
HAL Id: hal-05302052
https://hal.science/hal-05302052v1

Submitted on 7 Oct 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Engineering a microfluidic platform for cell extravasation
monitoring and downstream characterization of disseminated

cells
Aude Sivery, Flavie Woesteland, Jérémy Duval, Marie Denoulet, Fabrice Soncin,

Xuefen Le Bourhis, Anthony Treizebré, Chann Lagadec

To cite this version:
Aude Sivery, Flavie Woesteland, Jérémy Duval, Marie Denoulet, Fabrice Soncin, et al.. Engineering a mi-
crofluidic platform for cell extravasation monitoring and downstream characterization of disseminated cells.
Biomicrofluidics, 2025, 19 (5), ⟨10.1063/5.0279981⟩. ⟨hal-05302052⟩

https://hal.science/hal-05302052v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


 1 

Engineering a microfluidic platform for cell extravasation monitoring 
and downstream characterisation of disseminated cells  

Aude Sivérya‡, Flavie Woestelandb‡, Jérémy Duvalb, Marie Denouletb, Fabrice Soncinc,d, 
Xuefen Le Bourhisb, and Anthony Treizebrea,c•, Chann Lagadecb,c• 

aUniv. Lille, CNRS, Univ Polytechnique Hauts-de-France, Junia, UMR 8520 - IEMN – Institut d'Electronique 
de Microélectronique et de Nanotechnologie, F-59000 Lille, France 
bUMR9020—U1277-CANTHER—Cancer Heterogeneity, Plasticity and Resistance to Therapies, University 
of Lille, CNRS, Inserm, CHU Lille, F-59000 Lille, France 
cCNRS/IIS/Centre Oscar Lambret/Lille University SMMiL-E Project, CNRS Délégation Hauts-de-France, 
43 Avenue le Corbusier, 59800 Lille, France. 
dCNRS, IRL2820, Laboratory for Integrated Micro Mechatronic Systems, Institute of Industrial Science, 
University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan 
 
Correspondence to: chann.lagadec@inserm.fr; anthony.treizebre@univ-lille.fr 
 

‡ These authors contributed equally to this work as co-first authors  
• These authors contributed equally to this work as co-last authors 
 

Metastatic cancer cells and immune cells spread throughout the body via the bloodstream, reaching 
target sites for immune clearance or establishing secondary tumors in distant organs. As they move 
from blood circulation to a targeted organ, cells adhere to activated endothelium and then 
extravasate through it into a tissue-rich environment. The molecular mechanisms that drive the 
extravasation of immune and cancer cells are not yet fully understood. Most importantly, the 
phenotypic state identity of the disseminated cancer cells has yet to be characterized. While various 
sealed microfluidic devices have been developed to study extravasation, few, if any, allow for the 
efficient collection of extravasated cells. To address this limitation, we designed a biomimetic 
microfluidic device comprising a network of 3D blood capillaries and a customizable collecting 
chamber, separated by a porous membrane. Our device enables i) real-time monitoring of cell 
extravasation through the endothelium via live imaging and ii) the collection of disseminated cells 
for subsequent molecular characterization. We validated the functional properties of the 3D 
endothelial layer under shear stress and inflammation induction. After injecting promyeloblast cells 
and metastatic cancer cells into the lumen of the capillary network, we observed cell rolling and 
extravasation under continuous flow conditions. Finally, we collected extravasated cancer cells for 
gene expression profiling by RT-qPCR. Overall, our novel microfluidic device reconstitutes a 
functional 3D blood vessel network, allowing real-time observation of extravasation and the 
collection of disseminated cells for further characterization.  

Keywords: Microfluidic device, Extravasation process, Metastasis, Breast Cancer 
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Introduction 

Metastasis is responsible for most cancer-related deaths. It involves cancer cells acquiring traits 
that enable them to escape from the primary tumor, spread, intermittently enter and exit dormancy, 
and establish colonies in distant organs (1). These processes are governed by clonal selection, the 
ability to transition between distinct states, and immune system evasion (2). Yet our knowledge of 
this process as a dynamic, heterogeneous, and systemic disease—and how to treat it effectively—
remains limited. 

