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Viral infectious diseases remain a global public health problem. The rapid and widespread spread of coronavirus
disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has had a
severe impact on the global economy and human activities, highlighting the vulnerability of humans to viral
infectious diseases and the urgent need to develop new technologies and effective treatments. Organ-on-a-chip is
an emerging technology for constructing the physiological and pathological microenvironment of human organs
in vitro and has the advantages of portability, high throughput, low cost, and accurate simulation of the in vivo
microenvironment. Indeed, organ-on-a-chip provides a low-cost alternative for investigating human organ
physiology, organ diseases, toxicology, and drug efficacy. The lung is a main target organ of viral infection, and
lung pathophysiology must be assessed after viral infection and treatment with antiviral drugs. This review
introduces the construction of lung-on-a-chip and its related pathophysiological models, focusing on the in vitro
simulation of viral infection and evaluation of antiviral drugs, providing a developmental direction for research
and treatment of viral diseases.

1. Introduction

Viral diseases have high morbidity and mortality rates worldwide
(Schweitzer et al., 2015). Viruses that infect the lungs mainly include
respiratory syncytial virus, influenza virus, rhinovirus, adenovirus,
metapneumoviruses and severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). SARS-CoV-2 emerged at the end of 2019, has infected
millions of people and killed more than one million people, and con-
tinues to spread worldwide (Li et al., 2020). Only a few treatments are
available worldwide, and the efficacy of vaccines against SARS-CoV-2
variants remains to be determined (Kowalewski and Ray, 2020; McDo-
nald and Holtz, 2020; Tatara, 2020; La Monica et al., 2022; Razonable
et al., 2022).

In general, research and development of drugs and vaccines requires
considerable time and money. In the past, research and development of
drugs mainly relied on two-dimensional (2D) cell culture, three-
dimensional (3D) system culture-based organoids and animal experi-
ments. 2D cell culture in vitro is a common method for studying tissue

pathophysiology and drug response, but it is difficult to reproduce the
three-dimensional structure and biophysical and functional properties of
the cellular microenvironment, and it does not mimic the inherent
complex properties of tissues and organs (Hiemstra et al.,2019). Orga-
noids based on three-dimensional (3D) culture systems are organ spe-
cific, multicellular, three-dimensional cultures that reproduce some of
the key structural and functional properties of the corresponding organ.
However, embryonic stem cells or induced pluripotent stem cells involve
a long differentiation time, high cost and complicated operation (Sato
et al., 2009). Animals are also used to mimic human pathophysiological
microenvironments for disease research, preclinical drug development
and screening. Nevertheless, due to species differences, substantial dif-
ferences in physiological structure, tissue and organ functions, life
support, and other parameters exist between animals and humans.
Moreover, most pathogens are species specific, and animal models do
not accurately simulate the physiological and pathological environment
of the human body (Hartung, 2009; Snoeck, 2015). In addition, animal
experimental research has limitations, such as a long model
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establishment cycle, high cost, low efficiency, a single research time
point, and ethical issues (Perelson and Ribeiro, 2018). Therefore, animal
models do not provide a strong rationale for the development and
analysis of human lung models for disease modelling, drug development
and screening in vitro. The inaccuracy of traditional models of simulating
diseases and evaluating drugs is very likely to lead to the failure of
clinical trials of candidate drugs and even serious drug toxicity, which
damages the health of patients and increases the economic burden. In
recent years, with the continuous advances in microfabrication and
tissue engineering technologies, the construction of microfluidic
organs-on-a-chip has enabled the building of biomimetic
three-dimensional human tissue models, and the experimental results
are more reliable than those obtained from 2D cell culture, 3D organoids
or animals (Shahabipour et al., 2022; Tan et al., 2022).

An organ-on-a-chip is a bionic device that uses microfluidic chips to
simulate the main functions of human organs. It has micron-scale gas or
fluid channels that simulate the tissue microenvironment and blood
circulatory system and generate tissue-tissue and organ-organ in-
terfaces, simulating the microenvironment, complex structure and bio-
physical factors of human organs. Indeed, an organ-on-a-chip can
simulate organ physiological and pathological conditions more accu-
rately than conventional cell culture in vitro. Furthermore, organs-on-a-
chip may solve the shortcomings of animal experiments, such as long
cycles, high costs and ethical issues. Overall, biomimetic organs-on-a-
chip are expected to provide a low-cost alternative for studying
human organ physiology, organ diseases, toxicology, and drug evalua-
tion (Ingber, 2016, 2022; Li et al., 2019). As one of the earliest proposed
and developed organs-on-a-chip, the lung-on-a-chip can be applied not
only for model establishment and drug evaluation for diseases such as
pulmonary oedema, pulmonary thrombosis, and lung tumours (Hassell
etal., 2017; Huh et al., 2012; Jain et al., 2018; Yang et al., 2018) but also
for lung diseases caused by viral infection (Deinhardt-Emmer et al.,
2020; Nawroth et al., 2020). At present, the application of
lung-on-a-chip in viral infection research is limited to a few studies, but
with the continuation of the coronavirus disease 2019 (COVID-19)
pandemic, the number of these studies will increase in the future.

