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Abstract

Infectious diseases remain a public healthcare concern worldwide. Amidst the pandemic of 

coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) infection, increasing resources have been diverted to investigate the therapeutics 

targeting COVID-19 Spike glycoprotein and to develop various classes of vaccines. Most of the 

current investigations employ two-dimensional (2D) cell culture and animal models. However, 

2D culture negates the multicellular interactions and 3D microenvironment, and animal models 

cannot mimic human physiology because of interspecies differences. On the other hand, organ-

on-a-chip (OoC) research devices introduce a game-changer to model viral infections in human 

tissues, facilitating high-throughput screening of antiviral therapeutics. In this context, this review 

provides an overview of the in vitro OoC-based modeling of viral infection, highlighting the 

strengths and challenges for the future directions.
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1. INTRODUCTION

Viral infections have been responsible for major human diseases leading to morbidity and 

mortality worldwide [1]. Infections with viruses such as human immunodeficiency virus 

(HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), influenza, and respiratory syncytial 

virus (RSV) represent a major human concern. There are more than 240 million people 

chronically infected with hepatitis B virus (HBV) [1], over two million deaths per year 

caused by enteric viruses [2], and about 30.5 million annual cases of RSV infection. 

Recently, the newly emerged coronavirus disease 2019 (COVID-19) caused millions of 

human infections. Currently, there is a paucity in effective therapies, and the efficacy of 

vaccines against variants of SARS-CoV-2 remain to be determined [3, 4].

Drug development is a process that requires significant time investment, and it mainly 

relies on the use of conventional two-dimensional (2D) cell culture and animal models as 

workhorses. For most tissues, 2D culture cannot represent events that occur in dynamic and 

three-dimensional (3D) in vivo environment [5]. On the other hand, animal experiments 

require long-term optimization, are costly, and they are associated with ethical concerns [6–

8]. Furthermore, numerous pathogens are species-dependent, and the pathogenesis cannot 

be always be reproduced in animal models, thus it can be difficult to extrapolate results 

obtained from animal studies to humans [9]. In case of COVID-19, unfortunately, suitable 

animal models that can reflect the pathology caused by the SARS-CoV-2 in humans have 

not been validated [10]. Recent advances made in the development of microfluidic organ-on-

a-chip (OoC) systems enable the development of biomimetic 3D human tissue models so 

that the experimental results can be more reliable than those obtained from studies based on 

2D culture or animals [11, 12].

In addition, OoC technology and multi-organ-on-a-chip (MoC) or body-on-a-chip platforms 

can be used for investigating various aspects of basic pathogen biology, including the 

lifespan of infected cells, viral replication, antiviral treatment efficiency, side effects, and 

drug screening [13]. Recently, OoC systems have also included biosensors that allow 

real-time monitoring, improve the throughput, and facilitate more reliable data analysis. 

Being integrated with machine learning and artificial intelligence (AI), these analyses and 

predictions can be achieved at a lower cost and shorter time [2, 6, 14, 15]. So far, the 

application of OoC systems in the study of viral infections has been limited to a few studies 

[13, 16], but this is expected to increase in future.

In this paper, we review OoC models that were used for investigating viral infections, their 

use in studying the mechanism underlying disease and in testing drugs. Current challenges, 

especially those related to finding solutions for COVID-19 studies are presented. We also 

highlight generation of the strongest databases and AI approaches by using real time sensor-

based monitoring in OoC viral infection models. Finally, we discuss future directions that 

may guide new applications in the field of virology and drug discovery.
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2. ORGAN-ON-A-CHIP VIRAL INFECTION MODELS

OoC systems are microfluidic devices that can closely recapitulate the physical 

microenvironment of human organs [5, 17, 18]. Although OoCs evolved from tissue 

engineering, the purpose is to fabricate a minimal functional unit, which can mimic tissue 

and organ level of function [18–21]. In addition, cells in OoCs are exposed to mechanical 

forces such as shear force, compression, strain and stretch, similar to what they may 

experience in vivo. This environment allows cells to organize and maintain their morphology 

and function akin to in vivo conditions.

In general, OoC devices have some features in common. Usually, the body of the chip 

contains microchannels or chambers, which house cells, as well as other elements such 

as sensors, electrodes, and valve. Variations will depend on key features and functions 

of the target organ [22]. The chip is optically transparent, allowing for easy imaging. 

Polydimethylsiloxane (PDMS) is commonly used for the fabrication of OoC devices, and it 

has the advantage of allowing diffusion of gases such as oxygen (O2) and carbon dioxide 

(CO2) through. Moreover, PDMS provides a non-toxic surface for cell attachment [5]. Both 

freshly isolated cells such as primary and stem cells have been considered as important 

sources of cells for use in OoCs [28, 29]. To design human-relevant responses to viral 

infection, OoC models can incorporate multiple cell types of desired tissue to simulate 

native tissues (Table 1).

2.1. High efficiency of viral infection on-a-chip

Microfluidic devices have been used for the manipulation of viruses by the application 

of fluidic force, magnetic force, electrical force, and optical tweezers [23–25]. In one 

study, Maruyama et al. produced microfluidic optical tweezers device equipped with 

dielectrophoretic (DEP) to concentrate influenza virus to infect specific cells. The 

microfluidic chip consisted of the sample chamber, electrodes for virus concentration, an 

analysis chamber, and the microchannel for better flow (Figure 1A) [26]. Viruses were 

injected into the sample chamber to be concentrated by DEP forces in a microfluidic chip. 

with the application of this system, investigators were able to concentrate the virus, transfer 

it to the analysis chamber of the chip to contact specific H292 cell for infection [26]. 

This microfluidic chip facilitates detection of low viral concentrations, thus transported 

virus contacting target cells. After infection, analysis chamber including required dose of 

virus was physically blocked by using the photo-crosslinkable resin to prevent the virus 

from escaping from the chamber. In fact, it minimized the total volume of viral suspension 

needed to provide optimum contact between viral particles and adhering cells. Moreover, 

in another study conducted by Cimetta et al., a multilayered microfluidic platform was 

presented to achieve high efficiency of viral infection without using high multiplicities of 

infection (MOI) in a static treatment and compared theoretical modeling and experimental 

evidence. The microfluidic platform was composed of a supporting glass slide, a PDMS 

slab, a membrane-based vacuum system, and microfluidic channels for the delivery of fluids 

to cultured cells.

To perform the experiment, open cell chamber was covered with cell culture medium and 

glass coverslip with seeded cells was used to cover the chamber. Moreover, the culture 
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chamber was compartmentalized by using multiple inlet and outlet channels, thus allowing 

testing of several levels of virus (MOIs) at one time. The result showed that adenoviral 

vectors carrying the enhanced green fluorescent protein transgene exhibited higher infection 

efficiency without the risk of applying high MOI in static culture that may result in a viral 

associated-cytotoxic effect (Figure 1B & C) [27].

2.2. Applications of OoC devices to study viral infection and pathophysiology

Bioinspired OoC appeared as effective technologies for fundamental research, studying the 

pathogenesis of virus-related tissue specific dysfunctions to develop new therapeutics. By 

using relevant OoC, researchers will be able to gain deep understanding of the mechanism 

of viral infection such as COVID-19, and consequently predict the effect of efficacious 

antiviral therapeutic targets.