Metastasis occurs when cancer cells detach from the primary tumor, travel in the lymph or blood 
vessels, and reach a specific tissue or organ to establish a secondary tumor (3). During this process, 
cells must perform sequential events, including invasion of surrounding tissues, intravasation 
through the blood vessels into the bloodstream, survival in the circulation, extravasation, 
establishment, and proliferation at a secondary site in a novel environment (4). A very small fraction 
of cancer cells (between 0.001 and 0.02%) that enter the circulation can potentially create a 
malignant secondary tumor (5). Extravasation is a crucial step of the metastatic process, during 
which tumor cells roll on the inner vessel lining, establish tight adhesion to endothelial cells, and 
undergo transendothelial migration (6,7). 

To better understand cancer cell interactions with its environment and bypass the species barrier in 
preclinical models, co-culture and 3D cultures of human cells have been developed (8). One of the 
main difficulties in developing in vitro cancer models is that static 2D cultures predominantly drive 
high rates of cancer cell proliferation, while tumor cells in various human organs display varying 
levels of growth and differentiation in vivo. The properties of tumor growth and their responses to 
drugs can vary greatly depending on the specific organ environment. Consequently, most drug 
development efforts focus on finding therapies that inhibit proliferation, while testing for drugs that 
target disseminated cells in different stages remains difficult. Although more sophisticated in vitro 
human cancer models have been created to study various tumor behaviors (e.g., growth, migration, 
invasion, angiogenesis, extravasation, and drug responses) (9–11), few replicate the complex organ-
level patterns of cancer growth or therapeutic outcomes seen in patients. 

In vivo models such as mice and zebrafish have been instrumental in dissecting this process with 
spatiotemporal resolution (12,13). Zebrafish embryos, due to their transparency and rapid 
development, allow real-time imaging of tumor cell arrest, endothelial docking, and transmigration 
(14,15) , while intravital microscopy in mice enables organ-specific analysis, particularly in brain and 
lung metastasis models (16,17). Extravasation is modulated by biomechanical constraints such as 
vessel geometry, flow shear stress, and endothelial contractility (14,18), as well as by pre-metastatic 
niche priming via tumor-derived extracellular vesicles (19). Molecularly, this step involves actin-rich 
invadopodia driven by Tks5 and Src signaling (20,21), matrix remodeling via MMP2/9/14 (22), integrin-
mediated adhesion (23), and organ-specific cues such as VCAM1/VLA-4 interactions or S100A9-
RAR-ALDH1A1 signaling in brain metastases (24,25). These findings highlight the coordinated 
interplay between tumor-intrinsic invasive programs and the dynamic physical and cellular 
landscape of the metastatic microenvironment. 
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However, despite their strengths, current in vivo models face key limitations. Zebrafish embryos lack 
a fully mature immune system and adult tissue architecture, while murine models often rely on 
immunocompromised backgrounds and simplified tumor cell injections that bypass early 
dissemination steps. Moreover, the low frequency and stochastic nature of extravasation events, 
combined with technical challenges in isolating and characterizing rare extravasated cells in situ, 
limit molecular resolution (26). Finally, interspecies differences in endothelial biology and niche 
composition constrain the translatability of findings to human disease, underscoring the need for 
integrated multi-model and microphysiological approaches. 

 

To address these gaps, human-based in vitro orthotopic cancer models have been developed using 
organ-on-a-chip technology. Organ-on-chips are microfluidic cell culture devices incorporating 
living cells into continuously perfused hollow microchannels, mimicking organ-level 
(patho)physiology. By recreating the multicellular structures, tissue interfaces, chemical gradients, 
mechanical forces, and vascular perfusion found in the body, these devices achieve tissue and 
organ functionality that surpasses what is possible with conventional 2D or 3D culture systems (27). 
Traditional cell culture models, such as Petri dishes, do not incorporate the cell-cell and cell-matrix 
interactions and are not suited to address 3-dimensional tissue contexts. A traditional model used 
to study the invasion or migration of tumor cells in vitro is based on the Boyden chamber system (28). 
Despite its easy use, the Boyden chamber does not allow the application of a flow that seems to play 
a physiological role in the extravasation process. Recently, 3D cell culture models using 
microfluidics have been developed and may be used to better mimic and study cell extravasation. 
New microfluidic-based platforms, including a functional blood vessel model, provide a better 
solution in allowing direct control of several biochemical and biophysical parameters that are known 
to influence extravasation as gradients of cytokines (29,30). Microfluidic platforms enable the 
modeling of specific organ microenvironments and give optical access for continuous monitoring 
and recording events of interest within the device. 