In this article, we review the lung-on-a-chip model used to study viral
infection and its application in the investigation of underlying disease
mechanisms and drug evaluation. Challenges and related solutions for
treating COVID-19 are presented. Finally, we discuss the modelling and
drug evaluation using other organs-on-a-chip for COVID-19 and
recommend new developmental directions for future studies in the fields
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of virology and drug evaluation using organ-on-a-chip technology,
multiorgan-on-a-chip and body-on-a-chip platforms.

2. Construction of the lung-on-a-chip

The main principle of the lung-on-a-chip is to use microfabrication to
process microstructures of specific shapes on microchips composed of
polydimethylsiloxane (PDMS), silicon or other high polymer materials.
Two upper and lower microfluidic channel structures are used. The
upper channel is seeded with alveolar epithelial cells and provides ox-
ygen to form an air-liquid interface, simulating the alveolar structure;
the lower channel contains vascular endothelial cells and is continuously
perfused with culture medium, simulating capillary channels and fluid
shears. The middle section is separated by a porous membrane to
simulate the alveolar septum. Side chambers are located on both sides of
the lung-on-a-chip that are connected to two vacuum pumps. By regu-
larly changing the pressure of the side chambers, the porous membrane
is regularly stretched to simulate breathing movement. After culture, the
cells form a functional tissue unit called the lung-on-a-chip (Fig. 1).
Airway-on-a-chip is another type of lung-on-a-chip. The construction of
the airway-on-a-chip is similar to that of the alveolus-on-a-chip. The
upper and lower microfluidic channels of the chip are composed of high
polymer materials, the lower channel is seeded with vascular endothe-
lial cells and continuously perfused with culture medium to simulate
capillary channels and fluid shear stress, and the middle is separated by
a porous membrane to simulate the airway septum. The difference is
that the upper channel is seeded with primary human lung bronchus-
airway epithelial basal stem cells, which can be induced to differen-
tiate into ciliated cells, basal cells, club cells and goblet cells, thus
accurately simulating airway function. The lung-on-a-chip material is
the basis for its processing, manufacturing and application. Commonly
used materials include PDMS, silicon, polylactic-co-glycolic acid
(PLGA), and extracellular matrix (ECM), among others (Li et al., 2020;
Rahimi et al., 2016; Xu et al., 2016; Zamprogno et al., 2021), with PDMS
representing the most widely used material. Current technologies for
manufacturing the lung-on-a-chip include classical lithography,
moulding, microcontact imprinting, and 3D printing.

In 2010, Huh D et al. designed a PDMS lung-on-a-chip model for the
first time using soft lithography microfabrication technology and
reproduced the respiratory function of alveoli in vitro (Huh et al., 2010).
With the rapid development of microfabrication and tissue engineering
technologies, the constructed lung-on-a-chip closely resembles the
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Fig. 1. Schematic diagram of the alveolar structure. The microfabricated lung-on-a-chip uses compartmentalized PDMS microchannels to form an alveolar-capillary
barrier on a thin, porous, flexible PDMS, silicon or PLGA membrane. Alveolar epithelial cells are seeded in the upper channel, which provide oxygen to form an air-
liquid interface, simulating the alveolar structure. Vascular endothelial cells are seeded in the lower channel and are continuously perfused with culture medium,
simulating capillary channels and fluid shear. The device recreates physiological breathing movements by applying a vacuum to the side chambers and causing

mechanical stretching of the porous membrane.
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alveolar microenvironment of the human body. The lung-on-a-chip has
been widely used to establish models of and evaluate drugs for pulmo-
nary oedema, pulmonary thrombosis, lung tumours and other diseases.
Huh D et al. constructed a lung-on-a-chip model to simulate pulmonary
oedema. The results of the study showed that mechanical strain related
to respiratory movement and IL-2 damage the function of the lung
barrier, leading to pulmonary oedema. At the same time, the study
identified potentially new therapies and found that angiopoietin-1
(Ang-1) and a new transient receptor potential vanilloid 4 (TRPV4)
ion channel inhibitor (GSK2193874) may prevent IL-2 from exerting
life-threatening toxicity (Huh et al., 2012). Jain A et al. used a
lung-on-a-chip to simulate the formation of pulmonary thrombi, repro-
ducing the finding that the endotoxin lipopolysaccharide (LPS) indi-
rectly stimulates intravascular thrombus formation by activating the
alveolar epithelium rather than by directly acting on endothelial cells.
The findings reveal the cytoprotective and antithrombotic effects of a
novel PAR-1 antagonist on acute lung injury and whole-blood perfusion,
providing a new method to study the pathophysiological mechanism of
human pulmonary thrombosis and promote drug development (Jain
et al., 2018).

