Most lung-on-a-chip devices are fabricated
in a 3D microchannel system, which consists of upper and
lower cell-culture chambers separated by an ECM-coated
microporous membrane. To produce an air−blood interface,
alveolar epithelial cells and vascular endothelial cells are
cultured on opposite sides of the porous membrane. After
confluency, the epithelial compartment is introduced to the
airflow. In 2010, Huh et al. [48] for the first time developed
a microdevice to reproduce complex integrated organ-level
responses to bacteria and inflammatory cytokines introduced
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into the alveolar space. Two lateralmicrochamberswere inte-
grated alongside the cell chambers to induce stretch by cyclic
vacuum; this mimicked physiological lung breathing move-
ments. A co-culture of two types of cells was established
on top of a thin, flexible, and porous polydimethylsiloxane
(PDMS) layer and then perfused with a culture medium for
up to two weeks. Another novel 3D human lung-on-a-chip
model was proposed by Zhang et al. [47] to study the effect
of inhalation of nanoparticles like TiO2 and ZnO during pul-
monary exposure. The proposed platform had three parallel
channels for co-culture of human alveolar epithelial cells
and endothelial cells, as well as a sandwichedMatrigel mem-
brane layer tomimic the alveolar–capillary barrier. However,
biological and mechanical cues such as stretch stress (to
mimic lung movement) were not integrated into this chip. To
show the impact of mechanical strain induced by breathing,
Stucki et al. [50] designed a lung-on-a-chip array integrated
with a micro-diaphragm to stretch the alveolar barrier. They
showed that the permeability properties of the epithelial
cell monolayer, metabolic activity, and the cytokine secre-
tion of patient-derived primary human alveolar epithelial
cells were significantly influenced by cyclic stretching of
the alveolar barrier. Another group, Zamprogno et al. [51],
developed a device to mimic the breathing movement in
the air–blood barrier and to reproduce the characteristics
of the alveolar network, along with biochemical and bio-
physical properties of the alveolar basal membrane. The
proposed lung-on-a-chip device was fabricated by using a
stretchable and biodegradable membrane made of collagen
and elastin to reproduce an array of tiny alveoli of similar
size, as observed in vivo. The reported membrane outper-
forms PDMS in many ways, such as ease of fabrication,
biodegradability, and prevention of rhodamine-B absorp-
tion. However, these first-generation lung-on-a-chip devices
imperfectly reproduce the geometric dimensions of the native
lung alveoli, as the surface of the culturingmembrane creates
a unique alveolus of non-physiological dimensions rather
than an array of alveoli with in vivo-like anatomy. In the
most recent generation, the structure of the alveolus has been
taken into consideration. For instance, the average diameter
of each natural alveolus is about 200 μm. The recent lung-
on-a-chip models reflect these dimensions by incorporating
porous structures with diameters around 200–260 μm [51,
52]. Future efforts are expected to concentrate on mimicking
the alveolar walls with their capillary networks, connective
tissue, and parenchymal construction.

For example, Huang et al. [53] presented a relevant model
of human pulmonary alveoli on a chip. The platform was
composed of a compartmentalized PDMS chip to deliver a
medium supply, forman air–liquid interface, and apply cyclic
strain to a 3D porous hydrogel made of gelatin methacryloyl

(GelMA), with an inverse opal structure containing primary
human alveolar epithelial cells (hAECs). The cyclic stretch
applied to the GelMA construct produced an expansion of
about 8% in the average size of the 3D formed alveoli from
the state of “breath out” to “breath in.” This is comparable
to the 5% to 15% range of physiological strain experienced
by the alveoli in the human lung.

Another gain that emerged from developing organ-on-
a-chip devices was the integration of sensors, which are
critical in continuously measuring the microenvironmen-
tal parameters and the dynamic responses of microtissues
to pharmaceutical compounds in real time [53]. In recent
decades, key parameters such as TEER, which quantifies the
tightness of junctions or cellular barriers, have been exam-
ined with regard to their activity in transporting drugs or
chemicals [54]. To date, most of these studies [55–59] have
utilized commercial systems such as EVOM2 or Millicell
ERS to measure TEER values. However, integrating sensors
into amicrofluidic platformprovides a non-invasive real-time
measurement for continuously monitoring the development
and performance of the epithelial barrier upon treatment
with drugs or toxins on-chip. Henry et al. [57] developed
a microfluidic organ with embedded electrodes to assess the
formation and disruption of barrier function within a human
lung-airway chip lined with fully differentiated mucociliary
human airway epithelium. They also demonstrated the abil-
ity of the microfabricated device to measure barrier function
with virtually any type of cultured cells by monitoring the
TEER values in a human gut-on-a-chip lined with intestinal
epithelial cells.Another group,Mermoudet al. [60], designed
a micro-impedance tomography (MITO) system integrated
into a lung-on-a-chip device to monitor the electrochemical
and mechanical changes occurring in the lung alveolar bar-
rier due to breathingmovement, using impedimetric coplanar
electrodes. Integration of electrodes provides the ability
to continuously monitor resistivity changes related to lung
alveolar barrier integrity, as well as deflection of the bar-
rier that occurs with breathing movement. In another study,
Skardal et al. [61] reported a body-on-a-chip system that inte-
grated more complex bioengineered liver and cardiac tissue
organoids in perfusable devices that were connected to a lung
organoid at the air–liquid interfaces. Custom trans-epithelial
electrical resistance electrodes were integrated into the lung
module for real-time monitoring of organoid integrity and
changes in functions including ion-channel activity, which
is critical for lung function. Although there is still much
scope for further improvement in lung-on-a-chip models, it
is already an advanced technology for analyzing respiratory
disease and rapidly screening drug libraries. Recent relevant
applications of lungs-on-a-chip are summarized in Table 1.
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Table 1 Synoptic table of various recent applications of lungs-on-a-chip

Lung-on-a-chip
application

Physiological
parameter of interest

Cell
distribution (2D
or 3D)

Cell type Mechanical
stimulus

Parameter to
investigate

Reference

COVID-19 Penetration of
alveolar–capillary
barrier by
virus-like particles

2D/3D culture hAECs Liquid flow and
vacuum

IL-8, IL-6, IL-1β,
MCP-1, and
GM-CSF

[53]

Alveolar
stretching

Alveolar distribution
and shape

2D culture in
elastin and
collagen

hAEpCs Liquid flow,
vacuum

E-cadherin, ZO-1 [51]

Air pollution Alveolus
inflammation

2D culture HPAEpiCs and
HPMECs

Air–liquid
interface and
liquid flow

IL-6, IL-8,
MCP-1, IP-10,
GM-CSF,
RANTES,
IL-1β, G-CSF,
TNF-α, and
IL-12

[62]

Pulmonary
fibrosis

Idiopathic
pulmonary fibrosis

2D and 3D
culture

NHLF, iPF-HLF,
HUVECs, SAECs

Liquid flow ZO-1, αSMA,
Tubb4, CC10

[63]

Lung cancer Tumorigenesis 3D culture in
collagen
matrix

ECs, 3T3, A549 Liquid flow IL-6, VEGF,
TP53I3, AGT,
CXCL2, etc.