Different chips have been published in the past few years (30–35) that mimic a vascular-like 
structure and allow the study of the extravasation process by following cells, modulating the micro-
environment, and changing the flow rate. Some of them could identify new actors in the 
extravasation process (34,35). Hajal et al. showed, in a three-dimensional in vitro blood-brain barrier 
microvascular model, that astrocytes promote cancer cell transmigration via the secretion of C-C 
motif chemokine ligand 2 (CCL2). This chemokine, then, promotes the chemotaxis and 
chemokinesis of cancer cells via the C-C chemokine receptor type 2 (CCR2), with no notable 
changes in vascular permeability (34). Using a dual-organ chip, Liu et al. demonstrated that the 
protein expression of Aldo-keto reductase family 1 B10 (AKR1B10) was significantly elevated in lung 
cancer brain metastasis (35). However, the characterization of metastatic cancer cells according to 
specific niches still needs to be elucidated. 

To address this issue, we developed an original biomimetic microchip with a specific new design, 
allowing us to study and follow in real-time immune and cancer cells and their interactions with the 
endothelium wall, and to collect the extravasated cells to characterize them. This device comprises 
three parts: one microfluidic channel, a collecting chamber, and a porous membrane sandwiched 
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 4 

between them. The upper channel positioned on the membrane is seeded with human umbilical vein 
endothelial cells (HUVECs) to mimic a complex vascular network. The bottom chamber acts as a 
reservoir to collect extravasated tumor cells and modulate the metastatic niche's 
microenvironment. 

This new, original microfluidic chip enables the study of real-time immune cell and cancer 
cell extravasation and their interaction with the endothelium under different conditions. 
Thanks to the adjustable bottom collecting chamber, the device also allows the collection of 
these cells for further characterization. 

 

 

 

Material and Methods 

Microfabrication. 

Figure 1. Blood-borne metastatic and immune escape cascade and schematic view of our device. a) Tumor cells escape from the 
primary tumor site by epithelial-mesenchymal transition, reach blood vessels, and circulate throughout the body. Some of them 
adhere to the endothelial cells and extravasate in a new environment, forming a micro- and then a macrometastasis. During 
inflammation, immune cells are recruited to the injury site by via blood vessels and extravasation process. b) The microfluidic tool 
developed here aims to mimic an endothelial-like structure in the upper channel, where cancer or immune cells can be injected and 
then collected after extravasation in the bottom channel for characterization. 
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 5 

The microfluidic network was fabricated using a silicon-based master mold. Prime-grade CZ silicon 
wafers (Siltronix), with a diameter of 76.2 ± 0.3 mm, a thickness of 380 ± 25 µm, a <100> crystal 
orientation, p-type boron doping, and resistivity ranging from 1 to 10 Ω·cm, were employed as the 
substrate. Selective etching of the silicon surface was achieved through the application of a negative 
photoresist mask. A 10 µm thick layer of AZ15nXT photoresist (MicroChemicals) was spin-coated 
onto the wafer at 1500 rpm with an acceleration of 3000 rpm·s⁻¹ for 40 seconds. The coated 
substrate was soft-baked on a hotplate at 110 °C for 3 minutes. UV exposure was then carried out at 
a wavelength of 365 nm for 45 seconds at 10 mW. A post-exposure bake was performed for 1 minute 
at 120 °C. Development was completed using MIF 326 developer (MicroChemicals) for 4 minutes, 
followed by a 15-second rinse in deionized water.Deep reactive ion etching (DRIE) of the silicon was 
performed using the Bosch process on an STS DRIE plasma etching system. This alternating process 
employed C₄F₈ for passivation and SF₆ for etching, with the following parameters: C₄F₈ flow rate of 
100 sccm, passivation time of 2.2 s (RIE/ICP power: 20 W / 1500 W), SF₆ flow rate of 450 sccm, and 
etching time of 3 s (RIE/ICP power: 50 W / 2200 W). During etching, the substrate holder was cooled 
to –10 °C to enhance thermal dissipation. An etch rate of approximately 5.5 µm/min was achieved, 
yielding a total etch depth of 150 µm, suitable for the microfluidic channel structures. To facilitate 
demolding during the PDMS replication step, a thin fluoropolymer (Teflon-like) coating was 
deposited onto the silicon mold via C₄F₈ plasma treatment. 