In addition to the abovementioned lung disease-related models, the
lung-on-a-chip has been used to simulate lung tumour models and
evaluate drugs, especially antitumour drugs. Yang X et al. fabricated a
lung-on-a-chip using PLGA electrospun nanofibre membranes as chip
substrates and cell scaffolds. The chip achieved 3D coculture of a human
non-small cell lung cancer cell line (A549), human lung fibroblasts and
human umbilical vein endothelial cells. The model was used to evaluate
the efficacy of an epidermal growth factor receptor (EGFR)-targeting
antitumour drug (gefitinib) (Yang et al., 2018). In our previous study,
we also used 3D printing technology to prepare microfluidic chip tem-
plates and successfully constructed a PDMS-capsulated lung-on-a-chip
based on resin membranes. The microporous membrane lung-on-a-chip
simulated the lung tissue microenvironment, with coculture of lung
cancer cells and vascular endothelial cells at different levels. We used
two strategies, 2D cell culture and 3D lung-on-a-chip, to evaluate the
efficacy of different EGFR-targeting drugs (gefitinib, afatinib and osi-
mertinib) against NCI-H650 cells and primary lung cancer cells. The 3D
lung-on-a-chip was better than 2D cell culture for evaluating drugs using
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the lung non-small cell lung cancer cell line NCI-H650 because it better
matched existing clinical drug data. Because the 3D lung-on-a-chip may
provide conditions that are more consistent with the physiological cell
microenvironment, it has many advantages for examining primary
tumour cells (Fig. 2) (Tan et al., 2022). In general, the lung-on-a-chip has
shown great application potential in simulating lung disease models and
evaluating drugs. The lung-on-a-chip can also be used to simulate viral
infectious diseases and evaluate drugs.

3. Application of the lung-on-a-chip for assessing viral infection

Viral infection is a leading cause of lung disease-related death. Viral
infection can induce asthma exacerbation, seasonal flu and outbreaks of
COVID-19. Asthma is considered a common chronic disease, and is
present in 14% of all children worldwide and affects approximately 334
million people worldwide (Shrestha et al., 2020). Bronchopneumonia
associated with seasonal influenza virus is one of the infectious diseases
with the highest mortality rate. COVID-19, a new lung disease related to
viral infection, has high infectivity and mortality, with millions of
people infected and more than one million deaths; furthermore, many
surviving patients have serious complications, causing serious damage
to the global economy and human health and safety (Atkins et al., 2020;
Nicola et al., 2020; Zhao et al., 2020). Because the virus is constantly
mutating, the efficacy of existing drugs and vaccines against its variants
is unclear. Therefore, the development of new research methods is ur-
gently needed to simulate the physiological and pathological changes
associated with pulmonary diseases after viral infection and to develop
and evaluate antiviral drugs. We summarize the latest research on the
use of the lung-on-a-chip for simulating viral infection and evaluating
drugs, as shown in Table 1.

3.1. Lung-on-a-chip for rhinovirus-related asthma

Viral infections, particularly rhinovirus (RV), are a major cause of
asthma exacerbation. Antiviral cytokines produced from alveolar
epithelial cells or dendritic cells are present at lower levels in patients
with asthma or those with high IgE levels, which may contribute to
virus-induced aggravation of the disease (Nakagome and Nagata, 2022).
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Fig. 2. Schematic diagram of the experimental principle and an image of the lung-on-a-chip. Fluorescence images and plots of fluorescence intensity profiles for
characterization of small molecule diffusion in a microchip. Green, RH-123 aqueous solution. Red, RH-B aqueous solution. Scale bar = 1 mm. Effects of different
concentrations of gefitinib, afatinib, and osimertinib on HCI-H1650 cells grown in the wells of a plate in 2D and in the 3D lung-on-a-chip. n = 3. Source: (Tan

et al., 2022).