[64]

Lung cancer Metastasis 3D culture in
GelMA

A549, NHLF Air–liquid
interface and
liquid flow

IL-6, αSMA,
ZO-1

[65]

Lung cancer Cell apoptosis 2D culture NCI-H1437 Liquid flow Real-time
measurement
of pH, TEER

[66]

Pulmonary arterial
hypertension
(PAH)

Sex discrepancy of
PAH

2D culture PACs, endothelial,
smooth muscle,
and adventitial
cells

Liquid flow ColT1,
aromatase, and
CYP1B1

[67]

Drug toxicity Lung–liver
homeostasis

2D culture Bronchial cells Liquid flow,
airway
interface

pO2, TEER, and
ATP

[68]

GelMA: gelatin methacryloyl; hAECs: human amnion epithelial cells; hAEpCs: human alveolar type I-like cells; HPAEpiCs: human pulmonary
alveolar epithelial cells; HPMECs: human pulmonary microvascular endothelial cells; NHLF: normal human lung fibroblast; iPF-HLF: idiopathic
pulmonary fibrosis human lung fibroblast; HUVECs: human umbilical vein endothelial cells; SAECs: human small-airway epithelial cells; ECs:
endothelial cells; PACs: pulmonary arterial cells; GM-CSF: granulocyte–macrophage colony-stimulating factor;MCP-1: monocyte chemoattractant
protein-1; IP-10: interferon gamma-induced protein 10; RANTES: regulated upon activation, normal T cell expressed and secreted; αSMA: α-
smooth muscle actin; ZO-1: tight junction protein-1; TNF-α: tumor necrosis factor alpha; TEER: transepithelial electrical resistance; Tubb4A:
tubulin beta-4A; CC10: club cell protein 10; TP53I3: tumor protein P53 inducible protein 3; AGT: angiotensinogen; CXCL2: chemokine (C-X-X
motif); ColT1: human coactosin-like 1; CYP1B1: cytochrome P450 1B1

Application of lung-on-a-chipmodels

Diseasemodeling

Modeling of air pollution-associated lung disease

Air pollution leads to multiple respiratory diseases, starting
fromminor airway irritation and progressing to inflammatory
responses which can further result in cell apoptosis [69, 70].
The biomechanical and physiological features of lung tissues

are explored in micro-engineered models to analyze environ-
mental pollution-induced respiratory illness. Zhang et al. [71]
designed a microphysiological system including a chemical
gradient of benzopyrene to study the real-time effect of envi-
ronmental pollution. They studied inflammation-associated
lung injury in bronchi up to a single-cell resolution (Fig. 3a).
In this model, the fabricated microfluidic system was com-
posedof two layers: a channel network (microfluidic/gradient
generator) and a cell chamber array. To investigate inflamma-
tory responses to environmental pollutants, they established
a monoculture of the human bronchial epithelial cell line
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Fig. 3 Applications of the lung-on-a-chip for disease modeling.
a Microfluidic device for environmental pollutant assays. The 16HBE
cells of the bronchial epithelium were cultured and exposed to (i) ben-
zopyrene to produce inflammatory injury in (ii) a microfluidic gradient
generator device. (iii) Fluorescence image of actin (red) and nucleus
(blue) staining for cytoskeletal evaluation of the cultured bronchial
epithelium. (iv) Enlarged image of the actin-filament (red) and nucleus
(blue) staining. Reproduced from [71], Copyright 2018, with permis-
sion from American Chemical Society. b Co-culture of double tissue
interface to (i) evaluate inflammation and injury under polluted con-
ditions. (ii) Microfluidic device including alveolar, membrane, and
vascular units. (iii) Fluorescence visualization of epithelial (green) and
endothelial cells (red) in both planar and vertical sections. Reproduced
from [62], Copyright 2020, with permission from American Chemical
Society. c Fine-particle pulmonary exposure model, (i) representa-

tion of pulmonary PM2.5 exposure in vivo. (ii) Model of pulmonary
PM2.5 exposure on the lung-on-a-chip. Human alveolar epithelial
cells (HPAEpiC) and endothelial cells (HUVECs) are co-cultured. (iii)
Bright-field micrographs of HPAEpiCs and HUVECs after three days
of culture in the microfluidic device (scale bar: 200 μm); fluorescence
images of HPAEpiCs stained with E-cadherin and DAPI; and fluo-
rescence images of HUVECs with VE-cadherin and DAPI (scale bar:
30 μm). Reproduced from [72], Copyright 2020, with permission from
American Chemical Society. d Lung cystic fibrosis (CF) microfluidic
model. (i) Diagram of the device showing the pseudostratified bronchial
epithelium and vascular channel. (ii) Immunofluorescence images of
vertical cross-sections of healthy and cystic fibrosis chips, showing cil-
iated cells expressing β-Tubulin IV (green) and basal cells expressing
CK5 (magenta) (scale bar: 10 μm). Reproduced from [73], Copyright
2021, with permission from European Cystic Fibrosis Society

(16HBE). By monitoring real-time Caspase-3 activation,
they were able to demonstrate that benzopyrene impacts
bronchial epithelium cell morphology by causing cytoskele-
ton disintegration. The system also successfully assessed the
upregulated production of reactive oxygen species (ROS)
and detected released inflammatory cytokines (e.g., TNF-
α, IL-6, and IL-8). In follow-up research, Zhang et al. [62]
also studied lung inflammation and injury in an alveolar–ep-
ithelium and microvascular endothelium co-culture model.
The mechanical and functional properties of epithelium–en-
dothelium interfaces were also incorporated in this system
by using a double tissue layer. Human pulmonary alveolar

epithelial cells (HPAEpiCs) andhumanpulmonarymicrovas-
cular endothelial cells (HPMECs) were co-cultured on the
top and bottom side of the tissue layer, respectively. The
HPMECs were exposed to medium flow, and the HPAEpiCs
were stimulated by pollutant flow. Inflammatory signals (i.e.,
reactive oxygen species and cytokines), as well as apoptosis
and cytoskeleton stability, were studied in this model. The
group demonstrated that environmental pollutant-induced
inflammatory injury of an alveolus could be replicated in
this biofabricated microphysiological system (Fig. 3b). In
this study, the effects of small particle size contamination
(<2.5 μm) on lung disease were analyzed and proved to be
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associated with higher morbidity and mortality. In another
study, Xu et al. [72] proposed a lung-on-a-chipmodel to eval-
uate the potential risk of fine particles at the alveolar–blood
barrier level; they used a culture of human epithelial cells
along with ECMproteins. Themicrofluidic systemwas com-
posed of representative human lung alveolar epithelial cells
and matrigel to emulate the ECM between the epithelium
and endothelium. Human umbilical vein endothelial cells
(HUVECs) were also included in the model to represent the
vessel side of the alveolus. Particles <2.5 μm in size were
applied to the channels lined with lung epithelial cells to
emulate pulmonary exposure to fine particles (Fig. 3c). The
results indicated that high doses of microparticles can lead to
adherence junction disruption on alveolar–capillary barriers.
This phenomenon also results in upregulation of ROS gen-
eration, cell apoptosis, elevated permeability, and monocyte
attachment.