2.2.1. COVID-19 induced lung disease-on-a-chip—COVID-19 patients present 

with different clinical features such as fever, and dry cough, with ground-glass opacity 

in their chest x-rays [28]. Lung is the primary target of SARS-CoV-2 infection that can 

result in mild or severe lung injury syndrome, which may eventually end in multi-organ 

failure [29]. Alveolus is the main functional unit of lung, where the alveolar-capillary 

barrier plays a vital role in maintaining gas exchange and preventing the spread of viral 

infection. Thus, many severe COVID-19 cases develop into progressive respiratory failure, 

giving rise to death partly due to diffuse alveolar damage, inflammation, and pneumonia 

[28, 30]. Therefore, 3D models of lung-on-a-chip can establish lung injury models and 

immune responses induced by SARS-CoV-2 through accurate fluidic flow in normal and 

disease conditions [31, 32]. For example, Si et al. built human lung airway-on-a-chip as a 

model for studying SARS-CoV-2 infection [33]. The chip was composed of an extracellular 

matrix (ECM)-coated porous membrane, airway channel, and vascular channel (Figure 

2). The device supported the differentiation of the lung airway basal stem cells into an 

airway-specific cell types such as mucociliary, ciliated cells, mucus-producing goblet cells, 

club cells, basal cells, and pseudostratified epithelium. Importantly, highly differentiated 

lung epithelial cells in airway chips expressed high levels of the angiotensin-converting 

enzyme (ACE2) along with the transmembrane protease serine-2 (TMPRSS2) that mediates 

cellular entry and infection by influenza virus. The study suggested that human lung airway 

chips could be used to investigate existing approved drugs for the treatment of pandemic 

viral infections [33]. Zhang et al. developed a human alveolus-on-a-chip that was infected 

by SARS-CoV-2 (Figure 3) [31] using conventional soft lithography chips, which can be 

built to contain an alveolar lumen and a microvascular chamber, separated by a thin (~25 

μm) PDMS membrane (Figure 3A). The upper chamber was lined with human alveolar 

epithelial type II cell (AT II) line (HPAEpiC), while the lower chamber contained lung 

microvasculature cell line (HULEC-5a), thus forming the alveolar epithelium-endothelium 

interface. When SARS-CoV-2 was inoculated into the alveolar chamber, expression of 

spike protein in epithelial cells was seen, whereas no significant changes were seen in 

endothelialized chamber. This highlights the tendency of SARS-CoV-2 to infect cells with 

higher expression of ACE2 receptors such as epithelial cells (Figure 3B). The response 

of HPAEpiC cells and HULEC-5a cells to SARS-CoV-2 infection was analyzed by RNA 

sequencing. The results showed that the viral replication levels in HPAEpiC cells is 

Shahabipour et al. Page 4

Biofabrication. Author manuscript; available in PMC 2023 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



much higher than HULEC-5a cells (Figure 3C), which are consistent with the results of 

western blot (Figure 3D) and immunostaining analysis (Figure 3E). Results confirmed 

that human alveolar epithelial cells are more permissive to SARS-CoV-2 infection than 

microvascular endothelial cells. Moreover, the epithelial and endothelial channels revealed 

distinct transcriptional responses to infection. Furthermore, immune cells were introduced 

into the chip by the infusion of human peripheral blood mononuclear cells (PBMCs) into the 

lower vascular chamber of chip. The expression of all four cytokines including interleukin-1 

beta (IL-1β), IL-6, IL-8 and tumor necrosis factor alpha (TNF-α) were elevated following 

SARS-CoV-2 infection in the presence of PBMCs, which confirmed the recruitment of 

PBMCs and boosted inflammatory response in lung tissue, similar to what is normally 

observed in the body. Within this model of human alveolus-on-a-chip that contains PBMCs, 

remdesivir was tested and it was found to lead to the restoration of damaged epithelial and 

endothelial cell layers [31].

2.2.2. Study of viral infection in kidney by using distal tubule-on-a-chip—
Kidney is responsible for maintaining electrolyte balance of the whole body. The kidney 

functional unit is the nephron, which is composed of different parts that include proximal 

tubule, glomerulus, distal tubule (DT) and collecting duct. The distal renal tubule is the 

target of infection by many viruses [34]. Maintaining normal physiological functions by 

DT, while infected by a virus is challenging [35]. Although several parts of the nephron 

models on-a-chip were developed [20], there is only one study by Wang et al. that reports 

studying viral infection [13]. In this study, a DT-on-a-chip (DTC) was developed, and it 

had a barrier structure and an Na reabsorption of function to investigate how Pseudorabies 

Virus (PrV) can induce renal dysfunction and disruption of electrolyte regulation. This 

DTC was a three-layered chip comprising a fluid channel representing DT lumen, Kidney 

cells (MDCK) cultured on a membrane and static fluid well to represent interstitial fluid 

(Figure 4). After infection with PrV from the luminal side, disruption of the regulation of 

sodium reabsorption and serum electrolyte abnormalities were observed. Having measured 

Na+ reabsorption of PrV infected DTCs (P-DTCs), the result indicated that PrV infection 

downgraded Na+ reabsorption to 0.81 ± 0.08 mg/chip 14 h (Figure 4E). Moreover, cells 

in P-DTCs expressed more Na+-Cl− cotransporter (NCC) than those in DTCs (Figure 4F). 

The study demonstrated that PrV infection caused renal dysfunction resulting in disturbed 

electrolytes regulation, reabsorption barrier, expression of proteins such as Na+-K+-ATPase, 

and consequent decrease in Na+ reabsorption, reflected ultimately as abnormal serum 

electrolyte level. In addition, western blot analysis revealed that the expression level of 

acetylated tubulin, an indicator of microtube stability, was slightly higher in DTCs than 

that in tran-swell chip, while the expression was much higher in P-DTCs than in DTCs, 

suggesting a more stable microtubular cytoskeleton (Figure 4G) [13]. Accordingly, kidney 

viral infection-on-a-chip could provide a better understanding of the pathogenesis of viral 

infection-induced renal dysfunction. Furthermore, kidney-on-a-chip platform can be used to 

study infections caused by other viruses. Epithelial cells of the human renal proximal tubules 

(hRPTECs) are known to highly express ACE2 receptors, which are crucial for SARS-CoV2 

internalization. Microfluidic kidney-on-a-chip can; therefore, be used to recapitulate the 

effect of ACE2 impairment from the new coronavirus, which would allow evaluating 

damage, inflammation and fluid/electrolyte balance in the kidney. Cytokine storm has been 
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one of the main effects observed in COVID-19 patients and the consequent inflammation 

could target kidney and increased the death of kidney cells [36]. Although, no direct 

correlation has been proven yet, it is noteworthy that acute kidney injury (AKI) is found 

in 9.2% of COVID-19 patients [37]. Therefore, recapitulating SARS-CoV-2 viral infection 

in a kidney-on-a-chip can be useful for investigating the mechanism of viral infection of 

human kidney cells.