J. Tan et al. European Journal of Pharmaceutical Sciences 180 (2023) 106329

HUVECs

Neutrophils

Upper mucociliary airway
epithelium with an air-
liquid interface

features of virus-induced
asthma exacerbation
The effects of IL-13 on
rhinovirus infection

Antiviral drugs

of neutrophils

IL-13 may impair the hosts’
ability

Table 1
List for various studies of viral infection using the lung-on-a-chip.
Organ-on-a- Virus Cell types Design features Factors investigated Drug evaluation Ref.
chip
Alveolus-on- SARS-CoV-2 Alveolar epithelial Two channels separated by =~ Recapitulation of lung injury Remdesivir inhibits viral (Zhang et al., 2021)
a-chip cells (type II) a microporous PDMS and immune responses replication and alleviates
membrane induced by SARS-CoV-2 at the  barrier disruption
organ level
Lung microvascular ~ Upper alveolar epithelial Antiviral drug efficacy
cells (HULEC-5a) channel
Human peripheral Lower microvascular
blood mononuclear endothelial channel under
cells fluid flow
Alveolus-on- Pseudotyped Alveolar epithelial A collagen gel channel in Recapitulation of key A monoclonal antibody (Cao et al., 2022)
a-chip SARS-CoV- cells (type II) the centre and two physiological characteristics effectively inhibits the entry
2Poly(I:C) shouldered cell culture of human alveolar units of viruses into host cells
channels
Primary human Simulation of air Exploration of virus
umbilical vein mechanical strain and pathogenesis induced by a
endothelial cells blood shear stress pseudovirus and poly(I:C)
(HUVECs)
U937 cells Monoclonal antibody
Alveolus-on- SARS-CoV-2 Primary human Two channels separated by =~ Comparation of the Tocilizumab does not reduce (Thacker et al.,
a-chip alveolar epithelial a PDMS membrane differences between alveolar all of the endothelial cell 2021)
cells (type I and epithelial cells and vascular damage
type II) endothelial cells induced by
SARS-CoV-2 at the organ level
Human lung Upper alveolar epithelial Anti-IL-6R monoclonal
microvascular channel with an air-liquid antibody
endothelial cells interface
Lower microvascular
endothelial channel under
fluid flow
Airway-on-a- Influenza A Primary human Two microchannels Simulation of viral infection, Coadministration of (Si et al., 2021b)
chip lung bronchial- separated by an strain-dependent virulence, nafamostat with oseltamivir
airway epithelial cytokine production and the doubled the treatment time
basal stem cells recruitment of circulating window for oseltamivir
immune cells
Pseudotyped Primary human ECM-coated porous Antiviral drugs targeting Amodiaquine inhibited SARS-
SARS-CoV-2 pulmonary membrane influenza and SARS-CoV-2 CoV-2 infection of cells in
microvascular chips and in hamsters
endothelial cells
Neutrophils Upper airway channel with
an air-liquid interface
Lower vascular channel
under fluid flow
Alveolus-on- Influenza virus Alveolar epithelial Two microchannels Establishing an alveolus-on-a- ~ None (Deinhardt-Emmer
a-chip cells (NCI-H441) separated by a PET chip composed of vascular et al., 2020)
membrane and epithelial cell structures
with macrophages
HUVECs Upper channel with The effects of flow conditions
alveolar epithelial cellsand  and macrophages on barrier
macrophages function
Macrophages Lower channel with The effects of viral infection or
endothelial cells and coinfection
medium flow generated by
a pump system
Airway chip Influenza A Primary human Two parallel Simulation of Amantadine, nafamostat and (Si et al., 2021a)
lung airway microchannels separated pathophysiology and oseltamivir prevent influenza
epithelial cells by an ECM-coated mutation during influenza virus
(HLAECs) membrane virus infection
Human pulmonary Upper airway channel with ~ Modelling human-to-human The combination of
microvascular an air-liquid interface transmission of infection with ~ nafamostat with oseltamivir
endothelial cells continued antiviral drug extends the therapeutic
(HPMVECs) treatment window from 48 h to 96 h
Lower vascular channel Assessing antiviral drugs and
under medium flow antiviral resistance
Airway lung- Human Human primary Two microchannels First recapitulation of HRV A CXCR2 antagonist (MK- (Nawroth et al.,
chip rhinovirus 16 airway epithelial separated by a pore infection of the asthmatic 7123) reduced adhesion, 2020)
(HRV16) cells (hAECs) polyester membrane epithelium and complex motility, and transmigration

