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Abstract 
Acute respiratory distress syndrome (ARDS) is a severe lung condition with high mortality 

and various causes, including lung infection. No specific treatment is currently available and 

more research aimed at better understanding the pathophysiology of ARDS is needed. Most 

lung-on-chip models that aim at mimicking the air-blood barrier are designed with a 

horizontal barrier through which immune cells can migrate vertically, making it challenging 

to visualize and investigate their migration. In addition, these models often lack a barrier of 

natural protein-derived extracellular matrix (ECM) suitable for live cell imaging to 

investigate ECM-dependent migration of immune cells as seen in ARDS. This study reports a 

novel inflammation-on-chip model with live cell imaging of immune cell extravasation and 

migration during lung inflammation. The three-channel perfusable inflammation-on-chip 

system mimics the lung endothelial barrier, the ECM environment and the (inflamed) lung 

epithelial barrier. A chemotactic gradient was established across the ECM hydrogel, leading 

to the migration of immune cells through the endothelial barrier. We found that immune cell 

extravasation depends on the presence of an endothelial barrier, on the ECM density and 

stiffness, and on the flow profile. In particular, bidirectional flow, broadly used in association 

with rocking platforms, was found to importantly delay extravasation of immune cells in 

contrast to unidirectional flow. Extravasation was increased in the presence of lung epithelial 

tissue. This model is currently used to study inflammation-induced immune cell migration 

but can be used to study infection-induced immune cell migration under different conditions, 

such as ECM composition, density and stiffness, type of infectious agents used, and the 

presence of organ-specific cell types. 
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1. Introduction 

Acute respiratory distress syndrome (ARDS) develops following severe lung injury induced 

by different agents, such as mechanical ventilation, sepsis, or infection (Ranieri et al., 2012). 

Clinically, ARDS is defined by its acute onset, hypoxemia, and radiographic opacities 

(Ferguson et al., 2012; Ranieri et al., 2012). Due to this broad definition, there is significant 

disease heterogeneity, and diagnosis is based on criteria rather than a single diagnostic test. 

Similarly, there is no simple ARDS treatment option (Meyer et al., 2021). On the cellular 

level, acute injury causes an increase in alveolar-capillary barrier permeability, leading to an 

influx of fluid into the lung and severe lung inflammation (Ware and Matthay, 2000). The 

recruitment of peripheral immune cells during the inflammatory cascade is a complex, 

multistep process that is still not completely understood.  Through a complex interaction 

between receptors on immune cells and endothelial cells, immune cells attach to the inflamed 

endothelium and extravasate into the infected tissue (Abbas et al., 2012; Ley et al., 2007; 

Maas et al., 2018). Subsequently, immune cells interact with the surrounding extracellular 

matrix (ECM) in the interstitial space to migrate to the site of infection. 

Standard ARDS models are either animal-based (D’Alessio, 2018) or rely on transwell-insert 

models (Ishii et al., 2021). These models induce direct injury through mechanical ventilation 

or damage-inducing agents such as LPS, or indirectly through intravenous injection or shock 

(Russ et al., 2021). Despite advancements, more advanced models resembling human 

physiology are needed to better understand ARDS in humans, as animal immune systems 

differ (Masopust et al., 2017; Mestas and Hughes, 2004). Standard in vitro models using 

human cells have their own limitations, as they tend to be oversimplified and do not capture 

key aspects of the cellular environment. Organ-on-chip (OOC) models have the ability to 

imitate specific elements of the organ-specific cellular environments (Bhatia and Ingber, 

2014), and recapitulate tissue-level information allowing for comparison with clinical data 

(Guenat et al., 2020). Lung-on-chip models offer an opportunity to mimic complex 

multicellular in vitro studies providing phenotypical endpoints (Artzy-Schnirman et al., 

2021). Both lung infection (Huh et al., 2010) and lung inflammation (Sengupta et al., 2022) 

have been modelled in immunocompetent lung-on-chip models. These lung models were 

used to analyze immune cell attachment and migration in response to LPS-induced 

inflammation (Sengupta et al., 2022), E. Coli infection (Huh et al., 2010), or to assess SARS-

COV2 infection-related damage (Thacker et al., 2021; Zhang et al., 2021) and consist of two 

compartments, an endothelial and an epithelial channel separated by a porous 

polydimethylsiloxane (PDMS) membrane in a vertical configuration (Francis et al., 2022; 

Huh et al., 2010). The visualization of immune cell migration through live imaging in such 

settings is suboptimal since imaging of an entire z-stack at multiple time-points is required, 

which is time-consuming and complicates analysis. A more convenient solution is to use an 

inflammation-on-chip model with two parallel channels separated by a hydrogel barrier in a 

horizontal orientation enabling convenient visualization of the immune cells migrating 

through the hydrogel barrier in a single plane (de Haan et al., 2021; Gjorevski et al., 2020; 

McMinn et al., 2019; Riddle et al., 2022; Wu et al., 2015). In addition, hydrogel barriers used 
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in these models better reflect the ECM than PDMS membranes used in most lung-on-chip 

systems (Huh et al., 2010; Stucki et al., 2015). 

Visualizing immune cell extravasation from a blood vessel during an infection can be done 

using an inflammation-on-chip model. This involves forming a microvessel  alongside (de 

Haan et al., 2021; Han et al., 2012; Menon et al., 2017; Riddle et al., 2022; Wu et al., 2015) 

or inside (Hind et al., 2021; McMinn et al., 2019) a hydrogel layer and then inducing an 

inflammation in a separate compartment. This generates a chemotactic gradient across the 

hydrogel that attracts immune cells. The extent of immune cell extravasation can be 

quantified either by imaging (de Haan et al., 2021; Riddle et al., 2022) or by counting the 

number of cells that have crossed into the hydrogel area (McMinn et al., 2019). To 

investigate immune cell migration towards tumor tissue, live imaging and automated tracking 

of immune cells has been carried out (Li et al., 2022). However, this automated analysis of 

immune cell extravasation and migration has not been carried out in the context of 

inflammation yet. 

A recent study using an inflammation-on-chip model revealed that neutrophil migration is 

influenced by the composition of the hydrogel, with a higher number of neutrophils crossing 

into a hydrogel made of a collagen-geltrex mixture compared to collagen I alone (Riddle et 

al., 2022). This underlines the importance of the ECM composition in inflammatory 

processes. The combination of multiple cell types (neutrophils-intestinal cells-tissue resident 

immune cells) was also found to be critical to mimic the complex inflammatory signaling in a 

gut inflammation-on-chip model (Gjorevski et al., 2020). Another aspect affecting immune 

cell extravasation during inflammation is whether or not microvessels are perfused. Many 

studies have used static conditions, based only on the diffusion of the chemoattractant, to 

create a chemotactic gradient (Han et al., 2012; Hind et al., 2021; McMinn et al., 2019; Wu et 

al., 2015). More recently, some studies (de Haan et al., 2021; Gjorevski et al., 2020; Riddle et 

al., 2022) have used rocking platforms that generate bidirectional flow with a hydrostatic 

pressure difference in the microvessels. Although these systems are popular due to their ease 

of use – they do not need any pumps nor tubings – the bidirectional flow created is non-

physiological. Thacher et al. reported that bidirectional shear stress causes proinflammatory 

effects on endothelial cells (Thacher et al., 2007). Recent research by Shuler and colleagues 

(Wang and Shuler, 2018) also revealed that the response of endothelial cells to bidirectional 

flow differs from that of unidirectional flow, leading to a misalignment of cells with the flow 

and disruption of VE-cadherin networks. However, to date, no one has demonstrated the 

effects of bidirectional flow on immune cell extravasation. 