Smoking

Cigarette smoke is a major cause of lung pathogenesis and
reportedly results in 29% of cancer-related deaths world-
wide [74]. To date, many platforms have been proposed
to determine the pathogenesis and mechanisms of cigarette
smoke-induced injury in lung tissues. Shrestha et al. [75]
presented a rapidly prototyped lung-on-a-chip model to suc-
cessfully evaluate the effect of cigarette smoke extract on
lung cells in vitro. This group introduced a model fabri-
cated by mold-casting PDMS, to simplify the fabrication
process. The microfluidic device has an open-well design
that was capable of dynamically simulating the airway and
air–liquid interface. Calu-3, a human non-small cell lung
cancer (NSCLC) cell, was cultured over an ECM protein-
coated polycarbonate membrane. The model demonstrated
that Calu-3 replicates the 3D culture-specific morphology
by maintaining excellent barrier integrity and mucus secre-
tion, as well as successfully expressing the cell-surface
functional P-glycoprotein. To validate the microfabricated
system, cells were exposed to cigarette-smoke extract (CSE),
which resulted in the production of inflammatory cytokines
such as interleukin-6 (IL-6) and interleukin-8 (IL-8). The
administration of CSE decreased expression of E-cadherin
(E-Cad) and resulted in disruption of the epithelial bar-
rier. Finally, application of budesonide, an anti-inflammatory
steroid, attenuated the impact of CSE on Calu-3. Notably,
this research presents a simple and effective strategy for
fabricating microfluidic devices. COPD is one of the main
consequences of chronic smoking. It is a progressive res-
piratory disease that can potentially affect the functional
activities of the human lungdue to chronic pulmonary inflam-
mation, airway thickening, and loss of alveoli [76]. Hou
et al. [77] designed a smoking-induced COPD model by

mimicking the carcinogenesis of epithelial tissues. They fab-
ricated a breathing lung, including vascular endothelial and
bronchial epithelial cells, to mimic the microenvironment of
the air–blood interface. To trigger inflammation, cells were
exposed to CSE at concentrations of 10, 20, and 50 μg/mL.
The secretion of inflammatory cytokines, including IL-6
and tumor necrosis factor-alpha (TNF-α), was measured for
each concentration of CSE. The group observed that expo-
sure to CSE can induce degradation of the apical junction
complex and activate phosphorylation of proto-oncogene
STAT3; this promotes the epithelial-to-mesenchymal tran-
sition (EMT) and accelerates cell division, resulting in a
tumor-like transformation. However, the system involved a
complex fabrication process. Also, the in vivo 3D alveolus
structurewas simplified to a 2D structure, which could poten-
tially cause misleading assessments of disease conditions.

While many research approaches oversimplified smok-
ing exposure by introducing cigarette-smoke extract, very
interesting work has been reported by Benam et al. [78, 79]
in which a biomimetic smoking robot was coupled with a
lung-on-a-chip platform. The smoking robot was capable
of introducing fresh smoke from burning cigarettes to an
epithelium-lined microchannel during inhalation, followed
by exhalation in a cyclic pattern. This approach was used
to mimic the real smoking scenario in the human lung. The
integration of accurate physiological mechanical cues was
accomplished by shear stress and cyclic strain. A physiolog-
ically relevant amount of smoke was introduced into the sys-
tem and the effects were studied. The instrument was able to
provide the smoke of nine cigarettes (over a period of 75min)
into the human multiciliate bronchiolar epithelium under
physiological breathing conditions. The researchers reported
an about tenfold increase in expression of an antioxidant
gene (HMOX1), alongwith enhancement of phosphorylation
of the oxidation-induced cytoprotective transcription-factor
protein Nrf2, upon treatment with cigarette smoke. Finally,
a genome-wide gene microarray analysis comparing acute
exposure results against those obtained from pathology sam-
ples obtained during bronchoscopy from human smokers
showed quantitative similarities between expressed genes
associated with the oxidation–reduction pathway [80].

Pulmonary fibrosis

Application of lung-on-a-chip systems in the pharmaceutical
industry has the potential to accelerate the drug-discovery
process and to be adopted in high-throughput systems as
required. Pulmonary fibrosis is produced by the continu-
ous replacement of healthy alveolar tissue with scar tissue,
thus resulting in chronic impairment of gas exchange and
reduced lung compliance [81]. To study organ-level pul-
monary fibrosis in vitro, Mejías et al. [63] proposed a micro
vascularized human lung-on-a-chip platform using a 96-well
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plate format to model fibrosis in the human lung intersti-
tium–airway interface. This model facilitates fabrication,
handling, and integration of the system by automated imag-
ing platforms. The microfluidic device recapitulates the ALI
of the lower respiratory airways by encapsulating normal or
diseased fibroblasts within a fibrin–collagen hydrogel and
placing them in the two lateral channels. In the central vas-
culature channel, HUVECs were seeded and later examined
for TGF-β1 (0–10 ng/mL) diffusion. Normal human small-
airway epithelial cells (SAECs) were seeded in the top air
channel. The group successfully achieved air–liquid epithe-
lial formation by evaluating the expression of beta-tubulin 4
and ZO-1 in the vascularity epithelium, using fluorescence
microscopy. Also, a fibrotic pulmonary microenvironment
was established, as evident from the upregulated expression
of α-smooth muscle actin (α-SMA) in fibroblasts; changes
were observed in uteroglobin expression in club cells and
Tubb4 expression in the airway epithelium.

Another source of lung fibrosis is genetic disease. For
example, cystic fibrosis (CF) is caused by mutations in the
gene-encoding cystic fibrosis transmembrane conductance
regulator that may lead to a reduction in mucociliary pro-
duction and also can cause inflammation in the respiratory
airway.Ratjen et al. described the increase in the risk of infec-
tionswhichmay lead to respiratory insufficiency due to cystic
fibrosis [82]. The development of new therapeutics to treat
CF requires appropriate micro-physiological systems that
include the complex interactions among epithelial, endothe-
lial, and blood components in the lung airway. Plebani
et al. [73] reported a cystic fibrosis-associated lung-on-a-chip
model that incorporated patient-derived primary bronchial
epithelial cells (HBE) and interfaced with primary human
lung microvascular endothelium. The model recapitulated
structural, biochemical, and pathophysiological features of
cystic fibrosis (Fig. 3d) in lung tissues [68, 73]. The system
was investigated for the presence or absence of polymor-
phonuclear leukocytes and Pseudomonas aeruginosa,which
was applied as a bacterial pathogen. TheCF chip successfully
recapitulated mucus accumulation, showed increases in cilia
density, and exhibited a higher ciliary beating frequency than
healthy bronchial epithelial chips. Nonetheless, the CF chips
secreted higher levels of IL-8, followed by enhanced adhe-
sion of polymorphonuclear leukocytes to the endothelium
and progressive transmigration to the airway compartment.