(continued on next page)
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Table 1 (continued)
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Organ-on-a- Virus Cell types Design features Factors investigated Drug evaluation Ref.
chip
Lower microvascular
endothelium under fluid
flow
Airway-on-a- Poly(I:C) Human primary Two microchannels Analysis of organ-level lung Dexamethasone, tofacitinib, (Benam etal., 2016)
chip airway epithelial separated by a semiporous pathophysiology of human budesonide and a BRD4
cells (hAECs) poly-ester membrane lung inflammation in vitro inhibitor inhibit cytokine-
induced recruitment of
circulating neutrophils
Human pulmonary Upper airway channel with  Anti-inflammatory
microvascular an air-liquid interface compounds
endothelial cells
HUVECs Lower vascular channel
under medium flow
Gut-on-a- SARS-CoV-2 Caco-2 cells Two channels separated by ~ Creating an intestinal None (Guo et al., 2021)
chip a porous PDMS membrane infection on a chip
HT-29 cells Upper intestinal epithelial Recapitulation of the key
channel features of changes in the
intestinal epithelium-vascular
endothelium barrier induced
by SARSCoV-2
HUVECs Lower vascular endothelial
channel under fluid flow
Human peripheral
blood mononuclear
cells (PBMCs)
Vasculature- HCoV-NL63 HUVECs A scaffold with a square Simulation of the interaction (Lu et al.,, 2022)
on-a-c-hip virus luminal structure of virus alone with the
endothelialized vasculature-
on-a-chip
SARS-CoV-2 Human PBMCs The bioscaffold was placed  Studies of the interaction of QHREDGS significantly

on patterned hot-embossed
polystyrene base plate and
it is bonded onto the 96-
well bottomless plate

the SARS-CoV-2 and (HCoV)-
NL63 exposed-endothelial
cells with PBMCs

attenuates the inflammatory
state of cells infected with
SARS-CoV-2

Antiviral drugs

Nawroth J. C. et al. used a human airway lung-on-a-chip model to show
for the first time that live human rhinovirus (HRV) infects asthmatic
epithelial cells, reproducing the complex features of virus-induced
asthma exacerbations. The dynamic microenvironment of the chip en-
ables a real-time study of viral infection, epithelial cell responses and
immune cell recruitment under healthy and asthmatic conditions,
reproducing key features of patients with asthma and
rhinovirus-infected individuals, including ciliary cell shedding, altered
ciliary sweep frequency, cupping proliferation of microvascular endo-
thelial cells, increased expression of adhesion molecules in microvas-
cular endothelial cells and release of inflammatory mediators. The
results suggest that a CXCR2 antagonist (MK-7123) reduces neutrophil
adhesion, motility and transport; IL-13 may impair the ability of the host
to mount an appropriate and coordinated immune response to RV
(Nawroth et al., 2020). The study was the first to simulate and validate
key features of virus-induced asthma exacerbation using a
lung-on-a-chip. Unfortunately, the effect of breathing exercise on
asthma exacerbation has not been investigated to date.

3.2. Lung-on-a-chip for influenza virus infection

Seasonal influenza virus-associated bronchopneumonia has a high
mortality rate. The greatest challenge to fight against influenza virus
infection is the rapid evolution of viruses, which leads to the emergence
of variant strains and renders existing anti-influenza drugs and vaccines
ineffective (Du X et al., 2017). Therefore, developing more effective
methods to control influenza will require better prediction of the evo-
lution of virus resistance to treatments, as well as more rapid develop-
ment of new drugs and vaccines, both of which are currently limited by
the lack of relevant preclinical models (Krammer et al., 2018).

Benam K. H et al. constructed an airway-on-a-chip and then used it to
simulate the pathophysiological changes associated with asthma and

lung inflammation. The virus analogue poly(I:C) or lipopolysaccharide
(LPS) was used to simulate asthma exacerbation and the therapeutic
effect of drugs was evaluated using an airway-on-a-chip. The charac-
teristics of chronic obstructive pulmonary disease were reproduced by
an airway-on-a-chip lined with epithelial cells from individuals with
chronic obstructive pulmonary disease. Exposure of epithelial cells to
interleukin-13 (IL-13) reconstructed goblet cell proliferation, excessive
cytokine secretion and decreased ciliary function in patients with
asthma, and dexamethasone, tofacitinib, budesonide, and BRD4 in-
hibitors inhibited cytokine-induced recruitment of circulating neutro-
phils (Benam et al., 2016). Using this airway-on-a-chip for simulating
inflammatory diseases in the human lung, researchers have assessed the
synergistic effect of the lung endothelium and epithelium on cytokine
secretion and identified new biomarkers of disease progression. In
another study, Si et al. employed a human airway-on-a-chip to establish
an in vitro model of human influenza infection related to physiology and
clinical practice, which may be used to predict potential emerging vi-
ruses. Modelling human-to-human transmission of infection in the
presence of persistent antiviral drugs using the lung-on-a-chip enabled
researchers to determine the emergence of 20 clinically prevalent mu-
tations that lead to resistance to amantadine and oseltamivir, along with
the discovery of new drug resistance mutations that may cause an
influenza pandemic (Si et al., 2021a). The model has also been used for a
preclinical evaluation of new anti-influenza treatments to determine
candidate anti-influenza drugs. In addition, Deinhardt-Emmer S et al.
used an alveolus-on-a-chip model in vitro to study the effect of influenza
virus and Staphylococcus aureus coinfection on endothelial cells. Moni-
toring the spatiotemporal transmission, characteristic morphology and
functional changes of pathogens on the alveolus-on-a-chip showed that
the flow conditions and the presence of macrophages increase the bar-
rier function, and the high barrier integrity was maintained for 14 days.
The findings showed that infection of epithelial cells caused a strong
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inflammatory response that spread to the endothelial cells. Although the
integrity of the epithelium was not compromised by a single viral
infection or coinfection, endothelial cell damage correlated with the loss
of barrier function (Deinhardt-Emmer et al., 2020). The biomimetic
alveolus-on-a-chip used in the study provides a promising platform for
exploring the mechanism of host—pathogen interactions and identifying
molecular and cellular targets for new treatment strategies for pneu-
monia, but no research or evaluation of related antiviral drugs has been
conducted. Moreover,breathing motions can suppress viral replication
by activating protective innate immune responses in epithelial and
endothelial cells in human lung alveolus chip, which are mediated in
part through activation of the mechanosensitive ion channel TRPV4 and
signaling via receptor for advanced glycation end products (RAGE) (Bai
et al., 2022).