The microfluidic device is composed of two polydimethylsiloxane (PDMS) layers. PDMS pieces are 
synthesized following the manufacturer’s protocol. Briefly, a PDMS mixture (Sylgard 184 Silicone 
Elastomer Kit, Dow chemicals, Ellsworth Adhesives France, Pontoise, France) with a monomer: 
curing agent ratio of 10:1. The mixture is placed in a desiccator for two hours to remove trapped air 
bubbles. Then, PDMS is poured on the silicon mold. The PDMS layer is cured in an oven at 70°C for 
4 hours.  PDMS is then released from its mold. The upper PDMS layer’s rectangular shape (50 mm x 
20 mm) is cut, and fluidic inlets and outlets are punched with a 1.2 mm Ø biopunch. A thin PDMS 
layer (1 mm thickness) intended for the collecting chamber is produced using the same process as 
for the top layer. This layer is then cut into a rectangular shape of the same dimensions as the PDMS 
top layer. The inner part of this layer is cut to create a hole just below the upper channels. A plasma 
treatment (Corona SB, BlackHole Lab, France) is then applied on this thin PDMS layer as well as on 
a rectangular glass slide (75 mm x 25 mm), followed by assembly and heat activation at 70°C for 1 
hour to make irreversible bonding between PDMS and glass. In the first step of the experimentation, 
a polycarbonate membrane (it4ip, PC ipCellCulture, 8 µm pores, 20 µm thickness) is deposited on a 
rectangular glass slide. The whole PDMS top layer, polycarbonate membrane, and glass slide are 
assembled using a specific holder to prevent leakage during perfusion of the upper channels. At day 
3, when a complete 3D endothelial layer is obtained throughout the entire device, the holder is 
opened, and the rectangular glass slide is replaced by the PDMS collecting chamber filled with 
culture medium. The holder is closed again to carry on the experiment. The chips are stored in a 
sterile petri dish at room temperature until use. The device is connected to a microfluidic flow 
control system using a mid-pressure syringe pump (Mid Pressure Module, Nemesys, Cetoni) 
equipped with Hamilton glass syringes to limit gas exchange during the experiment. 
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 6 

Cell culture. 

Primary human umbilical vein endothelial cells (HUVECs pooled, Lonza C2519A) are cultured 
in complete culture medium (Gibco Medium 200) supplemented with 2% low serum growth 
supplement kit (LSGS kit, Gibco) and 0.4 % Penicillin-streptomycin 10 000 U/ml (Gibco).  All 
experiments are carried out using HUVECs between passages 4 and 5. MDA-MB-231 cells 
from ATCC are cultured in DMEM (Eurobio) supplemented with 10% FBS (Gibco, Qualified, 
US origin, standard sterile filtered) and 0.4 % penicillin-streptomycin. The MDA-MB-231 cell 
line, derived from human breast adenocarcinoma, is a highly aggressive, invasive, and poorly 
differentiated triple-negative breast cancer (TNBC) cell line. GFP-transfected MDA-MB-231 
cells are previously established in (36) and named as MDA-MB-231 GFP thereafter. They are 
cultured in the same medium as MDA-MB-231 WT. Normal Human Lung Fibroblasts (NHLF, 
Lonza CC-2512) are cultured in basal culture medium (Lonza, FBM basal medium, cc-3131) 
supplemented with FGM-2 SingleQuots (Lonza, cc-4126) and 0.4 % penicillin-streptomycin. 
Cells are detached from the culture flask using TripLe Express Enzyme 1X (Gibco). PBS 1X 
(Gibco, pH 7.4 without calcium and magnesium) is used for rinsing after coating steps. TNF-
α at a concentration of 10 ng/ml in complete medium 200 (R&D Systems, recombinant 
Human TNF-α Protein, 210-TA-005) is used for endothelium inflammation. CXCL12 (RD 
Systems, 350-NS-010) is used as a chemokine attractant at a 100 ng/ml concentration in a 
complete medium 200. 