This study presents an inflammation-on-chip model composed of endothelial cells, a hydrogel 

barrier, and lung epithelial cells. Extravasation and migration of immune cells (peripheral 

blood mononuclear cells (PBMC)) into the hydrogel are investigated for the first time as a 

function of the following parameters: the flow profile (unidirectional and bidirectional), the 

density and stiffness of the hydrogel, and the presence or absence of lung epithelial cells. The 

analysis is based on real-time images, and the barrier functions carried out using permeability 

assay and immunofluorescence staining. Inflammation is induced with the bacterial 

chemotactic agent N-Formylmethionyl-leucyl-phenylalanine (fMLP) perfused in the 

epithelial channel, creating a concentration gradient across the hydrogel barrier. Lung 

inflammation on chip based on human lung endothelial and epithelial cells is also presented. 

Finally, a new image analysis tool is presented to rapidly quantify the number and position of 
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migrating immune cells over time. This work highlights the importance of the choice of the 

perfusion mode, of the hydrogel matrix properties, and of the cell type.  

 

2. Methods 

2.1. Design and fabrication of the microfluidic chip 

A mold of the chip was designed using Solidworks (Dassault Systems, France). Chips were 

formed from PDMS 184 (Dow Corning, USA) bonded to standard glass coverslips (VWR, 

USA). Briefly, a prepolymer was mixed 10:1 with a curing agent, degassed, poured into a 

mold, and cured at 60°C overnight. Cured PDMS was lifted from the mold, and reservoirs 

were punched using biopsy punchers. The PDMS chips were oxygen plasma bonded 

(Henniker plasma, UK) to glass coverslips. After plasma bonding, chips were stored at 60°C 

overnight to increase bonding strength, and, prior to use, chips were sterilized in an 

ozone/UV chamber (CoolClave, Genlantis, USA) for 15 minutes. 

 

2.2. Cell culture 

Immune cells (PBMCs) were isolated from buffy coat using a ficoll separation gradient, per 

manufacturer instructions (Lymphoprep, Stemcell Technologies, Canada). After isolation, 

PBMCs were used fresh or frozen until use. PBMCs were cultured in RPMI media with 

glutamax (Gibco, USA) supplemented with 10% FBS (Sigma, USA) and 1% Pen/Strep 

(Sigma, USA). The usage of donor-derived PBMCs was approved by the local blood 

donation center (SRK Bern).  

Human umbilical vein endothelial cells (HUVECs, Gibco, USA) were cultured in endothelial 

growth media (EGM-2, Lonza, Switzerland) supplemented according to the manufacturer’s 

instructions (EGM-2 BulletKit, Lonza, Switzerland). For passaging, HUVECs were 

incubated in TrypLE Express (Gibco, USA) for 4 minutes at 37°C and centrifuged at 200xg 

for 5 minutes. HUVECs were used between passages four and seven. 

Human pulmonary microvascular endothelial cells (hPMECs, Promocell, Germany) were 

cultured in EGM-2MV (Lonza, Switzerland) supplemented according to the manufacturer’s 

instructions (EGM-2MV BulletKit, Lonza, Switzerland). For passaging, hPMECs were 

incubated in TrypLE Express (Gibco, USA) for 7 minutes at 37°C and centrifuged at 200xg 

for 5 minutes. hPMECs were used between passages four and seven. 

For the culture of 16HBE14o cells (gift from Dr. Gruenert, University of California, San 

Francisco), flasks were coated with coating solution (0.01% BSA (bovine serum albumin, 

Sigma, USA) in MEM media supplemented with 30µg/ml bovine collagen (Advanced 

Biomatrix, USA) and 10µg/ml bovine fibronectin (Corning, USA)) for 3 hours at 37°. The 

cells were cultured in MEM (Gibco, USA) supplemented with 10% FBS (Sigma, USA), 1% 

L-Glutamine (Gibco, USA), and 1% Pen/Strep (Gibco, USA). For passaging, the cells were 

incubated in TrypLE Express (Gibco, USA) for 6 minutes at 37°C and centrifuged at 200xg 

for 3.5 minutes. 

All cells were cultured at 37°C with 5% CO2. As all cells, apart from the PBMCs, are 

obtained from commercially available sources, no ethical approval was needed. 
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2.3. Microfluidic culture 

Fibrin hydrogels were formed by mixing a solution of 2U thrombin (Sigma, USA) in EBM-2 

(Lonza, Switzerland) with 10mg/ml, 20mg/ml or 30mg/ml fibrinogen (Sigma, USA) at a 1:1 

ratio to obtain 5mg/ml (Hyd
Low

), 10mg/ml (Hyd
Mid

) and 15mg/ml (Hyd
High

) fibrin hydrogels 

with 1U thrombin, respectively. Mixing was carried out on ice, and gel solution was added to 

the chip immediately after mixing. The gels were incubated at 37°C for 15 minutes to 

completely polymerize. After gelation, the cell channels were coated with polydopamine 

(PDA, Sigma, USA) for 24 hours, washed with sterile ddH2O three times, and coated for two 

hours with a solution containing 50μg/ml bovine collagen (Advanced Biomatrix, USA) and 

100µg/ml bovine fibronectin (Corning, USA). Chips were washed three times with ddH2O 

before cell seeding. 

1 µl of HUVECs in suspension was seeded on the chip at a concentration of 4x10
7
 cells/ml in 

EGM-2, resulting in a seeding concentration of 4x10
4
 cells per chip. The chip was placed in 

the incubator at a 45° angle for 15 minutes to allow for endothelial cell attachment at the 

hydrogel barrier. The chip was then placed on a rocking platform (Mimetas, Netherlands) at a 

7° angle with a rocking interval of 8 minutes for 2.5 hours until flushing non-adhered cells. 

After flushing, endothelial cells in EGM-2 supplemented with 37.5ng/ml VEGF (Miltenyi 

Biotech, Germany) were grown to confluency on chip on the rocking platform until 

experimentation. The bidirectional flow induced by the rocking platform provides the 

endothelial cells with fresh nutrients from the media reservoirs (Baeyens et al., 2016).  Media 

was exchanged every 24 hours.  

For coculture experiments, hPMECs and 16HBE epithelial cells were seeded at the same 

timepoint. First, 1 µl of hPMECs in suspension was seeded at a concentration of 2x10
7
 

cells/ml, resulting in a seeding concentration of 2x10
4
 cells per chip. The seeding procedure 

was identical to the HUVEC seeding procedure described above. After endothelial cell 

attachment, 16HBE epithelial cells were seeded in the opposite channel, with 2x10
4
 cells per 

chip. The chip was placed in the incubator for 30 minutes to allow for epithelial cell 

attachment and then cell culture media was added to prevent drying out of the chip. After 2.5 

hours, the channels were flushed and the chip was placed on a rocking platform (Mimetas, 

Netherlands) at a 7° angle with a rocking interval of 8 minutes to grow the cells to 

confluency. Media was exchanged every 24 hours. 