In general, with the progress of lung-on-a-chip technology and the in-
depth study of viral infection, researchers have not only established
lung-on-a-chip models for viral infection and drug evaluations but also a
model of human-to-human infection transmission to discover new drug
resistance-related mutations and determine candidate anti-influenza
drugs. Lung-on-a-chip models of various microbial infections have
even been established.

3.3. Lung-on-a-chip for SARS-CoV-2 infection

COVID-19 is a severe pneumonia pandemic caused by SARS-CoV-2
that emerged at the end of 2019 and then quickly spread around the
world (Li et al., 2020; Wang et al., 2021). However, the lack of suitable
preclinical models for assessing the pathogenesis of SARS-CoV-2 and the
rapid emergence of multiple SARS-CoV-2 variants has accelerated the
spread of the virus, which has also led to continued failure of drug
treatments and vaccine designs (Kowalewski and Ray, 2020; McDonald
and Holtz, 2020; Tatara, 2020). Thacker VV et al. utilized a vascularized
lung-on-a-chip model to study the effects of SARS-CoV-2 infection on the
vascular endothelium. Infection of alveolar epithelial cells resulted in
limited apical release of virions, consistent with reports of monoculture
infection. Viral RNA persists in a single cell that produces an inflam-
matory response, which is transient in epithelial cells but persists in
endothelial cells, and these cells secrete IL-6 even in the absence of
immune cells. Loss of barrier integrity was reduced but not completely
prevented with an inhibitor of IL-6 signalling (tocilizumab) (Thacker
et al., 2021). Thus, SARS-CoV-2-mediated endothelial cell injury is not
directly related to cytokine storms. Additionally, Zhang M et al. con-
structed a biomimetic human disease-on-a-chip model that was able to
reproduce the lung injury and immune response induced by SARS-CoV-2
at the organ level in vitro. Coculture of human alveolar epithelial cells,
microvascular endothelial cells, and circulating immune cells in a fluidic
state reproduced the main features of the normal human
alveolar-capillary barrier. Epithelial cells are more sensitive to the virus
than endothelial cells during SARS-CoV-2 infection, and a transcrip-
tional analysis showed that the innate immune response and
cytokine-dependent pathway of endothelial cells were activated at 3
days after infection, revealing distinct responses across cell types. Viral
infection results in increased immune cell recruitment, endothelial
shedding, and inflammatory cytokine release, suggesting that immune
cells play a critical role in alveolar barrier damage and increased
inflammation. Remdesivir inhibits viral replication and mitigates chip
barrier disruption (Zhang et al., 2021). The lung-on-a-chip model may
closely reflect the human response to SARS-CoV-2 infection, which is
difficult to achieve with in vitro models and provides a unique platform
for COVID-19 research and drug development. Nevertheless, this study
has some shortcomings: one cell type of alveolar epithelium does not
completely simulate the primary alveolar tissue, and only one candidate
antiviral drug was evaluated.