2.2.3. Study of viral infection in the nervous system by using microfluidic 
chips—Nervous system is a target for infection by viruses such as herpes simplex virus and 

pseudorabies virus (PRV). Herpes simplex virus primary infection starts at the peripheral 

nervous system (PNS), and then the virus is transported to cell bodies located in the central 

nervous system through retrograde transport [38]. In this context, nerve-to-cell spread of 

infection and the directional spread of the virus are poorly understood [39]. In addition, 

Schwann cells and hippocampal neurons were found to be resistant to virus transmission 

from axons. The use of OoC for studying various pathologies is becoming increasingly 

important [40]. In one study, Johnson et al. [41] designed a nervous system-on-a-chip 

using 3D printing to produce chips that contain a microchannels for axonal alignment and 

chambers for cells. They utilized Schwann cells to form axon-to-cell spreading through 

the axonal route during the spread of the virus [41]. The use of such microfluidic systems 

helped to realize the study of viral transport mechanism in axons, in which neuronal cell 

bodies and axonal compartments can be simulated [42].

The use of microfluidic on-a-chip models also enabled the study of the mechanism of 

alpha herpes virus spread by using time-lapse imaging of axonal transport. For example, 

Liu et al. designed a microfluidic chamber for culturing peripheral nervous system (PNS) 

neurons to analyze the neuron-to-cell spread of pseudorabies virus (PRV) by using live-

cell imaging. The device comprised a small PDMS part, which was placed on a glass 

coverslip in combination with a physical barrier. The somal and axonal compartments 

were connected by microgrooves, which allowed neurite, but not cell bodies, to extended 

into the axonal compartment (Figure 5A). Then, cell bodies in the chamber were labeled 

with the somatodendritic marker non-phosphorylated neurofilament H, while neurites were 

labeled with the axonal marker phosphorylated neurofilament H, nine days after culture. 

However, only axons were detected in the axonal compartment (Figure 5B). In this study, 

PK15 cells cultured in both the somal and axonal compartments, then they were infected 

with GS443, a PRV strain that expresses the fusion protein GFP-VP26 (green fluorescent 

protein fused to the PRV capsid protein VP26). Results showed that only cells in the somal 

compartment were infected, as demonstrated by as the green fluorescence signals, which 

were emitted from GFP-VP26. In addition, cell bodies in the soma l compartment were 

infected with PRV Becker or PRV Bartha. Results indicated that PRV Becker spread from 

neurons in the somal compartment to cells in the axonal compartment, whereas PRV Bartha 

displayed a lack spread from neuron to cell and no infected cells were detected in the axonal 

compartment, which reflect the anterograde spread defect of PRV Bartha observed in animal 

models [42]. (Figure 5C). To figure out viral components required for neuron-to-cell spread 

of infection, investigators determined that this spread required viral glycoprotein gB, and 

viral membrane protein Us9, but not viral glycoprotein gD. Furthermore, axon-mediated 
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infection was confirmed by axonal compartment infected with both viruses, which resulted 

in GFP fluorescence emitted from cell bodies in the soma compartment, verifying retrograde 

infection. In addition, live-cell laser scanning microscopy indicated that the kinetics of 

anterograde transport was not affected by capsid structures. This makes the device an 

efficient platform to enable recapitulating in vivo neurite-to-cell spread and investigating 

retrograde spread of viral infection to cell bodies [42].

2.2.4. Study of human gastrointestinal viral infection using gut-on-a-chip—
Human enteroviruses can be transmitted through oral routes, causing different illnesses, 

which can be serious. For example, coxsackievirus B (CVB) enterovirus, which can induce 

multi-organ disease, including pancreas and liver [43–47], require the use of appropriate 

in vitro models for its study. The use of conventional models does not allow to reproduce 

the physical complexity of the human intestinal mucosa containing different cell types and 

properties, which include absorptive, mucus-secreting, enteroendocrine, Paneth cells and 

villus structures by using a static cell culture [48, 49]. In addition, inducing upregulation and 

downregulation of pathogen virulence factors is stimulated by mechanical force of its host a 

fluid shear stress generated by a flow that can be obtained in microfluidic devices [50].

On the other hand, the use of gut-on-a-chip can help to establish a model that has 

highly differentiated human villi with the help of fluid flow and peristalsis-like motions 

[5, 52]. Moreover, the introduction of hypoxia gradient in gut-on-chip enables increasing 

microbial diversity [50, 53]. In 2017, Villenave et al. [17] developed a human gut-on-a-

chip that mimics the physical microenvironment of human intestine. The system included 

physiological fluid flow and cyclic peristalsis-like mechanical deformations that was 

composed of two parallel cell-culture micro-channels, an upper epithelial channel and a 

lower vascular channel, separated by a flexible PDMS membrane (Figure 6A). To investigate 

the infection ability of CVB1 in the gut-on-a-chip, CVB1 was introduced through two 

different routes into the device, i.e., apically through the epithelium-lined intestinal lumen 

and basically via the lower vascular channel. Compared to the apical route of infection, 

inoculation of the virus through the vascular channel led to significantly lower viral titer, 

which indicated that CVB1 virions were preferentially localized in the apical regions of 

villi structures at 6 and 24 hpi. However, the viruses were primarily localized at the 

base of the villi in basally infected cultures at 6 hpi, while they gradually moved to the 

apical portions of the villi by 24 hpi, suggesting that transportation of enteroviruses reveal 

polarized directional toward the cell apex in the villus gut epithelium (Figure 6B). Further 

investigated the interaction between CVB1 and the gut-on-a-chip, indicated that cytokine 

levels of IP-10 and IL-8 were significantly elevated in both infected chips, whereas cytokine 

levels were much higher in the apical route of infection. Hence, data revealed a polarized 

release of cytokines to the luminal part of the epithelium irrespective of the route of virus 

entry, and the viruses were passed unhindered through the apical compartment. In addition, 

viral infection influenced epithelial integrity, which resulted in increased levels of caspase-3 

activation and partially cleavage of procaspase-3 within 24 hpi, which was completed by 

48 hpi in apically infected cells, suggesting considerable cell death and apoptosis. However, 

pro-caspase 3 was cleavage insignificant at 24 hpi in basally infected samples while it 

was evident by 48 hpi, which is consistent with a delayed infection when the virus was 
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inoculated basally (Figure 6C). The device provided a biomimetic environment to study 

polarized infection of the villus epithelium in which virus is introduced either apically via 

the intestinal lumen or basally via the vascular compartment.

2.2.5. Study of viral infection of the liver using liver-on-a-chip—Infection by 

hepatitis B virus can results in acute or chronic hepatitis with morbidity and mortality 

consequences. World Health Organization (WHO) estimated that in 2015, 257 million 

people were living with chronic hepatitis B infection, resulting in an estimated 887,000 

deaths, mostly from cirrhosis and hepatocellular carcinoma [54]. There are challenges facing 

the investigation of the life cycle of HBV due to difficulty in recapitulating and modeling 

all phases of the HBV replication in hepatocytes. For example, researchers have attempted 

to isolate viable primary human hepatocytes (PHHs) from the liver, but this led to cell 

dedifferentiation and consequently loss in their cytochrome P450 (Cyp450) activity as well 

as morphological changes occurring after15 days in 2D monolayer culture. These changes 

in the phenotype of hepatocytes have raised concerns regarding the interpretation of results 

[45–47]. Thus, due to the lack of proper in vitro models, the investigation of the life cycle 

of HBV in hepatocytes and modeling physiologically intact host cells has been complicated. 