Lung cancer

Lung cancer is the most widely reported cause of cancer-
associated deaths in the world (about 1.8 million in 2020)
[3]. Many microphysiological systems have been developed
to date to focus on improving 3D in vitro cancer mod-
els [46]. Lee et al. [64] presented a microfluidic model

designed to confirm the role and function of various stro-
mal cells in tumorigenesis. In this model, the cancer cells
were cultured in a microfluidic channel that provided close
interaction with the tumor microenvironment (Fig. 4a). To
achieve this, endothelial cells, fibroblasts, and lung cancer
cells were seeded and co-cultured within a collagen matrix.
The microfluidic device was designed as a vessel-like flow
channel through which a continuous flow of culture medium
was introduced. The cells were seeded in multiple U-shaped
wells. The results indicated that transforming growth factor-β
(TGF-β), matrix metalloproteinase (MMP), and the bio-
physical forces generated by fibroblasts can induce tumor
formation. Also, due to the introduction of fibroblasts in
the co-culture system, the group reported upregulation of
metastasis-associated genes and angiogenesis, and downreg-
ulation of apoptosis-related genes. Finally, the model was
successfully challenged by introducing chemotherapeutic
drugs, i.e., paclitaxel and gemcitabine, in lung cancer cells.
Recently, we reported an all 3D printed in vivo mimicking
3D lung cancer-on-a-chip (IVM3DLCOC), which involves
co-culturing lung cancer cells (A549) with normal human
lung fibroblasts (HLFs) embedded in 3D hydrogels with
similar surface hardness to human lung tissues. Themicroflu-
idic device includes an air channel connected to a porous
membrane on the top of the lung epithelial cells, to emu-
late exhalation/inhalation cycles. The model was challenged
and characterized in two scenarios: disease progression (i.e.,
metastasis) and drug efficacy. In the context of disease pro-
gression studies, we examined the exacerbation effect of
cigarette-smoke extract on lung cancer cells. Our results
showed preservation of metastatic characteristics (N-Cad,
etc.) along with translational properties (IL-6, metastasis
marker) of the human lung cells on the in vivo mimicking
microfluidic lung model. As the second model of study, we
carried out dose-dependent drug efficacy testing by monitor-
ing the viability of the model cells in response to a model
chemotherapeutic drug named paclitaxel. The results vali-
dated our model both for effectively studying the metastatic
effect of cigarette smoke in human lung cancer cells and
for drug screening for respiratory diseases. We envision the
application of patient-derived healthy lung primary cells and
primary tumor cells, along with stromal cells, to study the
effect of external stimulus on the progress and inhibition of
lung cancer in order to more closely model in vivo event
cascades [65].

The importance of real-timemonitoring [85–90] of lungs-
on-a-chip might simplify the assessment of preclinical drug
candidates. For example, Khalid et al. [66] presented a glass-
based microfluidic chip in which a cell reservoir with two
channels was 3D-printed with silicone ink [91–93]. The sys-
tem was integrated with a non-invasive optical pH sensor,
a TEER impedance sensing modulus, and a dedicated digi-
tal fluorescence microscope. The lung cancer-on-a-chip was
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Fig. 4 Lung-on-a-chip applications in cancer. a Fibroblast tumor
microenvironment. (i) Rational for mimicking the in vivo tumor
microenvironment with vasculature, lung cancer cells, and fibroblasts,
in which biophysical cues affect tumorigenesis and angiogenesis; (ii)
formation of lung tumor spheroids between days 1 and 4. Reproduced
from [64], Copyright 2018, with permission from the authors. b Inte-
grated biosensors for physiological monitoring. (i) Schematic assembly
of amicrofluidic chip for real-timemonitoring of deteriorating effects of
chemotherapy in lung cancer cells; (ii) comparison of endpoint impedi-
metric and live/dead viability assays. Reproduced from [66], Copyright
2019, with permission from Elsevier. c Vascularized lung cancer-on-
a-chip. (i) Lung cancer-derived tumor spheroids were encapsulated
in a hydrogel to simulate the lung cancer tissue microenvironment.

Two cylindrical channels with a diameter of 500 μm were endothe-
lialized with human umbilical vein endothelial cells (HUVECs) inside
the matrix to mimic perfusable large-sized vessel structure; (ii) fluo-
rescence image of tri-cellular spheroids on Day 1 after seeding (scale
bar: 100 μm). Reproduced from [83], Copyright 2021, with permission
from the authors. d Lung metastasis-on-a-chip; (i) mock figure of lung
cancer metastasis to multiple organs; (ii) schematic illustration of mul-
tiple organs on a chip, with a lung tumor and three downstream distant
organs. (iii) A549 lung cancer cells expressed E-cadherin (green), N-
cadherin (green), Snail1 (red), and Snail2 (green) after 4 days of culture
on the microfluidic chip. Reproduced from [84], Copyright 2016, with
permission from American Chemical Society

used to monitor the viability of NCI-H1437 lung cancer
cells in real time under treatment with docetaxel and dox-
orubicin at concentrations of 0.1, 0.3, 0.5 nmol/L, and 5, 7.5,
10 μmol/L, respectively. The pH sensor showed extracellu-
lar acidification due to increased cell death. Fluorescence
microscopy and impedimetric access showed upregulated
cell death upon treatment with docetaxel. Also, the effect
of docetaxel on cell viability was found to be more adverse
in comparison with the effect of doxorubicin. Similar cell
viability patterns were reported as evaluated by impedance

measurement and live/dead assays, thus proving the useful-
ness of themicrofabricatedmicrofluidic platform for toxicity
studies (Fig. 4b). Notably, this system successfully showed
the effective application of integrated sensors inside the
microfluidic devices for real-time monitoring of pH.

The incorporation of vascular networks into lung-on-a-
chip platforms is a crucial step to overcoming the diffusion
limitation and enabling the use of large tissue constructs
[94]. Recently, Park et al. [83] developed a 3D vascular-
ized lung-on-a-chip model to study lung cancer in vitro.
In this model, decellularized lung extracellular matrix was
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used as a scaffold to encapsulate tri-cellular spheroids made
of A549 cells, HUVECs, and HLFs. To mimic perfusable
vessels, two channels were incorporated into the hydrogel.
Doxorubicin (Dox) was perfused into the microfluidic chan-
nels at concentrations of 1 and 5 μmol/L to elucidate a
more effective dose-dependent response in the lung can-
cer model when compared with the corresponding 2D cell
culture (Fig. 4c). Fluorescence microscopy images showed
the maturation and growth of the endothelial network. Fur-
thermore, the effective delivery of Dox with a significant
dose-dependent variation was proved by live/dead and p53
enzyme-linked immunosorbent assays (ELISA). Nonethe-
less,Dox exhibits an anti-angiogenic effect inHUVECs. This
approach could evolve to take advantage of decellularized
ECM by incorporating patient-derived cells.