Channel coating and HUVECs seeding in the microfluidic channel. 

To generate 3D functional biomimetic blood vessels, the inner surfaces are coated with 
collagen type I (from rat tail, Corning, 354249, at a concentration of 100 µg/ml) and 
fibronectin (from human plasma, Sigma, F0895, at a concentration of 50 µg/ml). The collagen 
solution is injected into the device and left for 1 hour at 37°C. After a washing step at 100 
µl/min with PBS 1X for 10 min, the fibronectin solution is injected into the device and left 
overnight at 37°C. A washing step with a complete culture medium is applied the following 
day. A suspension of 5.107 HUVECs/ml is injected into the upper channel. HUVECs can settle 
for 4 hours under static conditions in a CO2 incubator. HUVECs are then cultured under 
dynamic conditions for 3 days with a stepwise flow increase, starting at 6 µl/min on the first 
day and increasing to 24 µl/min on day 3. 

HL60 and MDA-MB-231 GFP injection. 

At day 3, once a complete 3D endothelium is obtained, the medium contained in the syringe 
is replaced by medium enriched with or without 10 ng/ml of TNF-α. This TNF-α enriched 
medium is perfused on the HUVECs layer for 24 hours before the HL60 or MDA-MB-231 GFP 
injection. On day 4, the whole PDMS top layer and the porous PC membrane are placed above 
the collecting chamber filled with complete culture medium enriched with or without 100 
ng/ml of CXCL12. A total of 106 MDA-MB-231 GFP cells are injected through the septum of 
the microfluidic tubing using 21G needle, using a solution at a concentration of 2x106 
cells/mL. During cell injection, the flow rate is maintained at 10 µL/min (1 dynes/cm²) and 
then progressively increased to 24 µL/min (2.4 dynes/cm²) for 24h.  
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 7 

Immunofluorescence staining. 

On day 5, 24 hours after MDA-MB-231 GFP cells injection, the cells inside the device 
(HUVECs and MDA-MB-231 cells) are fixed using 50 µl of paraformaldehyde (PFA) 4% in PBS 
1X. After washing using PBS 1X, a saturation step is performed using FBS 5% in PBS 1X for 
1 hour at room temperature. Then, a primary antibody against CD31 (Invitrogen, MA513188) 
is injected at a dilution of 1/10 for 1 hour at room temperature. A primary antibody against VE-
cadherin (Santa-Cruz, SC- 9989) at a dilution of 1/200 is also used to verify the presence of 
adherent junctions. A secondary antibody Alexa Fluor 546 (A11030, Invitrogen) is injected at 
a dilution of 1/500 for 1 hour at room temperature. Finally, the nuclei are marked with 
Hoechst 33258 (Sigma, Bisbenzimide H 33258) at 200 µM for 30 min. The device is kept in the 
dark at 4°C before fluorescence imaging. 

Microscopy. 

Time-lapse experiments during and after MDA-MB-231 GFP injection are performed in a CO2- 
and temperature-controlled Leica DMi8 microscope. Bright-field images for HUVECs and 
GFP fluorescence images for MDA-MB-231 cells are monitored to follow the dynamic 
extravasation process. Different regions of interest (ROIs) are chosen along the channel 
network to record arrest events of MDA-MB-231 cells on the endothelium layer or the 
extravasation process across the endothelium wall. After fixation and immunofluorescence 
staining, the device is imaged on an SP8 confocal microscope using a water-immersive 25 X 
objective with a step size ranging from 10 to 15 µm. 

Genes expression analysis. 