In addition, the HBV life cycle in the liver and the dependency of HBV replication on 

the absence of a type I interferon (IFN) response, which could not be observed in vivo 
[44] is difficult to simulate. Therefore, researchers have been exploring alternative methods, 

such as the use of liver-on-a-chip models to study HBV infection and the progression of 

HBV life cycle [55, 56]. Among these, Ortega-Prieto et al., developed and optimized a 3D 

microfluidic PHH-based system using a co-culture of PHH with other non-parenchymal 

cells for studying HBV (Figure 7) [57]. This 3D PHH culture model was able to recapitulate 

the hepatic sinusoidal microarchitecture that included functional bile canaliculi and cell 

polarization. Compared to other primary hepatocyte culture models, PHHs in this model 

were more susceptible to infection at 10,000-fold lower multiplicities of infection of patient-

derived HBV. In addition, PHH that were co-cultured with primary Kupffer cells (KC) 

showed that KC do not participate in an early innate immune response. However, upon 

exogenous stimulation, Kupffer cells induced IL-6 and TNF-α, which contributed to the 

observed suppression of HBV replication. Therefore, liver-on-a-chip platform provides a 

physiological-system that resembles liver sinusoids architecture, which can be a valuable 

preclinical platform for studying the susceptibility of PHH to infection by viruses, such as 

HBV, the identification of biomarkers, and investigating responses to therapeutics [57].

2.3. Applications of OoC and microfluidic OoC platforms to study antiviral therapeutics

For most viral infections, evaluating the activity of antiviral agents cannot be reliably 

achieved by using traditional methods such as plaque reduction assays or MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. Such traditional methods are 

time consuming and laborious [59].

2.3.1. Rapid detection of antiviral agents-on-a-chip—Microfluidic platforms 

allow rapid detection of antiviral agents during viral infection in situ and in real-time. 

These systems brought many benefits to monitor viral infection quantitatively via O2 

consumption rate. To achieve this, Xu et al. designed a three-layer microfluidic chip, 
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which was comprised of a lower layer (glass slide), a middle PDMS layer that has 

microfluidic channels and eight cell chambers, and an upper PDMS layer having inlet and 

outlet channels (Figure 8A). The microfluidic chip had shear stress lower than 2.0× 10−3 

dyn/cm2 to investigate the infection process by recombinant pseudorabies virus (GFP-PrV), 

and to detect the expression of GFP in real-time and in situ [60]. Fluorescence intensity 

of GFP was correlated with the replication of GFP-PrV genome and it was analyzed to 

understand the detail of virus infection process (Figure 8B, square dots). Fluorescence 

intensity of cells on chips was similar to those seen in Petri dishes (Figure 8C, round 

dots), showing that the behavior of GFP-PrV infection in host cells could not be influenced 

by the microenvironment in the microfluidic chip, and that all cells could be infected 

simultaneously when the MOI was high enough. In addition, a tree-like concentration 

gradient generator was included in the upper layer for the investigation of the effect of 

nocodazole, a drug that can disrupt the microtubules on viral infection to figure out the 

infection pathway of GFP-PrV in the microfluidic chip. Thus, the number of cells expressing 

GFP decreased with increased concentration of nocodazole, and the maximum inhibition 

was obtained with 10 lg/ml nocodazole by measuring virus titers (Figure 8 D–I). It was 

found that the infection process of GFP-PrV was microtubule-dependent in the host cells 

[60]. The system can; therefore, be useful to study not only the effect of drugs, but it can 

also be applied for studying viral infection.

2.3.2. Bystander infection using oncolytic virus-on-a-chip—More recently, 

microfluidic devices were utilized for the study of virotherapy. These systems can be 

used to determine therapies that employ viruses, such as oncolytic viruses (OVs). An 

oncolytic virus preferentially infects and kills cancer cells. When infected cancer cells are 

destroyed by oncolysis, new infectious virus particles or virions are released, thus helping 

to destroy the remaining tumor [61, 62]. Besides, oncolytic viruses also stimulate host 

anti-tumor immune responses [63, 64]. In this context, Lee et al. [65] developed a 3D in 
vitro microphysiological system (MPS), which enables real-time observation of oncolytic 

infection and spread of oncolytic viruses. They have used a block-to-block linkage strategy 

to identify the spread and bystander infection of oncolytic viruses through fluid flow. This 

was achieved by integrating 3D multicellular tumoroids in microfluidic systems, and by 

connecting a primary infected microdevice system to a secondary uninfected microdevice 

system. The 3D multicellular tumoroids (MCTs) were obtained by using human lung 

cancer cells (A549), human lung fibroblasts (MRC-5), human umbilical vein endothelial 

cells (HUVECs), and ECM. In this strategy, bystander infection system was fabricated for 

studying the therapeutic effect of OVs on other target cancers by in vivo vascular structure 

(Figure 9Ai). Two MPS systems were designed and connected by block-to-block linkage 

using a Teflon tube that allow the spread of the virus (Figure 9Aii). Moreover, the bystander 

infection system was fabricated to allow the delivery of VSV-GFP toward a linked MPS 

by medium flow via a tube connection, akin to the in vivo blood flow that can carry OVs 

(Figure 9Aiii). The viral infection of the MCTs in the MPS was performed by using a 

passive micropump to supply continuous medium and a drain reservoir (Figure 9Bi). After 

24 h incubation of the primary infected MPS, this chip was linked with an MPS containing 

non-fluorescence-labeled MCTs for the bystander infection assessment (Figure 9Bii).
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Furthermore, replicable vesicular stomatitis virus (VSV)-green fluorescence protein (GFP) 

was used to identify the location of infection in 3D MCTs. The oncoselective infection was 

monitored via GFP expression of VSV-GFP infection, which indicated the release of virions 

of VSV-GFP after direct infection in the primary MPS delivered to the bystander MPS 

through the linking system. Oncolytic cytopathogenesis achieved by the spread of VSV-GFP 

was analyzed using live/dead staining to identify cell death. In the analysis of the VSV-GFP 

region, the area of dead cells showed a post-infection (PI) time-dependent increase in the 

bystander infected MPS (Figure 9C). The expression of both VSV-glycoprotein (VSV-G) 

and interferon-beta (IFNβ) proteins in MCTs was evaluated after infection with VSV-GFP 

revealed that the expression of VSV-G was almost completely overlapped with the cancer 

cell regions of MCTs with high GFP expression by VSV-GFP (Figure 9Di). Moreover, 

the expression pattern of IFNβ was similar to that of VSV-G expression (Figure 9Dii). 

Decreased expression of VSV-G and IFNβ after infection confirmed a PI time-dependent 

in GFP expression in the primary infected MPS chip (Figure 9Di, ii). In comparison with 

GFP expression area in the infected MPS chip, the bystander MPS infected by the spread 

of VSV-GFP showed significant differences in the expression area of all proteins and 

GFP expression (Figure 9Ei, ii). Accordingly, this microphysiological system provides the 

possibility for identifying oncoselective infection and the investigation of the spread of 

oncolytic viruses to distant sites.