 

2.4. Scanning electron microscopy 

For scanning electron microscopy (SEM), fibrin hydrogels were produced on gold-coated 

coverslips. Sample preparation was carried out as previously published (Strässle et al., 2021). 

Briefly, the hydrogels were hydrated with PBS and subsequently fixed with 2.5% 

glutaraldehyde (Merck, USA) in 0.1M cacodylate buffer. After postfixation with 1% OsO4 in 

0.1M cacodylate buffer and dehydration through an ascending ethanol series, samples were 

dried by evaporation of Hexamethyldisilazane and mounted onto aluminum stubs. Then, a 

platinum coating by electron beam evaporation was carried out, and samples were analyzed 

on a Zeiss DSM982 Gemini SEM. 
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2.5 Rheology 

To measure the mechanical properties of the bulk fibrin gel, we performed rheological 

measurements using a MCR 301 rheometer (Anton Paar, Austria) with a parallel plate 

geometry of 25 mm diameter (PP25, SN21182) and a gap size of 200 μm. Hydrogels with 

different concentrations of fibrin (Hyd
Low

, Hyd
Mid

 and Hyd
High

, each of  150 μL volume) were 

prepared in situ on the rheometer stage, (following the protocol mentioned in section 2.3) 

which was maintained at a constant temperature of 37 °C and the excess gel was trimmed 

before the start of the experiment. To prevent dehydration of the gel during the process of 

gelation, 200 μL silicone oil with viscosity 9.3 mPa.s (Brookfield viscosity standards, USA) 

was added to the exposed part of the gel. Oscillatory time-sweep measurements were 

performed at a strain of 0.5 % and a frequency of 0.5 Hz (since the storage and the loss 

moduli of fibrin are independent of frequency below 1 Hz (Xia et al., 2021)), and  the storage 

(G’) and loss modulus (G’’) were measured up to 15 min after gelation, when a plateau was 

reached. The G’ and the G’’ are related via equation 1, where G* is the complex modulus.  

𝐺∗ = 𝐺′ + 𝑖𝐺′′ (Equation 1) 

To calculate a Young’s modulus, equation 2 is used: 

𝑌 = 2𝐺 (1 + 𝜈) (Equation 2) 

To estimate a Young’s modulus (Y) from the storage modulus, the following approximations 

can be used according to literature: 1) At low amplitudes (0.5%) and low frequency (0.5Hz), 

the storage modulus (G’) equals the linear shear modulus (G) (Xia et al., 2021) and 2) the 

Poisson’s ratio (ν) for fibrin can be considered to be 0.5 (Becerra et al., 2021). Based on this, 

equation 2 can be simplified to Y = 3*G. 

 

2.6. Flow cytometry 

PBMCs were isolated from buffy coat as described above. Freshly isolated PBMCs, frozen 

and thawed PBMCs, dyed PBMCs, and PBMCs exposed to 100ng/ml LPS (Sigma, USA) 

were analyzed using flow cytometry. PBMCs were stained at 4°C with the following 

antibodies: anti-CD56 (5.1H11, Biolegend, USA), anti-CD56 (HCD56, Biolegend, USA), 

anti-CD3 (OKT3, Biolegend, USA), anti-CD16 (3G8, BD Bioscience, USA), anti-CD4 

(OKT4, Biolegend, USA), anti-CD8a (SK1, Biolegend, USA), anti-CD14 (M5E2, Biolegend, 

USA), Live Dead Fixable Blue (Thermofisher, USA). Samples were acquired using a LSRII 

SORP device (BD Bioscience, USA) and analyzed with Flowjo (version 10.8.1, BD, USA). 

 

2.7. Permeability 

To perform permeability testing, chips were taken from the incubator at the desired 

timepoint, and the media was removed from the media channels. 70kDa RITC-dextran 

solution (Sigma, USA, 1mg/ml in PBS) was added to the endothelial/immune cell channel 

and allowed to diffuse through the hydrogel. Pictures were taken every 10 seconds for 5 

minutes on an EVOS M7000 microscope (Thermo Fisher, USA) to obtain a timelapse video 

of dye diffusion. The apparent permeability coefficient (Papp) was calculated according to 

equation 3 (Ho et al., 2017). 
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(Equation 3) 

 

CECM: concentration (measured through dye intensity) of the dye in the ECM 

VECM: volume of the ECM compartment 

AEC: surface of the endothelial monolayer interfacing with the ECM 

CVessel: concentration (measured through dye intensity) of the dye in the vessel 

(microchannel) 

 

2.8. Inflammation assays 

Immediately before the inflammation assays, PBMCs were thawed and stained with PkH67 

fluorescent green marker (Sigma, USA) according to the manufacturer’s protocol. Two types 

of inflammation assay were carried out: 1) under unidirectional, constant flow using a 

peristaltic pump and 2) under bidirectional, non-constant flow using a rocking platform. 

Pump-controlled flow is unidirectional and a stable, constant flow rate can be maintained, 

mimicking the unidirectional circulation in the human body. Placement of microfluidic chips 

on a rocking platform leads to bidirectional, non-constant flow, a flow profile not observed in 

the human body. In both assays, endothelial and epithelial cells were grown to confluency by 

culturing the cells on chip on a rocking platform for 48 hours until the start of the 

inflammation assays. During the inflammation assays, stained PBMCs and the fMLP 

chemoattractant were perfused through the chips, either with a pump or on a rocking 

platform.  

For unidirectional flow experiments with immune cells only, gel-filled chips were connected 

to a peristaltic pump (Ismatec, Switzerland) and placed under a microscope with an 

incubation chamber (Nikon Eclipse TI-E, Nikon, Japan) for live imaging. Stained PBMCs 

(200,000 cells per chip) were perfused through the endothelial/immune cell channel (2µl/min 

flow rate) with the peristaltic pump placed after the chip and no recirculation of immune 

cells, to prevent immune cells stressed by the pressure inside the peristaltic pump from 

entering the chip. 100ng/ml fMLP (Sigma, USA) or PBS was perfused through the 

chemoattractant channel at the same flow rate. The chips were imaged every 5 minutes for 90 

minutes (PBMC only). 

For unidirectional flow experiments in coculture, either hPMECs and 16HBEs (lung model) 

or HUVECs (endothelial vessel model) were cultured on chip for 48 hours until the start of 

the experiment. The chips were attached to a peristaltic pump (Ismatec, Switzerland) and 

placed under a microscope with an incubation chamber (Nikon Eclipse TI-E, Nikon, Japan) 

for live imaging. Stained PBMCs (200,000 cells per chip) were perfused through the 

endothelial/immune cell channel (2µl/min flow rate) with the peristaltic pump placed after 

the chip and no recirculation of immune cells, to prevent immune cells stressed by the 

pressure inside the peristaltic pump from entering the chip. 100ng/ml fMLP (Sigma, USA) or 

PBS was perfused through the epithelial/chemoattractant channel at the same flow rate. The 

chips were imaged every 5 minutes for 4 hours to obtain timelapse videos. 