Another leading cause of enhanced mortality in lung
cancer patients is cancer metastasis to distant organs. This
synergistically enhances the need to establish a represen-
tative lung-on-a-chip platform with complex conditions that
mimic in vivo disease [95]. Lung cancer usuallymetastasizes
to the bone, brain, and liver, resulting in a poor progno-
sis. To mimic these conditions, Xu et al. [84] proposed a
multi-organ micro-physiological system to recapitulate lung
metastasis to the brain, bone, and liver. Bronchial epithe-
lial (16HBE), lung cancer (A549), endothelial (HUVEC),
and lung fibroblast (WI 38) cells were co-cultured, while
astrocyte (HA-1800), osteoblast (Fob1.19), and hepato-
cyte (L-02) cell lines were cultured as distant organs to
closely mimic and analyze the metastatic conditions. The
system was conceived by reconstituting lung cancer migra-
tion while co-cultured with stromal cells to induce cancer
migration and by injecting solutions to mimic hematoge-
nous metastasis. The co-culture with cancer cells led to
a transformation of fibroblasts and macrophages toward
cancer-associated fibroblasts (CAFs) and cancer-associated
macrophages (CAMs) (Fig. 4d). Physico-chemical transfor-
mations in brain, bone, and liver cells due to the metastasis
of lung cancer cells were also evident in the overexpression
of damage-associated markers such as C-X-C chemokine
receptor type 4 (CXCR4) in astrocytes, receptor activator
of nuclear factor kappa-B ligand (RANKL) for osteocytes,
and alpha-fetoprotein (AFP) in hepatocytes. The platform
enables analysis and visualization of complex cell behaviors
such as expression of epithelial and stromal cell markers. For
instance, co-culture ofA549 lung cellswith astrocytes, osteo-
cytes, and hepatocytes resulted in overexpression of CXCR4,
RANKL, and AFP, respectively, indicating damage to these
healthy cell types. Thus, the model effectively proved its
applicability for studying lung cancer metastasis to distant
organs.

Asthma

Worldwide, around 300 million people have asthma [96].
Current information suggests that asthma is a multifactorial
disorder, and its etiology is related to genetic susceptibility,
host factors, and environmental factors [97]. The pandemic
caused by SARS-CoV-2 also attracted significant attention
to asthma patients because asthma can manifest as a major
pathological condition and worsen the viral effect on the res-
piratory system [98]. However, the complex mechanism of
asthma exacerbation is still under investigation. In this con-
text, Nawroth et al. [99] reported a micro-engineered model
of rhinovirus-induced asthma exacerbation, mimicking viral
infection of airway epithelium and neutrophil migration.
The microfluidic devices consist of three main compo-
nents that include top and bottom PDMS chambers which
remain separated by a porous (pore size: 3 μm) polyester
(PET)membrane. Human primary airway epithelial cells and
HUVECs were co-cultured on the top and bottom chambers,
respectively. To induce the asthmatic phenotype in the human
airway epithelium, interleukin-13 (IL-13, 100 ng/mL) was
perfused for 7 days in the micro-engineered system. This
approach resulted in hyperplasia in goblet cells, caused a
reduction in cilia beating frequency, and also contributed
to endothelial activation, which is the major pathogenesis
commonly found in asthmatic epithelium. In addition, to
mimic viral infection and exacerbation, rhinovirus strain 16
was inoculated on the chip after asthma induction. To study
the inflammatory effect of viral infection, IL-6, IL-8, and
cytokines were monitored. The results showed upregulated
secretion of interferons (IFNs) and IFN-induced chemokines.
Also, the group observed that secretion of IL-8was increased
after 48 h of infection, while IL-6 secretion was reduced. The
data suggest that IL-13 may impair the host’s ability to show
a normal immune response toward rhinovirus infection. The
results thus confirmed the capability of thismodel to replicate
key biochemical features of asthma cytopathology.

Inflammation

Pulmonary inflammation is an organ-level process gov-
erned by complex tissue–tissue interactions between the lung
epithelium and the microvascular endothelium that regulates
immune response during respiratory pathogenesis, sepsis,
allergic reaction, and trauma [100]. Benam et al. [101]
developed an inflammation model of a human small airway-
on-a-chip incorporating mucociliary bronchiolar epithelium
and microvascular endothelial cells exposed to fluid flow.
Modeling of human lung inflammation was achieved by
administration of IL-13, which promoted hyperplasia in gob-
let cells, along with cytokine hypersecretion, and resulted in
decreased ciliary function in situ.
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Another pulmonary-inflammation biomimetic systemwas
proposed by Punde et al. [102]; it sandwiches a micropore-
array silicon chip between two PDMS channels. The
bronchial epithelial Beas-2B cells were cultured on the
fibronectin-coated micropores. Eosinophil cationic protein
(ECP) was administered to induce inflammation in this
culture model. ECP was found to stimulate migration of
fibrocytes toward the epithelium by secretion of CXCL-12.
This migration disturbs the surfactant function of the alve-
olus. The model uses a human bronchial epithelial cell line
(Beas-2B) infected with adenovirus and co-cultured with cir-
culating human fibrocytes. Administration of 5 mmol/L ECP
for 3, 6, 12, and 24 h resulted in overexpression of CXCL-12
by 1.7-, 3.5-, 4.7-, and 2.6-fold, respectively. The increase in
CXCL-12 expression leads to migration of fibrocytes toward
Beas-2B cells. This platform demonstrates the influence of
the CXCL12-CXCR4 axis in mediating fibrocyte extravasa-
tion in lung inflammation. Themodelmimicked the influence
of ECP on lung inflammation by providing a dynamic migra-
tion tool.

Pulmonary hypertension

Pulmonary arterial hypertension (PAH) is a condition char-
acterized by elevated pulmonary arterial pressure, caused by
an increase in the stiffness of artery walls. Thus, in compen-
sation the heart must work harder to pump blood through
occluded arteries into the lungs for oxygen exchange. The
heart’s effort to work harder can cause enlargement, which
can then lead to heart failure and mortality. The etiology
comes from the aberrant proliferation and migration of pul-
monary arterial cells, followed by enhanced deposition of
extracellular matrices [103]. Recently Al-Hilal et al. [67]
reported a microfluidic device to study the sex discrepancy
in PAH by mimicking the luminal, intimal, medial, adven-
titial, and perivascular layers of a pulmonary artery using
patient-derived cells. Three types of cells, including pul-
monary arterial cells (PACs) and endothelial, smoothmuscle,
and adventitial cells, were included in this model. It was
observed that cells derived from male patients developed
more severe disease compared to those derived from female
patients. Also, a greater elevation in the thickness of intimal
and medial layers, induced by β-Estradiol, was reported for
the chips with female patient-derived cells. Finally, the study
also discussed the fact that the device can react to sex hor-
mones much like real patients do. This study demonstrated
the capacity of the customized microphysiological system
for developing sex- and age-specific models for pulmonary
hypertension. It could thus be an emergent technology for
developing personalized medicine (Fig. 5a).

Wound healing

After acute and chronic respiratory disease, lungs can expe-
rience a remodeling process. Idiopathic pulmonary fibrosis
(IPF), a chronic and fatal lung disease that is associated with
micro-injuries in the alveolar epithelial tissues, can result in
abnormal wound healing [106]. Felder et al. [106] reported
a micro-engineered lung-on-a-chip with a breathing mem-
brane, for studying the influence of cyclic mechanical stress
during the alveolar wound repair process. For this purpose,
lung alveolar epithelial cells were cultured until confluence
over an ultra-thin elastic membrane and then wounded by
scratching with a micropipette tip. The wound healing pro-
cess was investigated for 24 h under the influence of multiple
concentrations of recombinant human hepatic growth factor
(hHGF) and mechanical stretching. The observations proved
that mechanical stretch could impair the wound healing pro-
cess in the alveolar epithelium (Fig. 5b).