The two studies described above mainly used the airway-on-a-chip to
simulate SARS-CoV-2 infection, revealing the physiological and patho-
logical changes in the alveolar epithelium and vascular endothelium
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after viral infection, but few studies have focused on improving the lung-
on-a-chip or developing and evaluating drugs. Si L et al. constructed a
microfluidic bronchial airway-on-a-chip using lung bronchial-airway
epithelial basal stem cells and lung endothelial cells that simulates
viral infection, strain-dependent virulence, cytokine production, and
recruitment of circulating immune cells. The combination of nafamostat
and oseltamivir doubled the treatment time window for oseltamivir in
influenza A-infected airways-on-a-chip. For the chip infected with SARS-
CoV-2 pseudovirus, clinically relevant doses of the antimalarial drug
amodiaquine inhibited infection, but clinical doses of hydroxy-
chloroquine and other antiviral drugs that inhibit the entry of pseudo-
typed SARS-CoV-2 in cell lines under static conditions did not.
Amodiaquine reportedly exerts significant preventive and therapeutic
effects on hamsters infected with SARS-CoV-2 (Si et al., 2021b) The
lung-on-a-chip used in that study both simulates SARS-CoV-2 infection
and evaluates drugs and has been used for influenza virus infection and
drug evaluation, realizing a chip that simulates multiple viral infections.
Cao T et al. used a type I collagen gel to simulate the respiratory
membrane, and circulating air vibration was applied to simulate respi-
ratory movement, along with the construction of a three-dimensional
alveolus-on-a-chip with mechanical strain and an extracellular matrix.
The alveolus-on-a-chip reproduces key physiological features of human
alveolar units, which lays the foundation for viral infection studies at the
organ level. Virus pathogenesis and the blocking ability of antibodies
during viral infection have been explored using virus analogue poly(I:C)
and SARS-CoV-2 pseudovirus, and the results showed that monoclonal
antibodies effectively inhibit virus entry into host cells (Cao et al.,
2022). The innovation of this research is that the type I collagen gel
simulates the respiratory membrane, the circulating air vibration sim-
ulates respiratory movement, and the constructed alveolus-on-a-chip
closely resembles the physiological microenvironment of alveoli. This
alveolus-on-a-chip provides a good platform for SARS-CoV-2-related
research and has great potential for organ-level studies of human lung
physiology and pathophysiology in vitro. However, the study only
evaluated monoclonal antibodies.

4. Other organs-on-a-chip for assessing SARS-CoV-2 infection

SARS-CoV-2 infection is characterized by asymptomatic and mild
disease to severe systemic symptoms, involving multiple organs, such as
the lungs (McGonagle et al., 2020), blood vessels (Siddiqi et al., 2021),
gastrointestinal tract (Lin et al., 2020) and heart (Chen et al., 2020), and
ultimately results in organ failure (Wiersinga et al., 2020). As our un-
derstanding of disease pathology improves, accumulating evidence in-
dicates that vascular and gastrointestinal pathology may play an
important role in COVID-19 outcomes (Becker, 2020; Qian et al., 2021;
Xiao et al., 2020). This clinical evidence suggests that the gastrointes-
tinal tract and blood vessels are two other high-risk organs for
SARS-CoV-2, but the physiological and pathological mechanisms
involving the gastrointestinal tract and blood vessels after SARS-CoV-2
infection are unclear, and related preclinical models to evaluate anti-
viral drugs are lacking. Table 1 describes the latest research on the
application of vasculature-on-a-chip and gut-on-a-chip to simulate
SARS-CoV-2 infection and evaluate drugs.

Guo Y et al. constructed an intestinal infection-on-a-chip model to
reproduce the human intestinal pathophysiology induced by SARS-CoV-
2 at the organ level. This microengineered gut-on-a-chip reconstitutes
key features of the intestinal epithelial-vascular endothelial barrier,
enabling 3D coculture of human intestinal epithelial cells, mucus-
secreting cells, and vascular endothelial cells under physiological fluid
flow. The intestinal epithelial cells were susceptible to viral infection,
with obvious morphological changes, intestinal villus damage, scattered
mucus-secreting cells and decreased E-cadherin expression, suggesting
that the virus destroys the integrity of the intestinal barrier. A tran-
scriptional analysis revealed abnormal metabolism of RNA and proteins
in epithelial cells and endothelial cells after viral infection, as well as an
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activated immune response, which may lead to intestinal barrier injury
related to gastrointestinal symptoms (Guo et al., 2021). This human
organ system may partially reflect intestinal barrier damage and the
human response to viral infection, which is not possible in other existing
culture models in vitro, providing a unique and rapid platform to
accelerate COVID-19 research and develop new therapies. Regardless,
the study did not develop and evaluate antiviral drugs. In addition, Lu R
et al. developed a vasculature-on-a-chip to study SARS-CoV-2 infection,
first simulating the interaction of the virus alone with the endothe-
lialized vasculature on the chip and then studying endothelial cells
exposed to the virus and peripheral blood mononuclear cells (PBMCs).
Human coronavirus (HCoV)-NL63 and SARS-CoV-2 reduce endothelial
barrier function by disrupting VE-cadherin junctions and increasing the
levels of proinflammatory cytokines. Compared with HCoV-NL63
infection, inflammatory cytokine levels are significantly increased in
SARS-CoV-2 infection. After SARS-CoV-2 infection, PBMCs were intro-
duced into the vasculature-on-a-chip, which further aggravated endo-
thelial dysfunction induced by cytokines, indicating that the
intercellular crosstalk between endothelial cells and monocytes jointly
promotes the high inflammatory state. An angiopoietin-1-derived pep-
tide (QHREDGS) has also been identified as a potential therapeutic agent
that substantially attenuates the inflammatory state of cells, thereby
improving barrier function and the survival of endothelial cells
following SARS-CoV-2 infection in the presence of PBMCs (Lu et al.,
2022). The vasculature-on-a-chip in the study not only simulated the
vascular model after viral infection but also facilitated an exploration of
the interaction between endothelial cells and monocytes and comparing
changes in the vascular endothelium after infection with different types
of virus. Finally, the therapeutic effect of antiviral drugs was evaluated.