𝑃𝑎𝑝𝑝 =
𝑑𝐶𝑒𝑐𝑚

𝑑𝑡
× (

𝑉𝑒𝑐𝑚

𝐴𝑒𝑐 × 𝐶𝑣𝑒𝑠𝑠𝑒𝑙
)   
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For bidirectional flow experiments, stained PBMCs (200.000 cells per chip) were seeded into 

the endothelial/immune cell channel of gel-filled chips with HUVECs. 100ng/ml fMLP or 

PBS was added to the chemoattractant channel. The chips were placed on a rocking platform 

at a 4° angle with rocking intervals of 8 minutes, to obtain a median flow rate of 2µl/min 

(calculations in supplementary table 1). Chips were imaged after 4, 24 and 48 hours of 

incubation.  

 

2.9. Immunohistochemistry 

All steps were carried out at room temperature, except when indicated otherwise. Chips were 

washed 3 times with PBS, fixed for 12 minutes with 4% PFA (Invitrogen, USA), and washed 

again 3 times with PBS. For cell permeabilization, samples were incubated in 0.1% Triton X-

100 (Sigma-Aldrich, USA) for 10 minutes. After washing 3 times with PBS, blocking was 

done for 1 hour with a 2% BSA in PBS solution. Then, the primary antibody (anti PECAM-1, 

Cell Signaling, USA) diluted 1:100 in blocking solution was added and incubated at 4°C 

overnight. After washing 3 times with PBS, a secondary antibody (1:500, anti-mouse 488 or 

anti-mouse 546, Invitrogen, USA), Hoechst (1:1000, Sigma, USA), and phalloidin 670 

(1:150, Acti-Stain, Cytoskeleton, USA) in blocking buffer were added and incubated for 2 

hours. The chips were washed 4 times with PBS and imaged on a confocal microscope (Zeiss 

LSM710 and LSM980, Zeiss, Germany). 

 

2.10. Automated analysis of immune cell migration 

Migration of immune cells inside the hydrogel was analyzed with an automated analysis 

pipeline. The migration distance was measured as the vertical distance between the immune 

cell and the endothelial barrier. The endothelial barrier was detected as a bright line in the 

phase contrast image and modelled as a line. Immune cells were detected in the phase-

contrast image using multi-template matching (in order to detect in- and out-of-focus cells) 

and false-positives filtered out based on the fluorescence intensity measured inside the cells. 

Using the locations of the endothelial barrier and of the immune cells, the migrated distance 

was measured for each time point and summarized in histograms. The Python analysis 

pipeline can be found at https://github.com/guiwitz/mfdiffusion and uses numerous open-

source packages including jupyter (Kluyver et al., 2016), numpy (Harris et al., 2020), pandas 

(Pandas Development Team, 2020), scikit-image (Van Der Walt et al., 2014), scikit-learn 

(Pedregosa et al., 2012), matplotlib (Hunter, 2007) and seaborn (Waskom et al., 2020). 

 

2.11. Statistics 

Statistical analysis was performed using Graphpad Prism 9 software (Graphpad, USA). 

Sample size, test type, and data representation is indicated in each graph. 
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3. Results  

3.1. Chip design  

The inflammation-on-chip model is a three-channel PDMS-based microfluidic model (figure 

1). Figure 1A shows a picture of a chip filled with dye; figure 1B-D show a schematic 

overview of the chip from various angles. The hydrogel is contained in the 50 µm high 

central channel by capillary barriers formed on either sides of the channel at the interface 

with the higher adjacent channels (200µm high, figure 1D). This abrupt geometrical change 

leads to a sharp increase of the contact angle, which stops the hydrogel flow at the channel 

edge during filling and thus contains the hydrogel in the central channel. The hydrogel 

channel is flanked by two equally sized, perfusable side channels, allowing for bidirectional 

fluid flow when placed on a rocking platform or unidirectional flow using a peristaltic pump. 

The blood vessel space is modeled in the endothelial/immune cell channel, with an 

endothelial lining and immune cell perfusion (figure 1D). The opposite channel represents the 

inflamed area, with perfusion of a chemoattractant and culture of lung epithelial cells (named 

chemoattractant channel from here). A stable chemotactic gradient across the hydrogel is 

established by constant pump-based perfusion of immune cells and chemoattractant at an 

equal flow rate. 
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Figure 1. Inflammation-on-chip design. The inflammation-on-chip model consists of three PDMS-

molded channels. A) Picture of a chip with dye inside the channels. B) Schematic design of the whole 

chip, top view. C) Schematic of the three fluidic channels from a top view. D) Schematic of the chip 

from a side view. The 50µm central hydrogel channel is flanked by two side channels: the 

endothelial/immune cell channel and the epithelial/chemoattractant channel. 

 

3.2. Hydrogel barrier formation 

Three different fibrin hydrogels (Hyd
Low

, Hyd
Mid

 and Hyd
High

) were used. SEM imaging and 

a permeability assay with 70kDa RITC-dextran showed a significant difference in hydrogel 

morphology and apparent permeability between these three hydrogels (figure 2A and 2B). In 

addition, rheological testing revealed an increase in storage and loss modulus with increasing 

fibrin protein content inside the hydrogel (figure 2C and supplementary figure 1). Immune 

cells were seeded on Hyd
Low

 and Hyd
High

 hydrogels and exposed to standard culture media 

(RPMI) or culture media supplemented with 100ng/ml of the chemotactic peptide N-formyl-

methionyl-leucyl-phenylalanine (fMLP). SEM imaging showed that fMLP exposure, but not 
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hydrogel type, altered immune cell morphology (supplementary figure 2). Overall, fibrin 

hydrogels could be added to the chip allowing the study of immune cell migration through 

different hydrogels. 

 

 

Figure 2. Barrier formation in inflammation-on-chip. Hydrogels (Hyd
Low

, Hyd
Mid

 and Hyd
High

) 

were processed for SEM and permeability measurements. HUVECs were cultured on chip in the 

endothelial/immune cell channel and processed for immunohistochemistry and permeability 

measurements. A) SEM images of hydrogels display different morphologies. Scale bar: 2µm. N=2 
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gels per condition B) A RITC-dextran-based apparent permeability assay shows decreased Papp in 

Hyd
High

 compared to Hyd
Mid

 and Hyd
Low

 hydrogels. N=15 chips per condition. Graphs show mean 

with SD. C) Rheological testing shows an increase in storage modulus with increasing fibrin protein 

content in the hydrogel. N=3-4 hydrogels per condition. Graph shows mean with SD and individual 

data points. D) Immunohistochemistry shows a confluent endothelial layer (right) in a 3D structure 

alongside the hydrogel and lining the channel (left). Green: PECAM-1, red: actin, blue: nuclei. Scale 

bar: 100µm. E) With HUVECs present, Papp depends on hydrogel type. N=8-12 chips per condition, at 

least 3 independent experiments. Graph shows mean with SEM. Statistics: ANOVA with Tukey’s 

multiple comparison test. *0.05 < p < 0.01. **** p < 0.0001. 