2.3.3. Use of microfluidic chips for carrageenan tracking—Dengue is a serious 

febrile illness commonly seen in tropical countries, and it is caused by an arbovirus, carried 

by Aedes aegypti mosquito. Amid the pandemic of the new coronavirus, the number of 

Dengue cases continues to grow in countries like Brazil [66, 67]. For example, in 2020, in 

the first 14 weeks alone, the country has registered 525,381 probable cases of Dengue and 

181 deaths caused by the disease. To study treatment of this serious viral disease, Huang 

et al. developed a microfluidic device employing light modulation system for monitoring 

the effect of carrageenan treatment during the Dengue virus (DENV) infection. The device 

consisted of an array of glass microwells, which were covered with Pt octaethylporphine 

(PtOEP) as the O2-sensitive luminescent layer. In this system, pneumatically actuated lids 

were set above the microwells to regulate sealing of the microwells when antiviral treatment 

was administered. thereby cells were confined in a small temporary chamber sealing by 

the lids (Figure 10). Hence, the inhibitory effect of carrageenan on DENV infection was 

evaluated by tracking O2 consuming rate (OCR) in the cell medium [68]. In this microfluidic 

device, baby hamster kidney-21 (BHK-21) fibroblasts were infected by DENV at different 

multiplicity of infection (m.o.i.) values, and most of infected cells were dead at m.o.i.= 1 at 

10 hpi, which were observed by the fluorescent live/dead cell assay (Figure 10D). Further 

evaluation of real-time monitoring of the OCR to investigate the time course of cellular 

metabolic activity in real time for infected living cells during the viral infection process 

revealed that the time variation of the normalized OCROCR(t)/OCR(n) for m.o.i. = 0.5 

and 1 at 5 hpi decreased from 100% to 70% and 45%, respectively. Data determined that 

infected cells resulted in mitochondrial malfunction and declined cellular metabolic activity 

that was reflected by the OCR. Having measured OCR, the result showed that carrageenan 

has a strong anti-DENV activity. Notably, the most anti-viral effect of carrageenan was 

observed with simultaneous addition of carrageenan with virus to cells (time= 0 hpi), or 

Shahabipour et al. Page 10

Biofabrication. Author manuscript; available in PMC 2023 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immediately after virus adsorption (1 hpi). It was concluded that carrageenan interfered 

with virus multiplication during the first hour of infection at a very early stage of the viral 

cycle. Hence, immediate treatment with carrageenan of infected cells had higher efficiency 

of antiviral activity to inhibit DENV infection in the post-treatment group (Figure 10E). 

In addition, this finding revealed that the application of microfluidic device can employ a 

lower dose of viruses required to induce infection and lower dose of tested drugs, which 

provides a wide range of potential applications in cell-based biosensing, toxicology, and 

drug screening.

2.3.4. Use of microfluidic chips for studying COVID-19 drugs—Existing drugs 

repurposed for antiviral treatment are the most promising solutions to combat acute and 

post-acute sequelae of COVID-19 or known as long COVID. With the application of OoCs, 

it is possible to explore the effect of antiviral drugs alone or in combination with other 

repurposed drugs to identify the efficient therapeutics and therapeutic combinations that 

can be used for the treatment of COVID-19 [31, 69]. To accomplish this, a lung-on-a-chip 

employing human lung epithelial cells (HLEPCs), which express high levels of ACE2 

alongside the transmembrane protease serine 2 (TMPRSS2), was used to evaluate the viral 

infection inhibitory role of FDA approved drugs such as, amiodarone, amodiaquine, arbidol, 

chloroquine, clomiphene, toremifene and verapamil [33]. Among the aforementioned 

drugs, amodiaquine and toremifene demonstrated significant antiviral activity against the 

pseudotyped SARS-CoV-2 virus. This preliminary study highlights the potential of OoCs 

that employ human cells to investigate repurposing of existing drugs and provide rapid 

screening assay of viral infection pathogenesis in human. Although much progress has been 

made against the current pandemic, the molecular mechanism behind SARS-CoV-2 remains 

elusive. The new SARS-CoV2 virus has demonstrated unique traits that have not been seen 

with its predecessor SARS-CoV [33].

2.5. Generation of large datasets with viral-infection-on-a-chip with high throughput 
screening

2.5.1. High throughput and large data—OoC studies used for drug screening, led 

to the generation of large amount of data. These systems allow sufficient number of cells 

that can be cultured in the same microenvironmental conditions and collected at different 

time points for the analysis of viral markers, by using techniques such as immunoassay, 

mass spectrometry, DNA or RNA sequencing [70, 71]. In the future, automating sampling 

and sorting of different cell populations will improve our capabilities of high throughput 

data generation using viral infection-on-a-chip systems. This can accelerate the rate of 

development of viral therapeutics and catch up with the rapid global spread of viral 

infections such as COVID-19 [72]. For example, Lee et al. developed a microfluidic 

device with array of 100 wells (10×10m wells) in which HeLa cells were exposed to a 

concentration gradient of analyte depending on their position with the array [73]. Recently, 

many efforts have been paid to develop OoC systems for use in high throughput screening. 

For example, an OoC platform was fabricated to have 357 lumen-containing CaCo-2 

cell-containing gut-tubes, which could be simultaneously perfused [73]. Moreover, OoCs 

with integrated sensors can be used to generate large datasets [6, 58]. In another study, 

microvascular networks consisting of HUVECs cultured in 36 parallel arrays were examined 
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with confocal microscopy over 72 hours that enabled tracking and quantifying image data of 

cell and processes in microvasculature [74]. Although this study was conducted on tumors, 

similar approaches can be adapted to viral infection studies. In this way, high throughput 

viral infection-on-a-chip studies can be conducted and resulting data screened and analyzed.

Microfluidic chip models can be combined with diagnostic techniques to generate large data, 

which can be used to predict drug efficacy as well as potential side effects. High-throughput 

systems need to be adopted for a more rapid and efficient detection and data collection. With 

well-developed viral infection-on-a-chip platforms, large-scale analysis can be achieved.

Ultrafast qRT-PCR-on-a-chip has been previously developed for anthrax and Ebola detection 

and it showed high performance [75]. Compared to classical qRT-PCR, which has an 

average time of 1h and 30’, ultrafast qRT-PCR is capable of detecting viral nucleic acid 

in 7.5 minutes with high accuracy. In case of SARS-Cov-2 detection, the use of antibody 

testing followed by qRT-PCR can improve viral detection when the result of qRT-PCR 

is inadequate for accurate detection [76, 77]. However, due to the rapid increase of the 

cases, classical nucleic acid detection analysis is no longer a suitable method. Therefore, 

microfluidic platforms can be combined with classical methods of viral detection, with the 

advantage of being miniaturized and automated.

DNA sequencing-on-a-chip is developed by using thousands of known DNA probes, 

immobilized on glass or silicon in a specific location [78]. Detection occurs by binding 

sample droplets fluorescently labeled with probes. Once hybridized, the signal is optically 

detected and transmitted to a computer. In addition, microfluidic platforms can automatically 

prepare the sequencing library for the DNAseq. This microfluidic DNAseq can be applied to 

detect SARS-CoV-2 in patients, which will give further information about the infection rate 

and also the origin of the infection [79].