Use of mechanical ventilation in patients with pulmonary
deficiencies may produce overdistension and injuries in lung
epithelia because of excessive pressure [107]. Tas et al. [104,
108] recently reported a lung-on-a-chip model that mim-
ics a ventilator-induced lung injury. The model is composed
of a nanofibrous synthetic membrane of poly(caprolactone)
placed on a PDMSmicrofluidic device. Murine lung alveolar
epithelial cells were seeded over the nanofibrous membrane,
which was subjected to a rhythmic mechanical stress of
0.1 Hz along with rhythmic motion, using a flow rate of
108 mL/h for 2 h to induce wound formation on the alveo-
lar epithelial cells. Applied mechanical stretching resulted in
cellular injury, confirmed by an elevated concentration of lac-
tate dehydrogenase (LDH). The stretch also caused cellular
changes in YAP/TAZ mechanotransducers (Fig. 5c).

Thrombosis

Pulmonary thrombosis beginswith the activation of platelets.
Inflammatory stimulation of the lung vascular endothelium
leads to the formation of thrombi, which is a major cause of
mortality in multiple lung diseases [109]. Jain et al. [105]
proposed a microfluidic model for thrombi formation in
lung micro-vessel alveolar epithelial cells and the second
with human vascular endothelial cells. The vascular channels
enabled continuous whole-blood perfusion without the for-
mation of thrombi under standard conditions. The reported
system allows the quantification of dynamic platelet endothe-
lial interactions followed by clot formation, which further
demonstrates the role of the epithelium in inflammation-
derived vascular thrombosis. The model mimics platelet–en-
dothelial dynamics by including lipopolysaccharide (LPS)
endotoxin to stimulate intravascular thrombosis. A protease-
activated receptor-1 (PAR-1) antagonist was also applied to
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Fig. 5 Mimicking of lung pathologies. a Pulmonary hypertension-on-
a-chip. (i) Multichannel microfluidic device mimicking the adventitial,
medial, and intimal layers for growing adventitial cells (ADCs), smooth
muscle cells (SMCs), and endothelial cells (ECs), respectively; (ii)
a confocal 3D rendered image showing the distribution of PAH-ECs
(pulmonary arterial hypertension—endothelial cells) and PAH-SMCs
(pulmonary arterial hypertension—smooth muscle cells) in their matrix
(scale bar: 75 μm). Reproduced from [51], Copyright 2020, with per-
mission from The Royal Society of Chemistry. b Wound healing of
alveolar lung epithelium in a microfluidic device. (i) Breathing concept
in vivo. (ii) Breathing concept in vitro. A micro-diaphragm deflects in a
definedmicrocavity.Due to the negative pressure generated, the alveolar
membrane, where the cells are cultured, deflects downward. (iii) Lung
cells immediately after wounding. (iv) Cells 24 h later. (v) Immunoflu-
orescence image of A549 cells cultured on the membrane; nuclei are
stained in blue, and ZO-1 in red (scale bar: 20 μm). Reproduced
from [106], Copyright 2019, with permission from Frontiers, creative

commons license (CC BY-NC-ND 4.0). cModeling ventilator-induced
lung injury. (i) Schematic illustration of MLE-12 alveolar epithelial
cells; (ii) confocal fluorescence microscopy images of a MLE-12 layer
(scale bar: 5μm). (iii) Representation of the microfluidic device. Mem-
brane stretch was achieved by blocking the outlet of the air channel and
flowing air (108 mL/h) at a frequency of 0.1 Hz for 2 h (stretched
condition). Reproduced from [104], Copyright 2021, with permis-
sion from the authors. d Lung thrombosis model. (i) Schematic of
alveolar interaction with blood vessels; (ii) engineering drawing of
the microfluidic device; (iii) illustration of human primary alveolar
epithelial cells and human endothelial cells forming a lumen; (iv) side
view of confocal micrographs showing junctional structures, the pri-
mary alveolar epithelium (purple, E-cadherin), and endothelium (green,
VE-cadherin), through which blood perfusion takes place (scale bar:
100 μm). Reproduced from [105], Copyright 2017, with permission
from American Society for Clinical Pharmacology and Therapeutics

demonstrate its usability as an antithrombotic therapeutic
agent (Fig. 5d).

Drug screening

Microfluidic systems integrated with tissue engineering have
recently been established as effective engineering tools

with the ability to mimic complex human microphysi-
ological environments and thus facilitate toxicology and
drug-screening studies [110]. For example, Zhang et al. [71]
proposed the use of a lung-on-a-chip to evaluate pulmonary
cytotoxicity assays after treatment with nanoparticles. A co-
culture of human pulmonary alveolar epithelial cells and
human endothelial umbilical cells was carried out to expose
endothelial cells to blood circulation by establishingmedium
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flow. To mimic acute pulmonary nanoparticle exposure, zinc
oxide (ZnO) and titanium oxide (TiO2) nanoparticles were
administered to the epithelial cells. The model offered the
capability to study the alteration of alveolar barrier integrity,
barrier permeability, and protein expression with differ-
ent nanoparticle concentrations. Another group, Mani et al.
[111], presented a bioengineered lung cancer model with
controlled fluid flow and pressure difference, for studying the
interplay between physical and mechanical forces in cancer
initiation, progression, and response to drug treatment. They
reported a study on the contribution of flow-induced shear
stress to the epithelial-to-mesenchymal transition (EMT) and
also assessed the response of 3D cancer tumoroids to treat-
mentwith erlotinib andNSC-750212 (an experimental drug).
Themodel demonstrates the capacity of shear stress to induce
EMT in lung tumoroids. Interestingly, a distinct response to
drug treatment of the tumoroidswas observed under dynamic
and static conditions. This phenomenon also distinctly indi-
cates the advantage of the perfusion culture model over
conventional static cultures for a better understanding of the
in vivo counterpart process.

Another group,Meghani et al. [112], fabricated a lung-on-
a-chip model with integrated sensors to evaluate epithelium
electrical resistance and to apply pH-responsive ZnO quan-
tumdots (QDs) encapsulated in human serumalbumin (HSA)
nanoparticles as a possible therapy. The model closely mim-
ics cancerous alveolar epithelium by embedding lung cancer
cells, stromal cells, and fibroblasts in a collagen matrix.
The non-toxic ZnO quantum dots resulted in internaliza-
tion inside the cancer cells due to the enhanced permeability
and retention effect. The proposed in vitro model allowed
real-time assessment of cytotoxicity and cellular uptake of
HSA-ZnO for lung cancer cells, so it could be applied for
nano-particle conjugated drug treatments.

Cancer therapeutics

Chemotherapy is the extensively reported primary treatment
strategy for lung cancer; however, it faces multiple chal-
lenges due to the drug resistance ability of the cancer cells.
This phenomenon led to the need for the development of
reliable, cost-effective, and high-throughput engineered sys-
tems to test drug sensitivity and optimization of drug doses.
To address this, Xu et al. [113] proposed a microfluidic co-
cultured platform of stroma and patient-derived lung cancer
cells. The model was tested for different anticancer drugs
(i.e., gefitinib, paclitaxel, and gemcitabine) by introducing
a concentration gradient generated within the microfluidic
device. The device uses diffusive mixing to create a drug-
concentration ratio of 5:6:8. The sensitivity of single and
combined drug schemes was investigated while reconstruct-
ing the tumor microenvironment in vitro with continuous
nutrient supplementation. The group successfully screened

single or combined anti-cancer drug schemes for actual
patient-derived cells in an efficient and accurate way.