 

3.3. Endothelial barrier formation 

HUVECs were seeded in the endothelial/immune cell channel and cultured on a rocking 

platform to form a continuous, tight endothelial barrier alongside the hydrogel. Staining with 

PECAM-1 and actin displayed a continuous barrier alongside the hydrogel, which was 

visualized in 3D (figure 2C and supplementary video 1). Furthermore, adding HUVECs into 

the channel decreased barrier permeability (supplementary figure 3) in all hydrogel 

conditions to values in the range of 10
-5

 cm/s, but also with HUVECs, barrier permeability 

was hydrogel-dependent, with HUVECs alongside Hyd
High

 hydrogels showing the lowest 

permeability. In addition, HUVECs barrier permeability was stable over the entire culture 

period (supplementary figure 3C). 

 

3.4. Immune cell characterization  

Since this study focused on the migration of peripheral blood immune cells, peripheral blood 

mononuclear cells (PBMCs) were used as an immune cell population. Gating strategies to 

distinguish major immune lineages (monocyte subsets and lymphocytes) are illustrated in 

Figure 3A. There was no observable shift in major PBMC populations between fresh and 

frozen PBMCs (Figure 3B, supplementary figure 4). In addition, staining of PBMCs using the 

PkH67 labeling dye did not change PBMC composition (Figure 3B, supplementary figure 4). 

However, activating PBMCs with LPS led to a reduction in monocyte frequencies (figure 

3B). The concentration of fMLP chemoattractant used in the ensuing migration assays did not 

alter the composition of the different PBMC populations (supplementary figure 4). In general, 

the percentage of classical monocytes was elevated compared to literature (Lee et al., 2017), 

with 85% classical monocytes reported in literature compared to 95% classical monocytes in 

our patient samples. However, the fraction of classical monocytes was similar between 

patients, indicating a consistent shift of populations compared to literature that does not affect 

the migration assay. Taken together, these data show that freeze/thaw and/or PkH67 labeling 

does not affect PBMC composition, thereby pinpointing the suitability of the experimental 

setting used in our study to mimic in vivo physiological conditions.  
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Figure 3. Characterization of PBMC subpopulations. PBMCs were isolated from buffy coat and 

either used fresh or frozen for later use. Different treatments of PBMCs were compared. All cells 

were stained and analyzed by flow cytometry. A) Gating strategy used in the flow cytometry analysis 

to distinguish the indicated immune populations among PBMCs. B) Fraction (%) of monocytes 

present in the non-lymphocyte population following different treatments. N=3 individual donors. 

Graphs show mean with SD. Statistics: ANOVA with Tukey’s multiple comparison test. *0.05 < p < 

0.01. **0.01 < p < 0.001. 

 

3.5. Endothelial barrier is necessary for immune cell extravasation 

Next we tested how immune cells react to exposure to a chemotactic gradient without the 

presence of other cell types or with an endothelial barrier present. To this end, immune cells 

were first perfused through the uncoated endothelial/immune cell channel, with simultaneous 

perfusion of PBS or the chemoattractant fMLP through the chemoattractant channel. In a 

static system, the chemoattractant will diffuse through the chip over time, and the gradient is 

lost. Thus, to create a stable chemoattractant gradient, fMLP was perfused through the system 

simultaneously with the immune cells using a peristaltic pump. Live imaging for 90 minutes 

showed non-specific attachment of immune cells to the chip when exposed to PBS (figure 4A 

(top left) and supplementary videos 2 and 4). However, when exposed to fMLP, immune 

cells migrated towards, but not into, the hydrogel barrier (figure 4A, supplementary figure 5A 

and supplementary videos 3 and 5). The attachment of dyed immune cells to the hydrogel 

was assessed by measuring the mean fluorescence intensity at the hydrogel barrier 

(supplementary figure 5B/C). Analysis revealed an increase in attachment over time 
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(supplementary figure 5D), with both Hyd
Low

 and Hyd
High

 hydrogels. In contrast, when an 

endothelial barrier was present, immune cells extravasated from the endothelial vessel into 

the hydrogel space (figure 4A and supplementary figure 6). Thus, without an endothelial 

vessel, immune cells were able to sense the chemotactic gradient and migrated towards the 

gradient, but not into the hydrogel, but presence of an endothelium was necessary to induce 

transmigration into the hydrogel environment. 
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Figure 4. Immune cells extravasate during inflammation in a hydrogel-dependent manner. 

PBMCs were thawed and dyed with green fluorescent dye. PBMCs were perfused through the 

endothelial/immune cell channel, while PBS or fMLP was perfused through the opposite channel. 

Migration was followed for up to 4 hours. A) Representative images of the inflammation assay 

                  



16 

without (left) and with (right) endothelial cells, without (top) and with (bottom) chemoattractant 

fMLP. Scale bar: 200µm. White arrow: direction of migration. B) Representative images of PBMC 

attachment and transmigration across the endothelial barrier at t = 4h. Scale bar: 200µm. White arrow: 

direction of migration. C) Quantification of the number of immune cells extravasated into the 

hydrogel at t = 4h. Graph shows individual data points with median. D) Migration distance of 

immune cells inside the hydrogel at t = 4h. Data represented per chip sample. E) 

Quantification of mean fluorescent intensity in the hydrogel over time shows extravasation only with 

Hyd
Low

 and Hyd
Mid

 with fMLP. N=4-8 chips per condition, at least three independent experiments. 

Graph shows mean with SEM. Statistics: ANOVA with Tukey’s multiple comparison test. *0.05 < p 

< 0.01. 

 

3.6. Immune cells transmigrate into the hydrogel dependent on hydrogel type 

For the inflammation assay, immune cells were perfused for 4 hours through the endothelial 

vessel, either in healthy (PBS) or inflamed (fMLP) conditions. When exposed to PBS, a 

fraction of the immune cells interacted with the endothelial cells through temporary 

attachment but did not show any specific (trans)migration (supplementary figure 6A and 

supplementary videos 6, 8 and 10). On the other hand, chemoattractant exposure induced 

immune cell migration towards the chemoattractant channel (figure 4B and supplementary 

video 7 and 9). Transmigration of immune cells into the hydrogel depended on hydrogel type, 

with immune cells transmigrating into Hyd
Low

 and Hyd
Mid

 but not into Hyd
High

 (figure 4B and 

supplementary videos 7, 9 and 11).  Quantifying the number of immune cells inside the 

hydrogel at t=4h showed variability in the number of immune cells transmigrating into the 

fMLP-exposed chips with Hyd
Low

 and Hyd
Mid

 (figure 4C). This is likely due to the inherent 

variation of PBMCs as a population leading to a difference in the amount of migrating cells 

added to a chip. Although not significant due to the variability in number of extravasated 

immune cells, a trend can be observed with a lower number of immune cells extravasating 

into the Hyd
Mid

 condition compared to Hyd
Low

, corresponding with the lower permeability of 

Hyd
Mid

 hydrogels. The mean fluorescence intensity of the PBMCs inside the hydrogel was 

measured using timelapse imaging to assess immune cell extravasation (figure 4E). An 

increase in fluorescence intensity, indicating localization of immune cells in the hydrogel, 

over time was observed in the Hyd
Low

 and Hyd
Mid

 with fMLP conditions (figure 4E). 