2.5.2. Use of AI and the management of large data—Despite data obtained from 

the cell culture supernatant using real time sensor-based monitoring, expansive datasets can 

be generated by using microphysiological systems [80]. With the aid of AI, data obtained 

from OoC systems can be better managed [81]. For example, fluorescence images of cells 

can be used to generate gigabytes of data, which is used to produce computationally 

stitched composite images. A viral cytopathology such as the ground glass nucleus of 

HSV infection, syncytial cell fusion and net-like structures characteristic of SARS-CoV-2 

infection can therefore, be analyzed [82, 83]. In addition, the generation of four-dimensional 

(4D) time-series data can quickly expand the dimensionality and corresponding size of a 

dataset [15]. As the volume of data expands, the use of machine learning and AI methods 

can bring unwieldy data back under control. Fluorescence micrographs can be readily 

integrated into a workflow with relevant Matlab packages [84, 85]. Besides, supervised 

learning methods such as support vector machines and hierarchical clustering might be used 

to predict sequelae of viral infections [86, 87]. Machine learning and AI methods such as 

artificial neural networks (ANN) have been used in the upstream prediction of drug toxicity 

based on the structure and molecular descriptors of the lead compound, allowing it to serve a 

validation target for OoC systems [88, 89].
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Although, AI methods such as deep learning have had success with gross macroscopic 

pathology of viral infection such as predicting viral diagnosis from radiology [90], efforts 

have also been made at the microphysiological scale. For example, Rivenson et al. recently 

showed that a deep convolutional neural network (DCNN) could be trained to virtually stain 

in a hematoxylin and eosin pattern only based on the autofluorescence of unstained tissue 

sections [91]. The potential virtual staining holds is manifold, application to an MPS-grown 

epithelial cell layer allows visualization of characteristic cellular indicators of viral infection, 

such as intra-alveolar edema, fibrin deposition and formation of hyaline membranes [92]. 

Wang et al. showed that DCNN methods were able to achieve unrivalled diagnostic accuracy 

of histopathology [93] which could be key to the repeatability and reproducibility needed 

to scale up analysis of viral infection endpoints in MPS, corroborating biomarker data, 

supporting multiplexing and high throughput MPS screening for antiviral therapeutics.

4. CURRENT CHALLENGES AND FUTURE PERSPECTIVES

Despite significant progress that has been made in the prevention of infectious diseases, 

pathogenic microbes still pose a serious threat to human health. The application of effective 

treatment depends on different factors that need to be taken into account. Several types 

of viruses especially enveloped viruses spread via cell-to-cell interaction; thus, surface 

topography may guide the spread of virions [94]. The development of preclinical relevant 

in vitro models of human viral infection that employ human cell-based biomimetic OoC 

devices are required to elucidate the mechanism underlying viral infection, including cell-to-

cell virus transmission, specific host response to infection, immune cell recruitment under 

controlled conditions to predict the effect of potential new antiviral agents and develop 

personalized therapeutics [95]. This strategy allows the integration of numerous organ chips 

into one platform, and to fabricate a human-on-a-chip to mimic viral infection that could not 

be done otherwise by using animal models. They will also allow addressing the challenge of 

studying the therapeutic response of humans to viral infection in the lab.

Besides, some viruses have impact on many organs; therefore, the use of a MoC model can 

help us to have better insight into systemic pathological mechanisms, impact and systemic 

effect of various therapeutics [12]. Due to its versatility, OoC technology is emerging as one 

of the best modalities for studying viral infection. It is interesting to see that FDA is starting 

to pilot the use of tissue chips as possible drug testing tool, through its recently published 

innovative Science and Technology Approaches for New Drugs (ISTAND) Pilot Program 

[96].

With the emergence of the SARS-Cov-2 pandemic, researchers across the globe have been 

working to understand the mechanism underlying a wide array of symptoms including 

various in vitro systems. According to a recent study, the complex cross talk between host 

cells and SARS-CoV-2 during infection was found to be involved in diverse responses in 

the host. Moreover, immune cells were revealed to play a crucial role in the dysfunction 

of alveolar barrier after SARS-CoV-2 infection [31]. As such, it is highly recommended 

to recapitulate native tissues to design MoC preclinical platform for better understanding 

of the host responses to SARS-CoV-2 infection. The development of OoC platforms 

makes it now possible to study viral mechanism of actions, as well as viral propagation 
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and host interaction, which have historically been difficult or impossible to recapitulate 

due to the lack of appropriate models. Until now, a few OoC systems for the study of 

coronaviruses infection have been reported and they need to be further developed to fully 

recapitulate human pathophysiology and immune response, which would allow in-depth 

understanding of SARS-CoV-2 pathogenesis and pharmacology. It is still challenging to 

leverage the potential of OoC technology to its full potential in studying the pathogenesis 

and pharmacology of COVID-19. To put different immune responses into perspective, 

triggering a specific signalling pathway might be a possible target for designing new 

therapeutic drugs [31]. It will be important to develop and explore an airway-lung-on-chip 

that can provide insight into the activation of the immune system in the presence of viral 

infection.

A study has shown that coronavirus mimics over 150 of host proteins; most of them control 

blood coagulation or involved in inflammation [97]. Therefore, modeling of SARS-Cov-2 

coagulation or inflammation in a microvessel-on-a-chip system is required to investigate 

pathogenesis of microvascular thrombosis and a consequent development of COVID-19 

candidate therapeutics (PMID: 34687279) [98]. In addition, the biological function of the 

SARS-CoV-2 proteins are still poorly studied due to the nature of the virus and difficultly 

in handling without the risk of exposure. Therefore, OoC models can facilitate the study 

of the function of various variants of SARS-CoV-2 as well as human cell response to 

them and help dissect molecular mechanisms in specific organs. Furthermore, acquiring this 

knowledge will open the path for screening, developing and repurposing sequence-specific 

drugs.

Current studies of viral infection using OoC are based on the use of individual OoCs, 

which may not recapitulate the whole physiology, thus it makes it challenging to evaluate 

possible secondary and systemic toxicity of drugs. To achieve this, the use of MoCs is 

needed [5, 99]. Although, the fabrication of MoC offers an appealing alternative to in vivo 
and in vitro studies, evaluating the functionality in more complex chip and data analysis is 

more challenging [99]. OoC platforms, combined with AI-based algorithms will improve 

throughput capability of the system and enable better predicting of biomarkers-mediated 

disease behavior specific to individual patients. Performing all patient-related specific 

biomarker analyses will also lead to better understanding of viral disease in general and 

COVID-19 in particular, and to evaluate the safety of potential vaccines and therapies.

Functional validation of viral disease models-on-chip systems will be necessary to reach 

meaningful, clinically relevant, statistically significant, and experimentally reproducible 

conclusions. The U.S. Defense Advanced Research Projects Agency (DARPA) has 

supported the high-throughput cell-based assays to accelerate SARS-CoV-2 drug 

repurposing with OoC, and the most promising candidates will be tested in COVID-19 

animal models [100]. To evaluate many more drugs and leading compounds, researchers 

have been testing high-throughput cell-based assays with SARS-CoV-2-on-a-chip. In this 

context, OoC systems, organoids, and other human cellular models provide enabling 

technologies to elucidate key physiological processes specific to defined human viral 

diseases such as COVID-19, would be effective to address sample size, power analysis, 

and quality control acting as in silico forms of clinical trials.
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5. CONCLUSIONS

With increasing public health concerns and intensive research into viral infections, 

especially after the emergence of COVID-19 pandemic, mobilization of various methods 

to study human viral infections and develop appropriate drugs and vaccines is required. 