Another group, Yang et al. [114], used electrospun
poly(lactic-co-glycolic acid) (PLGA), a porous membrane
which was found to play an essential role in biomimicry of
the in vitro lung model, to construct a lung cancer-on-a-chip
platform.The electrospunmembrane had a thickness of about
3μm, sufficient porosity, and the desired permeability for the
biologically active molecules. In this model, A549 cells were
co-cultured with human fetal lung fibroblasts (HLF1), along
with HUVECs. The group characterized the nanofiber diam-
eter, the permeability of the PLGAmembrane, and its ability
to provide a suitable substrate for lung cell attachment and
growth. In addition, gefitinib, an anti-tumor drug that targets
epidermal growth factor receptors (EGFRs) for metastatic
lung cancer, was administered, and its effect on A549 cells
was evaluated by applying fluorescent microscopy of E-Cad
and EGFR. Finally, the destruction of endothelium bymigra-
tion of lung cancer cells was confirmed by time-lapse images
and the disruption of the platelet endothelial cell adhesion
molecule CD31.

Antiviral drugs

The need for clinically accurate lung models became more
evident during the recent pandemic caused by the novel
coronavirus nCoV-19, also known as a severe acute res-
piratory syndrome coronavirus-2 (SARS-CoV-2) outbreak
[115, 116]. It has been assumed that the acute immune
response and generation of cell debris resulting from SARS-
CoV-2 infection cause lung injury upon COVID-19 infection
[117–119]. However, the mechanism of lung infection needs
to be better understood so that efforts can be made to min-
imize lung fibrosis, which is identified as the prime cause
of morbidity, even after clearance of SARS-CoV-2 by the
immune system. Recently, Zhang et al. [120] recapitulated
the alveolar–capillary barrier by co-culture of the alveo-
lar epithelium, microvascular endothelium, and circulating
immune cells. Activation of the epithelial innate immune
response by cytokine-dependent pathways was observed
after three days of infection. It was also evident that the
viral infection caused endothelial detachment in the pro-
posed system. The on-chip model was also examined for
treatment with remdesivir, which is reported to reduce
the severity of viral infection for patients infected with
SARS-CoV-2 (Fig. 6a). Si et al. [121] also presented a
micro-physiological system with a pseudo-typed infection
of SARS-CoV-2. They administered amodiaquine, an anti-
malarial drug that can inhibit the infection; however, clinical
doses of hydroxychloroquine were unable to prevent the
entry of pseudo-typed SARS-CoV-2 in cell lines. Another
group, Huang et al. [53] reported a SARS-CoV-2 pseudo-
viral infection in an alveolar lung-on-a-chip model, which
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Fig. 6 Lung-on-a-chip and COVID-19. a Biomimetic model of SARS-
CoV-2-induced lung injury. (i) Illustration of human alveolus barrier
in vivo; (ii) configuration of human alveolus chip infected by SARS-
CoV-2: (iii) Immunofluorescence micrographs showing viral Spike
protein (Spike protein S1 subunit of SARS-CoV-2) staining in human
pulmonary alveolar epithelial cells (HPAEpiCs) on day 3 post-infection.
Reproduced from [120], Copyright 2020, with permission from the
authors. b SARS-CoV-2 pseudo-viral infection and treatment efficacies
in the alveolar lung-on-a-chip model; (i) fluorescence image showing

the expression of ACE2 receptors by human alveolar epithelial cells
(hAECs) (red, ACE2 receptors; blue, nuclei); (ii) fluorescence micro-
scopic images showing the live/dead staining hAECs in the gelatin
methacryloyl (GelMA) inverse opal structures after pCoV-VP+AQD,
i.e., alveoli model infected with SARS-CoV-2 pseudoviral particles and
treated with 5-μmol/L amodiaquine. Reproduced from [53], Copyright
2021, with permission from PNAS, creative commons license (CC BY-
NC-ND 4.0)

involved applying SARS-CoV-2 pseudo-viral particles to
study treatment efficacies of amodiaquine, remdesivir, and
hydroxychloroquine, which are clinically approved antiviral
drugs. They showed that the cytopathic effects of pseudo-
viral particles were reduced upon administration of these
drugs, thus preventing infection-induced death of alveolar
cells after pseudo-viral infection (Fig. 6b). These lung-
on-a-chip models can closely imitate human physiological
responses to SARS-CoV-2 infection, thus serving as a unique

platform for COVID-19 research and exploration of possible
drugs.

Another group, Si et al. [121], investigated a novel
microfluidic bronchial-airway-on-a-chip composed of
human bronchial-airway epithelium and pulmonary
endothelium. The model was studied for viral infec-
tion, strain-dependent virulence, cytokine production, and
circulating immune cell activation. Further, influenza A
infection was produced in the microphysiological system
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to test the effectiveness of nafamostat, an anticoagulant
drug, along with oseltamivir, which is a first-line antiviral
drug. The model demonstrated a pharmacological strategy
in which co-administration of these two drugs doubled the
oseltamivir treatment time. Subsequently, the system was
subjected to a pseudo-typed SARS-CoV-2 virus infection
to evaluate the possible application of three well-known
antimalarial drugs, i.e., chloroquine, hydroxychloroquine,
and amodiaquine. The drugs were perfused to the infected
systems at clinical concentrations. Chloroquine and hydrox-
ychloroquine failed to inhibit the entry of the pseudo-virus,
thus predicting failure. In contrast, amodiaquine showed a
prophylactic effect against SARS-CoV-2 pseudo-virus. The
results showed the capability of the proposed in vitro model
to accelerate the identification of potential drugs to treat
SARS-CoV-2 infection.

In vitro modeling of human lung functions

Morphology, breathing patterns, and physical forces are
essential aspects of lung function, and are necessary to reca-
pitulate for relevant replication when modeling the lung
in vitro. Recently, a second-generation lung-on-a-chipmodel
was established that goes further than the application of
porous membranes in parallel channels with a 2D-like cell
microenvironment. It could actually be considered a real
3D architecture of human lung alveoli. Stucki et al. [50]
mimicked the pulmonary parenchymal environment and the
cyclic strain of breathing movements. To achieve this, they
assembled a PDMS membrane onto a pneumatic part which
stretched the alveolar-like barrier to enable 3D cyclic strain
in all directions (Fig. 7a). The minimal functional unit of the
lungs is the alveolus, which is responsible for gas exchange
with the atmosphere. Many approaches have been proposed
to recapitulate the anatomy and physiology of the alveoli. For
instance, Long et al. [122] proposed an optimizedmicrofabri-
cated lung-on-a-chip model that operated under continuous
or periodic flow patterns of the culture medium. However,
this optimization was performed without the use of cells.