Through automated detection of immune cells, the distance of immune cells from the 

endothelial barrier after 4 hours of fMLP exposure was assessed. Figure 4D shows the 

migration distance of immune cells per chip sample. It is visible that there is variability in the 

number of immune cells extravasated per chip and their migration distance, but a general 

trend of more and further migration in Hyd
Low

 compared to Hyd
Mid

 ECM can be observed. 

Automated detection of migration distance was also carried out over time (supplementary 

figure 6B). Here, all immune cells and their migration distance at each imaged timepoint are 

depicted, but from one chip sample only. This shows that very detailed migration data can be 

extracted from this migration assay. In summary, hydrogel-dependent transmigration 

experiments indicated that immune cell transmigration is dependent not solely on 

chemoattractant concentration and immune cell-endothelial cell interactions but also on the 

ECM environment behind the endothelial barrier. 

To investigate the effect of endothelial barrier tightness on immune cell migration, 

endothelial cells cultured for 24 and 48 hours were exposed to PBMCs and fMLP, and 

migration was quantified. After 24 hours of culture, the endothelial barrier was not yet 
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confluent, which it was after 48 hours of culture. Thus, more immune cells extravasated after 

24 hours than 48 hours in the fMLP Hyd
Low

 condition (supplementary figure 7A). However, 

no immune cells extravasated into the Hyd
High

 hydrogel (supplementary figure 7A). These 

results were verified by measuring the mean fluorescence intensity inside the hydrogel over 

time and automated analysis of immune cell migration distance (supplementary figure 7B-D). 

Overall, these results showed that even though the endothelial barrier was not confluent at the 

earlier timepoint, the hydrogel-dependent extravasation of immune cells still persisted. 

 

3.7. The endothelial barrier is affected by immune cell media 

To minimize immune cell activation, PBMCs were perfused in RPMI media, the standard 

culture media for PBMCs.(Hønge et al., 2017) The RPMI media is different from the EGM-2 

media HUVECs are normally cultured in. Thus, HUVECs were grown to confluency in 

EGM-2, and RPMI media with or without PBMCs was added to the endothelial/immune cell 

channel to assess the effect of RPMI on HUVEC barrier formation. PBS or fMLP was then 

added to the chemoattractant channel, and chips were incubated on a rocking platform for 4 

hours. PBMC-free RPMI media significantly changed HUVEC morphology (supplementary 

figure 8A) compared to the endothelial growth media EGM-2. Furthermore, RPMI decreased 

the levels of actin and PECAM-1, a cell barrier protein in HUVECs (supplementary figure 

8B/C). However, when HUVECs were treated with PBMCs in RPMI media, there was no 

apparent effect on actin and PECAM-1 expression, most likely due to staining of the PBMCs 

masking the endothelial staining (supplementary figure 8D/E). The RPMI-induced decrease 

in HUVEC barrier protein expression caused an increase in apparent permeability 

(supplementary figure 8F), which was further enhanced when combining RPMI with PBMCs 

and fMLP (supplementary figure 8G). Thus, endothelial cells form a tight barrier on the chip 

which is altered by exposure to RPMI media. The decreased barrier tightness can be further 

enhanced by adding PBMC perfusion and fMLP exposure. 

 

3.8. Immune cells sense flow profile and react differently on chip 

A main advantage of the inflammation-on-chip design is the possibility to flexibly adapt the 

flow profile inside the microfluidic channels. To perform the inflammation assays depicted in 

figure 4, unidirectional, pump-based flow was applied. For establishing the endothelial 

barrier, the cells were cultured under bidirectional, non-constant flow on a rocking platform. 

Though unidirectional flow is more similar to the in vivo situation than a non-constant, 

bidirectional flow, the ease of use of placing a collection of chips on a rocking platform has 

led to widespread usage of bidirectional flow as a method to apply shear stress in 

microphysiological systems, and to investigate immune cell migration. Thus, the 

inflammation assay was carried out under unidirectional and bidirectional flow. The number 

of PBMCs, exposure of fMLP and median flow rate was kept the same between the two 

conditions, to assess the effect of flow type only. After 4 hours of exposure to the fMLP 

chemoattractant under bidirectional flow, immune cell attachment to the endothelium was 

observed, but no immune cells had transmigrated into the hydrogel (figure 5). In contrast, 

after 4 hours of exposure to the fMLP chemoattractant under unidirectional flow, the acute 

inflammation led to acute extravasation and migration of immune cells (figure 4 and 5). An 

inflammatory stimulus was still detected by the immune cells under bidirectional, non-
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constant flow, as shown by the immune cell migration observed after 24 and 48 hours in the 

fMLP-stimulated inflamed condition (supplementary figure 9). The flow type did not have a 

significant effect on endothelial barrier proteins (supplementary figure 10), indicating that the 

delayed onset of extravasation is an effect of the bidirectional non-constant flow profile on 

the immune cells. This result highlights the importance of physiological flow conditions for 

investigating immune cell migration during inflammation, specifically with regards to flow 

direction and constancy of flow profiles. 

 

 

Figure 5. Bidirectional flow showed reduced migration of immune cells. The inflammation assay 

was carried out under unidirectional constant flow with a pump and under bidirectional non-constant 

flow on a rocking platform for 4 hours. A) Representative images of fMLP-exposed chips under 

unidirectional and bidirectional flow after 4 hours. B) Quantification of the number of transmigrated 
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immune cells in the inflammation assay under bidirectional and unidirectional flow. N=4-8 chips per 

condition, at least three independent experiments. Statistics: ANOVA with Tukey’s multiple 

comparison test. *0.05 < p < 0.01. 

 

3.9. Immune cells transmigrate during inflammation in a lung-on-chip 

We have shown that the inflammation-on-chip can be used to model immune cell 

transmigration from a blood vessel toward an ECM environment. The inflammation-on-chip 

was further developed to investigate lung inflammation-on-chip. hPMECs were seeded in the 

endothelial/immune cell channel and co-cultured with 16HBE lung epithelial cells in the 

chemoattractant channel, separated by a Hyd
Low

 hydrogel. Staining and permeability assay 

showed a tight endothelial barrier in the endothelial/immune cell channel (figure 6A/B and 

supplementary video 12). Apparent permeability of the endothelial vessel was lower than 

HUVEC apparent permeability and did not alter significantly over culture time (figure 6B 

and supplementary figure 11A), but increased when adding 16HBE epithelial cells in the 

opposite channel (figure 6B). As supplementation of 37.5ng/ml VEGF improved HUVEC 

growth and barrier formation (based on previous experiments, data not shown), hPMEC 

media was also supplemented with VEGF. Here, adding 37.5ng/ml VEGF induced the 

differentiation of hPMECs towards a mesenchymal-like phenotype (supplementary figure 

11B). Thus, for further experiments, hPMECs were cultured without adding VEGF. 