In particular, evidence is accumulating to support the use of OoCs and MoC as reliable 

microphysiological tools that can recapitulate in vivo environment and can provide 

a complementary or alternative to 2D culture and animal experiments. The use of 

microfluidic systems is anticipated to increase as preclinical or clinical trials-on-a-chip 

modality by employing individual patient-derived cells. Advancing the field of OoCs further 

requires a multidisciplinary approach with sustained funding and resources for translational 

applications and for scaling up for industrial production.
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Figure 1. 
Viral concentration and optical tweezers in a chip. (A) Schematic illustration represents 

single cell infection to a specific cell applying dielectrophoretic (DEP) virus concentration 

and optical tweezers in a chip. Virus solution was injected to the sample chamber combined 

with the injection of buffer as sheath flow and were concentrated by DEP force. The 

conductivity of the solution was adjusted to 10 mS/m to prevent heat damage for DEP 

concentration and virus were gathered by negative DEP force. In addition, DEP force 

avoided the adhesion of virus to the chip, then selected viruses were trapped and transported 

to the analysis chamber by optical tweezers. Reproduced from [26], with permission from 

the Institute of Electrical and Electronics Engineers (IEEE). (B) Design of microfluidic 

platform which comprises (i) a supporting glass slide that has a carved polydimethylsiloxane 

(PDMS) slab to accommodate cell culture coverslip, (ii) a membrane-based vacuum system 

to achieve reversible sealing of component (i), and (iii) 0.2×0.1mm (w×h) microfluidic 

channels, which provide cultured cells with fluids (a: inlet, outlet: b). The platform forms 

a 16×16×0.5mm culture chamber (c). The embedding top layer is connected to the vacuum 

system (d) and to a pressure-monitoring auxiliary service (e). (C) An image of the platform, 

which is transparent, showing flowing tracer (fluorescein) in two of the eight channels 

allowing for several levels of virus (MOIs) at a single time point. Reproduced from [27], 

with permission from the American Institute of Physics (B&C).
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Figure 2. 
Airway chip infected with influenza A and severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) for assasing antiviral therapeutics. (A) Schematic diagram of human 

lung airway chip. Primary human lung bronchial-airway basal stem cells were seeded 

on one side of the membrane in the ‘airway channel’ while interfaced with a primary 

human lung endothelium cultured on the opposite side of the same membrane, which 

is exposed to continuous flow of culture medium in the parallel vascular channel. (B) 

Immunofluorescence micrographs of cells. Similar to its function in vivo, the underlying 

human pulmonary microvascular endothelium also forms a continuous planar cell monolayer 

with cells linked by VE-cadherin-containing adherens junctions: ZO-1 shows tight junctions, 

cilia in the epithelium and VE-cadherin show adherents junctions in the endothelium of the 

airway chip without virus (Control) and with virus (+ Virus) of infection for 48 h (Blue, 

DAPI: stained nuclei, Scale bar is 50 μm). Reproduced from [33], with permission from the 

Author (Dr Donald Ingber).
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Figure 3. 
Human alveolar chip to recapitulate lung injury and immune responses induced by SARS-

CoV-2 in vitro. (A) Sschematic diagram represents configuration of human alveolus chip 

infected by severe acute respiratory syndrome corona virus disease-2 (SARS-CoV-2). The 

device is divided into regions by a porous PDMS membrane: upper alveolar epithelial 

channel (blue) and lower pulmonary microvascular endothelial channel (red). (B) Illustration 

of the chip, which is composed of alveolar epithelial cells (HPAEpiC) and pulmonary 

microvascular endothelial cells (HULEC-5a) separated by a porous membrane (i).. Human 
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immune cells were infused into the bottom vascular channel. Alveolar chamber was 

exposed to SARS-CoV-2. (ii) Image of the chip. The response of distinct cell types to 

the virus were analyzed by: (C) RNA-sequencing (RNA-seq) and (D) western blot Analysis 

of ACE2, TMPRSS2, and viral nucleoprotein (NP) expression levels in mock- or SARS-

CoV-2-infected cells at day 3 after SARS-CoV2 infection. (E) Side view of 3D reconstructed 

confocal image of human alveolar-capillary-barrier 3 after SARS-CoV-2 infection, which 

showed that virus was predominantly identified in epithelial layer by viral Spike protein 

expression. Reproduced from [31], which is an open access article distributed under the 

terms of the Creative Commons CC BY license.
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Figure 4. 
Distal tubule-on-a-chip (DTC) induced by a Pseudorabies virus (PrV) to investigate the 

pathogenesis of virus-related renal dysfunctions in electrolyte regulation. Schematic diagram 

of kidney viral infection-on-a-chip, with inlet and outlet on the top of the microfluidic 

channel. (A) The three-layered microfluidic chip include 1) microfluidic channel, 2) Madin 

Darby Canine Kidney (MDCK) cells, epithelial cells from distal renal tubules cultured on 

a a porous membrane (cell area is shown with pink color), and 3) a static liquid well. 

The three components were sealed together and placed into a petri dish. (B) A petri 
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dish including media and distal tubule-on-a-chip with inlet and outlet on the top of the 

microfluidic channel. (C) Photograph of epithelial cells in distal renal tubules and their 

alignment with the direction of tubular flow, which generated a shear force. (D) Darby 

Canine Kidney cells were cultured in the chip. The microfluidic flow generated a shear force 

akin to flowing pro-urine in vivo is created by the tubular flow, and after 24h, infection 

with PrV (with capsid protein VP26 fused with eGFP started from the luminal side. Before 

PrV infection, Na reabsorption function was reproduced in DTCs for the tight reabsorption 

barrier, the microvilli on the apical (luminal sided) membrane, and the polarized-distributed 

Na transporters. (E) Na reabsorption in DTCs, P-DTCs and A-P-DTCs. (F) Western Blot 

analyses of NCC and Na+-K+-ATPase in DTCs, Transwell chips, P-DTCs, A-DTCs, A-

Transwell chips and A-P-DTCs (G) Western blot analyses of ZO-1 and acetylated tubulin in 

DTCs, Transwell chips and P-DTCs. Reproduced from [13], with permission from Elsevier.
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Figure 5. 
Microfluidic chamber infected by pseudorabies virus (PRV) to study neuron-to-cell spread 

of infection and viral transport in axons. (A) Microfluidic chamber system, in which 

chambers were fabricated from polydimethylsiloxane (PDMS), and connected by 450 mm 

in length, and 10 mm in width microgrooves. PDMS was attached to a glass coverslip. 

Somal compartment contained rat superior cervical ganglia (SCG) neurons, and the axonal 

compartment conducted axonal growth via the microgrooves. SCG neurons cultured in 

the chamber, polarized and matured after 9 d. (B) Confocal microscopy images showing 
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neurons in the chamber, fixed and stained for phosphorylated neurofilament H, a somato-

dendritic marker, and non-phosphorylated (NonP) neurofilament H, an axon-specific marker. 