Another group, Huang et al. [53], recently presented a
model of the human pulmonary alveoli, composed of 3D
porous hydrogel shaped in an inverse opal fashion, emu-
lating human alveolar sacs (Fig. 7b). By seeding primary
human alveolar epithelial cells, they achieved functional
epithelial monolayers. Cycling contractions were applied to
mimic breathing events, thus enabling a new platform for
studying pathological effects of cigarettes, viral infection, or
contamination. Zamprogno et al. [51] also proposed a stretch-
able alveolar model that reproduced alveolar distribution. It
had dimensions similar to those found in vivo, which they
achieved by culturing cells on stretchable lung ECM pro-
teins (Fig. 7c). The biological membrane was drop-casted

onto a honeycomb gold mesh to support the array of 40 alve-
oli. Primary epithelial and endothelial human lung cells were
co-cultured over the membrane and exposed to stretching
forces. This model achieved lung alveolar arrays that were
able to display parenchymal characteristics [51]. Another
group, Schimek et al. [68], investigated homeostasis in a
microphysiological system composed of two organ models
that incorporated lung cells in a reservoir; the systemwas pro-
vided with an air-permeable membrane and liver spheroids
to allow testing of the cytotoxicity of inhaled substances
(Fig. 7d). It was treated with a hepatotoxic and carcinogenic
aflatoxin B1 which resulted in impaired functionality in lung
tissues.

Commercially developed lung-on-a-chip devices

The milestones achieved so far in the area of lung-on-a-chip
devices are becoming more prominent with the develop-
ment of new startups working solely on the application of
these microfluidic devices to analyze the pathophysiologi-
cal aspects of human lungs. One such promising startup is
Emulate. Inc., created by Donald E. Ingber at the Labs of
Wyss Institute for Biologically Inspired Engineering, at Har-
vard. They offer two different lung-on-a-chip models: the
Alveolus Lung-Chip [105] and the Airway Lung-Chip [93].
Both models have proven ability in drug efficacy studies and
for analyzing pathophysiological behavior of primary human
lung cells under different disease conditions.Another notable
company working on modeling lung pathophysiology in a
microfluidic chip isAlveoliXAG,based inSwitzerland.They
fabricate lungs-on-a-chip by mimicking the lung biophys-
ical microenvironment, which they generate by including
thin, porous membranes with controlled mechanical motion,
placed on the lung alveoli to create physiologically relevant
breathing conditions. This technology offers dynamic breath-
ing, which improves the relevance of the model with the
in vivo event cascades that occur under normal and disease
conditions [123].

Conclusions and perspective

Several lung-on-a-chip models have been designed and their
efficacy has been proved for studying lung disease and ana-
lyzing the potential effects of drugs. Compared to traditional
2Dmodels and 3D-static culture models, they have exclusive
abilities to maintain functional human lung cells with better
physicochemical characteristics. However, drawbacks still
exist and need to be analyzed for further improvement. For
example, most lung-on-a-chip models include immortalized
and adenocarcinoma cell lines, which impart deviated func-
tionality compared to primary human lung cells [124]. This
may lead to inaccurate assessment of functional response to
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Fig. 7 In vitro modeling of human lung functions. a Lung-on-a-chip
with respiration mechanism. (i) In vivo respiration is controlled by the
diaphragm, whose contraction leads to 3D expansion of the alveolar
sacs; in vitro, the 3D cyclic mechanical strain of the bioartificial alve-
olar membrane (1) induced by a micro-diaphragm (2) actuated by an
electro-pneumatic setup. (ii) Porous and flexible polydimethylsiloxane
(PDMS) membrane used as a cell-culture substrate; (iii) Z-projection
of a confluent layer of lung epithelial cells (16HBE14o−) stained for
adherens-junction E-cadherin (red) and cell nuclei (blue) (scale bars:
50 μm). Reproduced from [50], Copyright 2015, with permission from
The Royal Society of Chemistry. b Inverse-opal lung-on-a-chip model.
(i) Fabrication of the model; (ii) fluorescence image of human alveolar
epithelial cells (hAECs) after culturing inverse-opal hydrogel structure
(green, F-actin; blue, nuclei; scale bars: 100 μm); (iii) micrographs
showing the presence of continuous tight junctions of the rim (white,
ZO-1; blue, nuclei; scale bars: 50 μm). (iv) H&E-stained section of

the alveolar lung model (scale bar: 100 μm). Reproduced from [53],
Copyright 2021, with permission from the authors. c Representation of
the stretchable alveolar model. Thin honeycomb gold mesh (diameter
260μm)was used as a scaffold to drop collagen–elastin solution for cell
culture; human alveolar type I-like cells (hAEpC) were cultured on the
hexagonal mesh with the collagen–elastin membrane after 4 days and
at the air–liquid interface for 2 days. Expression of adherens-junction
markers (E-cadherin, red), tight junctions with zonula occludens-1
(ZO-1, green), and merged (Hoechst, blue; E-cadherin, red; ZO-1,
green). Scale bar: 100 μm. Reproduced from [51], Copyright 2021,
with permission from the authors. d Human multiorgan-on-a-chip. (i)
The multi-organ chip platform and experimental setup; (ii) forty liver
spheroids and one bronchial MucilAir culture were placed in the device
(scale bar: 1000 μm). Reproduced from [68], Copyright 2020, with
permission from the authors
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an external stimulus. Also, in microfluidic devices the vol-
ume ofmedia flowoften exceeds the volume of the embedded
tissue, which causes dilution of secreted metabolites and
biologically active molecules [44]. This phenomenon can
negatively affect cell-signaling pathways, specifically when
applied in a single-pass perfusion device. The surface-to-
volume ratio is another parameter to consider when studying
the effect of autocrine and paracrine cell-signaling path-
ways, which may differ when the concentration of signaling
molecules secreted by cells is reduced [125]. Another major
issue reported so far is the use of PDMS as a material in
fabricating microfluidic devices. Because of the ability of
PDMS to adsorb small hydrophobic molecules, there may
be considerable alteration to concentrations of cell-secreted
molecules or addeddrugs [126]. Toovercome thismajor chal-
lenge, other materials such as poly(itaconate-co-citrate-co-
octanediol), poly(octamethylenemaleate (anhydride) citrate)
(POMaC) polymer, tetrafluoroethylene propylene (FEPM),
poly(polyol sebacate), and poly(ester amide) elastomers have
been successfully evaluated and found to be good alterna-
tives to PDMS. Another much-discussed thermoplastic elas-
tomer styrene–ethylene–butylene–styrene (SEBS) showed
10%and21% lower absorptionof pirfenidone and rhodamine
B (two model drug molecules), respectively, when com-
pared to a device made with PDMS. Aside from elastomers,
many thermoplastics, e.g., poly(lactic acid) (PLA), polyethy-
lene terephthalate (PET), and poly(methyl methacrylate)
(PMMA), are drawing considerable research interest for their
potential to overcome the shortcomings of PDMS in the field
of microfabrication and organ-on-a-chip construction [127].

Furthermore, the introduction of immune components
which play crucial roles in disease progression and the heal-
ing process can improve in vivo relevance [128]. Considering
and addressing these factors would allow establishment of a
superior microfluidic model for in vitro modeling of lung
disease. Such models can also convincingly address the eth-
ical and regulatory concerns of using animal models for
preclinical applications. Advancements in this field require
the collaboration of experts frommultidisciplinary sectors to
fabricate an effective device for high-throughput screening
of potential drugs to cure respiratory diseases.
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