A confluent epithelial layer was cultured in the chemoattractant channel, which could be 

visualized in 3D (figure 6C/D and supplementary video 12). Where the endothelial cells 

attached to all four walls of the channel, the epithelial cells mainly attached to the coated 

glass bottom and the hydrogel, but not to the coated PDMS, as seen using F-actin staining 

(Figure 6C). Similar to the HUVEC cells, 4-hour direct RPMI exposure to hPMECs in 

combination with fMLP in the opposite channel induced a breakdown of barrier proteins 

(Figure 6E). Additionally, confluent epithelial barrier actin structures were disrupted when 

exposed to fMLP for 4-hours but not to PBS (Figure 6F).  
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Figure 6. Lung-on-chip to model inflammation. hPMECs and 16HBEs were seeded on the chip and 

grown to confluency. A) Representative image of a pulmonary microvessel-on-chip stained for F-

actin and PECAM1. Scale bar: 200µm. B) Papp of a pulmonary microvessel compared to gel only and 

a HUVEC vessel. N=6-12 chips per condition from at least 4 individual experiments.  C+D) 

Representative images of co-culture of pulmonary endothelial and lung epithelial cells. 

Immunohistochemistry (C; red = actin, green = PECAM-1, blue = nuclei) and brightfield image (D). 

Scale bar: 200µm. E) Representative images of confluent pulmonary endothelium exposed to normal 

culture media (left) or RPMI immune cell culture media (right). Red = actin, blue = nuclei. Scale bar: 

100µm. N=3 chips per condition. F) Representative images of confluent epithelial cells exposed to 

normal culture media (left), PBS (center), or fMLP (right). Red = actin, blue = nuclei. Scale bar: 

50µm. N=3 chips per condition. Graphs show mean with SD. Statistics: ANOVA with Tukey’s 

multiple comparison test. ****p < 0.0001 

To investigate lung inflammation on chip, immune cells were perfused through the lung 

endothelial vessel and the epithelium was exposed to PBS/fMLP (supplementary figure 12A). 

Corresponding with the lower barrier permeability of pulmonary endothelial cells compared 

to HUVECs, immune cell extravasation upon fMLP exposure was minimal in chips with 

pulmonary endothelial cells only (figure 7A/B, supplementary video 14). On the other hand, 

when adding lung epithelial cells to model lung inflammation on chip, a significant increase 

in immune cell extravasation could be observed (figure 7A/B), also over time (figure 7D and 

suppelementary video 16). With an epithelium present, immune cells migrated further than 

with an endothelium only (figure 7C and supplementary figure 12C), and a low number of 
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immune cells migrated through the complete hydrogel to interact with the epithelial barrier 

(supplementary figure 12B). Overall, the inflammation-on-chip model can be utilized to 

investigate immune cell migration during acute lung inflammation. 

 

Figure 7. Immune cells extravasate during inflammation in the lung-on-chip. PBS or fMLP was 

perfused through the chemoattractant channel, while PBMCs were perfused through the 

endothelial/immune cell channel. Migration was observed upon fMLP exposure. A) Representative 

images of immune cells (green) extravasating during inflammation in the lung-on-chip model. Scale 
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bar: 200µm. B) Number of cells transmigrated into hydrogel at t = 4h. Graph shows individual data 

points with median. C) Migration distance of immune cells inside the hydrogel at t = 4h. Data 

represented per chip sample. D) Transmigration of immune cells inside hydrogel over time quantified 

with mean fluorescent intensity. Graph shows mean with SEM. N=3-5 chips per condition. Statistics: 

ANOVA with Tukey’s multiple comparison test. *0.05 < p < 0.01. **0.01 < p < 0.001. ***0.001 < p 

< 0.0001. 

 

4. Discussion 

4.1. Unidirectional vs bidirectional flow affects immune cell extravasation 

This paper proposes a new inflammation-on-chip model to investigate immune cell 

extravasation during inflammation in real-time. We showed that immune cell extravasation 

strongly depends on the flow profile exerted on the endothelial cells. Our research indicates 

that a bidirectional flow delays extravasation of immune cells, occurring 24 hours after the 

start of the assay rather than 2-3 hours under a unidirectional flow. In vivo, immune cells 

extravasate within minutes to hours after detection of pathogen signals, due to upregulation of 

E-selectin and P-selectin on the endothelium (Strell and Entschladen, 2008). This result of 

delayed immune cell extravasation has important implications for the organs-on-chip 

community, who, in their efforts to create user-friendly systems, have widely adopted the use 

of rocking platforms that do not require tubing or pumping systems. This discovery supports 

the previous findings of Shuler and colleagues, who demonstrated that bidirectional flow in 

contrast to unidirectional flow can lead to significant changes in the endothelium, including 

the formation of poorly defined VE-cadherin networks and limited F-actin realignment 

(Wang and Shuler, 2018). To overcome this, they utilized tilting platforms and innovative 

microfluidic chips to establish unidirectional flow systems (Wang and Shuler, 2018). Others 

have used bidirectional flow to investigate the extravasation of T cells, only taking place after 

24h (de Haan et al., 2021). 

The cause of slow activation and delayed extravasation of immune cells under non-constant, 

bidirectional flow, which is non-physiological in nature, is unknown and requires more 

research. The impact of bidirectional flow on endothelial cells, the relationship between 

immune and endothelial cells, and the immune cells themselves (as they are known to be 

affected by shear stress (Mitchell et al., 2014; Mondadori et al., 2020)) could all cause the 

delayed extravasation. In our experiments, we exposed endothelial and epithelial cells to a 

shear stress of 0.6 dyne/cm
2
 by using bidirectional flow during initial culture to refresh the 

media and provide sufficient nutrients to the cells. The tilting angle and duration were 

calculated to completely renew the media before changing the tilting direction. During 

inflammation experiments, PBMCs and fMLP were perfused at a flow rate of 2 µl/min, 

corresponding to a shear stress of 0.1 dyne/cm2, with a constant unidirectional flow, or with a 

non-constant bidirectional flow with a median flow rate of 2 µl/min. Most immune cells 

extravasate in postcapillary venules (Ley et al., 2007) where shear stress can reach 1-6 

dyne/cm
2
, which is higher than the shear stress experienced in the microfluidic chip (Roux et 

al., 2020). However, the low shear stress in the chip allows immune cells more time to adhere 

to the endothelium and transmigrate. 
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4.2. ECM-dependent immune cell migration 

Another important finding of this research is that the density and stiffness of the hydrogel 

barrier impact the immune cell migration. More immune cells migrated into Hyd
Low

 than into 

Hyd
Mid

, but did not migrate into the Hyd
High

 upon fMLP stimulation. This impaired migration 

could be explained by differences in fiber density or hydrogel stiffness. Previous research has 

shown that fibrin hydrogel stiffness depends on thrombin and fibrinogen concentration in the 

hydrogel (Duong et al., 2009; Kim et al., 2020). In this study, fibrin hydrogel mechanical 

properties were measured using parallel plate rheology, and found that the storage and loss 

modulus values were consistent with previous research (Ryan et al., 1999). Although 

different mechanical testing methods can complicate comparisons between studies (Polio et 

al., 2018), the calculation of Young’s Modulus from the storage modulus (explained in 

section 2.5) allowed or an estimation of the stiffness of the Hyd
Low

, Hyd
Mid

 and Hyd
High

 

hydrogels at approximately 174Pa, 740Pa and 1666Pa, respectively. These values fall within 

the range as Young’s modulus values of lung ECM measured by atomic force microscopy  