(C) Epifluorescent and Hoechst images of PK15 cells in the axonal compartment stained 

with antibodies against the VP5 capsid protein at 20 h after infection. Neurons in the 

somal compartment are not shown. Reproduced from [42], which is an open access article 

distributed in accordance with the Creative Commons Attribution (CC BY) license.
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Figure 6. 
Human gut-on-a-chip to study entering coxsackievirus B1 (CVB1) infection and 

mechanisms of enterovirus pathogenesis. (A) The chip assisted culture of highly 

differentiated human villus intestinal epithelium exposed tofluid flow and peristalsis-like 

motions. (B) Confocal fluorescence images of apically and basally infected gut chips at 6 

and 24 hpi, illustrated horizontal sections at the base, middle and top of the villi (left to right 

columns). Infected chips were stained for CVB1 (green) and nuclei (blue). (C) Epithelium 

compartment gut chips that were uninfected (controls C1 and C2), or infected apically (A1, 

A2, A3) or basally (B1, B2, B3, B4), or infected apically or basally, pro-caspase-3 and 

cleaved caspase-3 levels were visualized on the gel. Reproduced from [17], which is an open 

access article distributed in accordance with the Creative Commons Attribution (CC BY) 

license.
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Figure 7. 
3D microfluidic liver-on-a-chip having co-cultured primary human hepatocytes (PHHs) 

with non-parenchymal cells for studying hepatitis B virus (HBV) infection. Formation of 

physiological hepatic microtissues by three-dimensionally (3D) culturing primary human 

hepatocytes (PHHs). The schematic represents the perfused bioreactor, initiated by the 

circulation of media via a pneumatically driven micro-pump, and the application of a 

collagen-coated scaffold for cell adherence. Cell viability of PHH followed seeding in 

3D construct after 13 days post-seeding. Kinetics of hepatic microtissue formation and 

compared morphologies with 3D spheroid, static two-dimensional (2D) PHH, and self-

assembling co-cultures of PHH (SACC) are shown. Immunofluorescence microscopy of 
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albumin (green) and DAPI (blue) in 2D PHH, 3D spheroid, SACC PHH, and 3D PHH 

cultures after 14 days post-seeding. Reproduced from [57], which is an open access article 

licensed under a Creative Commons Attribution 4.0 International License.
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Figure 8. 
A microfluidic platform to monitor the infection process by recombinant PrV (GFP-PrV) in 

real time and in situ. (A) (i) Schematic diagram showing three-layer microfluidic chip for 

studying viral infection. The chip comprises: (1) a glass slide; (2) a polydimethylsiloxane 

(PDMS) middle layer having eight cell culture chambers (diameter × height: 1mm × 200 

μm) and microfluidic channels (width × height: 200 μm × 40 μm); and (3) a PDMS upper 

layer having inlet and outlet channels (width × height: 200 μm × 40 μm). (ii) Illustration of 

the use of the chip for drug induced viral inhibition with a concentration gradient generator 
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in the upper layer and six cell culture chambers in the middle layer. (iii) Photograph of the 

three-layer chip used for studying viral infection (length × width × height: ~30mm×20mm×6 

mm). (iv) Schematic side view of the three-layer microfluidic chip combined with step flow 

in the cell culture chamber. (B) Fluorescence intensity of group cells during the GFP-PrV 

infection on eight cell culture chambers in a chip. (C) Fluorescence intensity of cells during 

the GFP-PrV infection on microfluidic chips and on Petri dishes (n=16). (D) Nocodazole 

prevention of GFP-PrV infection on the microfluidic chip (MOI=10). Micrographs of Vero 

cells infected by GFP-PrV with different concentrations of nocodazole 0, 2, 4, 6, 8, 10 

lg/ml. The number of cells expressing GFP decreased with the enhanced concentration of 

nocodazole. Reproduced from [60], with permission from the American Institute of Physics.
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Figure 9. 
Three-dimensional (3D) in vitro microphysiological system (MPS) with integrated medium 

flow to investigate oncolytic viruses (OVs) and bystander infection of OVs. (A) Schematic 

illustrating how this infection may occur in vivo (i), microphysiological (MPS) model for 

detecting both oncolytic infection and bystander infection by oncolytic virus spread (ii). 

(B) The bystander infection of oncolytic viruses by linkage of 3D in vitro MPS by an 

experimental procedure. (C) The oncolytic effect of the bystander infection of VSV-GFP 

was assessed by cell death in oncolytic infection and bystander infection of VSV in the 
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MPS with the link system, which confirmed a similar pattern in the linked MPS. (D) The 

fluorescence expression of VSV-G (i) and IFNβ (ii) proteins in MCTs within MPS of the 

no-link system at PI 24 and 72 h. (E) Fluorescence expression of VSV-G (i) and IFNβ (ii) 

proteins in MCTs within MPS of the link system for the bystander effect of VSV-GFP at 

PI 72 h, which confirmed PI time-dependent fluorescence changes in the primary infected 

MPS. Reproduced from [65], which is an open access article distributed in accordance with 

the Creative Commons Attribution (CC BY) license.
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Figure 10. 
A microfluidic device to investigate the inhibitory effect of carrageenan on Dengue virus 

(DENV) infection through monitoring of cellular oxygen consumption rates (OCRs). 

(A) Schematic showing a microfluidic device combined with a light modulation system 

to investigate the inhibitory effect of carrageenan on DENV infection via real-time 

monitoring OCRs by phase-based phosphorescence lifetime detection. The microfluidic 

device comprised an array of glass microwells covered with PtOEP as the oxygen-sensitive 

luminescent layer and a microfluidic module with pneumatically actuated lids set above 
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the microwells to regulate seal the microwells of interest. For cellular OCR measurement, 

a three-step protocol for replenishment of the microwells with fresh medium, entrapment 

of the chamber volume, and measurement of the oxygen concentration by lowering/raising 

the glass lids was followed. (B) Image of the device, which was fabricated using three 

polydimethylsiloxane (PDMS) layers. This microfluidic device comprised a glass substrate 

with 2×2 microwells inside a PDMS microchamber. (C) A close-up of one microwell with 

a pneumatically actuated lid set above it. The glass microwells were etched into the glass 

substrate, and they are 1mm in diameter and 50 μm in depth. (D) Fluorescence images 

of live/dead stained of BHK-21 cells infected in situ by DENV at m.o.i. = 0.5 or 1 at 0, 

5, and 10 hpi. (E) Influence of the time of addition of carrageenan in the post-treatment 

group. Carrageenan was simultaneouslyintroduced to BHK-21 cells with DENV or at hourly 

intervals after adsorption of the virus to the host cells. The inhibitory effect was normalized 

and expressed as (OCRtreat - OCRuntreat)/OCR(n) for the DENV-infected cells with and 

without carrageenan treatment and compared to normal cells. OCRtreat referred as the OCR 

value at 7 h after the addition of 1 mg/ml carrageenan to the DENV-infected cells at m.o.i. 

= 1. The control OCRuntreat referred as the OCR value of the DENV-infected cells without 

carrageenan treatment at the same point in time. OCR(n) de referred as the averaged OCR 

value of normal cells without viral infection and carrageenan treatment. Reproduced from 

[68], with permission from the American Institute of Physics.
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