5. Conclusions and prospects

Despite some progress in preventing viral infectious diseases, viruses
still pose a serious threat to human health. In particular, with the
emergence of the COVID-19 pandemic, new variants of SARS-CoV-2,
such as Alpha, Beta, Gamma, Mu, Delta and Omicron, pose new chal-
lenges to existing antiviral drugs (such as paxlovid) and vaccines
(Callaway, 2022; Chavda et al., 2022; Service, 2022). Therefore, various
approaches must be mobilized to study human viral infections and to
develop appropriate drugs and vaccines. Starting from the construction
of the lung-on-a-chip by introducing the establishment of the model and
evaluation of drugs for pulmonary oedema, pulmonary thrombosis, lung
tumour and other diseases using the lung-on-a-chip, this article focuses
on the simulation of viral infection in vitro and the evaluation of antiviral
drugs using the lung-on-a-chip. The lung is not the only organ infected
with the virus; indeed, SARS-CoV-2 infection also targets multiple or-
gans, such as the blood vessels, intestines, heart and kidneys. Hence, a
single lung-on-a-chip does not reproduce the whole process of viral
infection in the human body. The construction of organs-on-a-chip and
their application in viral infection often involve the cooperation of
multiple disciplines, such as materials science, tissue engineering and
virology, which limits the development of research to a certain extent. In
addition, the current research on SARS-CoV-2 must be conducted in
laboratories with biosafety levels of 3 and above, and these laboratory
requirements have significantly increased the difficulty of research on
COVID-19.

Although the application of organs-on-chip to viral infection and
drug evaluation faces many challenges, with the development of
microfabrication, tissue engineering and in-depth research on viral
infection, the combination of multiple organs-on-a-chip or body-on-a-
chip is the direction of future development. Compared with the tradi-
tional methods of building models, the lung-on-a-chip has many ad-
vantages, such as portability, high throughput, low cost, and simulation
of the in vivo microenvironment, but it also faces some challenges
(Francis et al., 2022; Ingber, 2022; Low et al., 2021). PDMS is the most
commonly used material for manufacturing a lung-on-a-chip, which has
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the problem of absorbing hydrophobic drugs, thus limiting its applica-
tion in manufacturing organs-on-a-chip for drug discovery, development
and application. However, researchers continue to try new
manufacturing materials, which is expected to solve the problem.
Moreover, at present, the thickness of the barrier membrane of the
lung-on-a-chip is approximately 10 pm, but the actual thickness of the
alveolar septum is less than 1 pm. New materials and new
manufacturing technologies may produce ultrathin membranes similar
to the thickness of alveolar septa in the future. At present, apart from
technical problems, perhaps the biggest challenge is the need for suffi-
cient credible data that demonstrates the advantages of human
lung-on-a-chip over animal models before some academic research in-
stitutes and pharmaceutical companies accept this new technology into
their laboratories (Ingber, 2022) Collaborative and interdisciplinary
research is also expected to address current research bottlenecks (Sun
et al., 2021; Tang et al., 2020; Tao et al., 2022). Poly(I:C) virus ana-
logues and SARS-CoV-2 pseudovirus can be used as alternatives to vi-
ruses. In conclusion, an increasing number of studies have documented
the use of lung-on-a-chip and organ-on-a-chip as reliable micro-
physiological tools to reproduce the microenvironment of viral infection
and conduct drug evaluations in vivo, and they can be used as a com-
plement or alternative to 2D cultures, 3D organoids and animal
experiments.
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