(Booth et al., 2012). It has been shown that immune cells normally migrate further on stiffer 

substrates, indicating that the lack of migration observed in our experiments is likely not due 

to a change in stiffness (Hsieh et al., 2019; Jannat et al., 2010; Oakes et al., 2009). In contrast, 

collagen matrix density affects neutrophil transmigration and gene expression related to 

immune regulation and chemoattraction (Han et al., 2012; Larsen et al., 2020). Neutrophil 

extravasation decreases with increasing concentrations of collagen in a microfluidic system 

(Han et al., 2012). In another study, it was shown that when macrophages were cultured 

inside a higher density 3D collagen matrix, the transcriptional profile of these macrophages 

changed towards a more anti-inflammatory profile (Larsen et al., 2020), promoted Tregs and 

myeloid-derived suppressor cells attraction, and were less efficient at attracting CD8+ T cells. 

A similar mechanism could occur in this situation, where increased fiber density decreases 

pro-inflammatory gene expression and impairs extravasation. Recently, another model was 

developed to investigate neutrophil transmigration into collagen and geltrex hydrogels 

(Riddle et al., 2022). The authors showed that hydrogel protein concentration and protein 

composition affect immune cell extravasation. Unfortunately, they worked with bidirectional 

flow using a rocking platform and thus could not do live imaging. In order to fully understand 

the lack of immune cell extravasation into the high-density hydrogel in our model, it would 

be of interest to test their different hydrogel types to investigate immune cell migration in real 

time with unidirectional flow.  

 

4.3. Lung inflammation-on-chip 

Pulmonary microvascular endothelial cells and lung epithelial cells were seeded on the chip 

and immune cells were perfused through to create a lung inflammation-on-chip model. The 

cultured endothelial cells reached confluence and exhibited typical endothelial markers, along 

with a permeability of 10
-5

 cm/s, which is consistent with previous findings reported by both 

our group (Zeinali et al., 2021) and others (de Haan et al., 2021). The experiments showed 

that epithelial cells react to fMLP stimulation by increasing immune cell migration. This is 

most likely due to the secretion of cytokines and chemokines by the epithelial cells, which 

attracts more immune cells (Stadnyk, 1994). Our lung-on-chip model was cultured in a 

submerged condition. To create a more physiological environment, epithelial cells should be 
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cultured at an air-liquid interface (ALI). The alveolar basement membrane thickness ranges 

between 0.1-2µm in vivo (Jain et al., 2021; Weibel, 2015). Most lung-on-chips include a thin 

culture membrane representing this basement membrane, although usually still slightly 

thicker than the natural basement membrane (5-10µm, (Huh et al., 2010; Stucki et al., 2018; 

Zamprogno et al., 2021)), with the exception of a novel 1µm thickness basement membrane 

model (Doryab et al., 2022). In this model, the space between the epithelial and endothelial 

barrier is a 500µm wide fibrin hydrogel, which is not representative of the thin alveolar 

basement membrane. The chip was designed in this manner on purpose to better visualize 

immune cell migration through the ECM area and create a stable chemotactic gradient, which 

would not be possible in the standard lung-on-chip configuration. In order to maintain a 

stable chemotactic gradient over time, a low shear stress was applied to the pulmonary 

epithelium. While this level of shear stress is not considered physiological, it was necessary 

to establish the chemotactic gradient, and did not affect the epithelium negatively. Moreover, 

by separating the endothelium and epithelium in this chip, the secretory effect of epithelial 

cells on immune cell migration can be investigated without direct contact in the initial phase, 

and eventually, a few immune cells even reached the epithelial barrier. However, as a next 

step, it would be interesting to adapt the basement membrane compartment to mimic the thin 

basement membrane more accurately and potentially add air into the epithelial channel (Cao 

et al., 2022). Additionally, physiological stretch could be added to simulate the continuous 

mechanical stress that pulmonary cells are exposed to. 

 

4.4. Automated quantification of immune cell migration in the hydrogel 

An important development presented in this study is the automated quantification of the 

number of migrating immune cells inside the hydrogel over time. It is essential to be able to 

compare migrating cells between different experiments. The migration of immune cells 

depends on many factors, in particular their sensitivity to subtle changes in the ECM 

microenvironment (Ford et al., 2019; Pérez-Rodríguez et al., 2022). Thus, experimental 

results involving immune cells often show high variability within a condition, as seen in this 

and earlier studies (de Haan et al., 2021; Pérez-Rodríguez et al., 2022). It is thus important to 

be able to quantify their migration. Our goal here was to be able to quickly grasp the 

distribution of migration distances in the ECM at a given timepoint and not to perform single-

cell tracking. This reduces the constraint on segmentation accuracy and allowed us to develop 

a simple and robust analysis workflow based on classical image processing algorithms such 

as template matching. Through this unique combination, the complexity (annotation, training 

etc.) of deep learning methods can be avoided. The software is open-source and can be used 

and adapted for further research. 

 

4.5. Outlook: ARDS-on-chip 

The development of this inflammation-on-chip model represents a crucial first step towards 

replicating the pathology of ARDS on chip. This model successfully incorporates two key 

features of ARDS, including epithelial damage (as demonstrated in figure 6F) and an 

infiltration of peripheral immune cells (figure 7as previously reported by Ware et al. (Ware 

and Matthay, 2000). To further enhance this model, the introduction of a pathogen could be 

considered to simulate lung infection on chip. For bringing the inflammation-on-chip model 

towards a model of ARDS, the epithelium should be cultured in air-liquid interface (ALI) to 
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not only observe epithelial damage and an influx of peripheral immune cells, but also the 

formation of an edema. Having a model that mimics these critical features of ARDS is a 

crucial step towards gaining a deeper understanding of the cellular processes involved in the 

disease. In order to effectively treat ARDS, it is necessary to address these pathological 

changes. Our model could be used for testing of new ARDS drugs by measuring the 

development of these features over time. For example, immune cell influx is necessary to 

combat pathogens but can also be detrimental and contribute to further epithelial damage. 

Specifically, neutrophils act as the first line of defense and become functionally distinct upon 

pulmonary infection, with increased chemotaxis and metabolic activity (Meyer et al., 2021). 

In the current system, neutrophils are not present in the PBMC population, but they can be 

added. This chip could be used to research severe immune cell-induced damage observed in 

ARDS and investigate novel drugs that can enhance necessary immune function but prevent 

severe pulmonary damage. 

 

4.6. Conclusion 

Overall, this research shows that immune cell extravasation is dependent upon a multitude of 

factors, not only the interaction between immune cells and endothelial cells but also the flow 

profile and the structure of the underlying ECM. With the unique combination of tissue-

specific cells, live monitoring of immune cell migration and automated analysis of cell 

migration, in the future, this model could be utilized to assess immune cell migration in lung 

infection or for conditions such as ARDS with the potential to test drugs to inhibit the 

massive influx of immune cells and the correlated tissue damage.  
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