Cells are lysed in TRIzol (Thermofisher Scientific, Illkirch, France), cell extracts are recovered, 
and total RNAs are purified by phenol/chloroform extraction and precipitation. RNAs are 
quantified on a NanodropOne (Thermofisher Scientific), and reverse transcription reactions 
are carried out using a high-capacity cDNA reverse transcription kit with an RNase inhibitor 
(Applied Biosystems, Thermofisher Scientific). Quantitative duplex PCR is performed using 
cDNA mixed with a TaqMan FAM-labeled probe for the target gene (Thermo Fisher Scientific) 
and a β2-microglobulin VIC-labeled probe.The list of primers can be find in Delannoy et al.(37) 
Reactions are run on a StepOne machine. We also use Taqman Array custom Cards 
(ThermoFisher Scientific), 100 ng of RT products are loaded in the Cards, and amplifications 
are performed using a QuantStudio7 Flex machine. Cq values are calculated at the upper 
linear range of the logarithm-2 amplification curve using the StepOne v2.3 software. Data are 
expressed as 2−ΔΔCq where ΔCq = Cq of the transcript of interest - Cq of reference (B2M) 
measured in the same tube, and ΔΔCq = mean ΔCq experimental samples - mean ΔCq 
control samples of the same experiment. Relative quantity (RQ) is 2−ΔΔCq (38). NHLF were used 
as negative controls within the HUVEC characterization study as described in (39) and (40), to 
validate the specifics of gene expression in HUVEC with or without stimulation/flow. 

Statistics.  
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 8 

All experiments were performed at least twice in similar conditions; n indicates the numbers 
of biological replicates per shown experiment. Statistical analyses were performed using the 
multiple t test or the student’s t-test using the GraphPad Prism 8.  

Graphs, drawings, and image generations. 

Illustrations are created on Biorender. Graphs are generated on the GraphPad Prism 8 
software. Microscopy images are analyzed and processed on the Fiji and Imaris software. The 
alignment of actin filaments is quantified using the Fiji software's plug-in " Directionality,” 
and the analysis is performed on 1500 events.   
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 9 

 
Figure 2. Step-by-step microfluidic device fabrication process (See Material and Methods for details). a) Design and 
fabrication of the wafer mold for the upper chamber. b) Assembly of the upper chamber with the porous membrane onto a glass 
slide, tubing connection, and formation of the 3D endothelial layer. c) Fabrication of the bottom “collecting” chamber and 
preparation for final assembly by filling it with culture medium. d) Final assembly of the upper vascular network with the bottom 
chamber for the extravasation experiment. 
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 10 

 

 

Figure. 3 Microfluidic design. a) Representation of the microfluidic device. b) Representation of the microfluidic device after 
endothelial-like structure obtention and cancer/immune cells injection. c) Complete device assembled. The upper part of the 
device mimics the vascular network filled with red ink, and the lower collecting chamber is filled with blue ink. Magnified views 
of the four channel types, ranging from 800 µm to 100 µm in width. d) Scheme of the complete setup with flow directionality. e) 
Picture of the complete device assembled.  f) Pictures of the chip during HUVEC injection.   

 

Results 
Development of the microfluidic device. 

We created a biomimetic microchip designed to study immune and cancer cells' interactions 
with the endothelium wall in real-time and collect extravasated cells for analysis. The device 
has three parts: a microfluidic channel, a collecting chamber, and a porous membrane 
between them (Figure 1). The upper chamber mimics microvasculature, while the lower 
chamber simulates a metastatic niche with a tailored chemoattractive microenvironment 
(Figure 3). 
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 11 

We designed our device to be a  two “chambers” device separated by a porous membrane, allowing 
cells with migratory potential to go from one to the other. We used a 20 µm-thick membrane with 
8 µm pores to model the endothelial barrier and study metastatic extravasation. The 8 µm pore size 
permits the transmigration of single cancer cells while mimicking physiological endothelial gaps 
(41,42). The 20 µm thickness ensures mechanical stability during microfluidic assembly and flow 
application, while remaining compatible with high-resolution imaging. This configuration also 
supports HUVEC monolayer formation and barrier function (43), and is consistent with transwell and 
organ-on-chip models used to study tumor cell extravasation (30,44). Also, we chose to design the 
upper “chamber”, the microfluidic network, to mimic a microvascular network resembling natural 
blood vessels, with an 800 µm wide entrance channel that splits into two half-width channels, further 
dividing into up to eight 100 µm channels at the device center before symmetrically merging. The 
device maintains a uniform height of 100 µm along the network. At the opposite, the bottom chamber 
of the device is one single chamber covering the full area of the network. The later will be used to 
collect transmigrating cells from the flow running with the endothelial  structure to the static 
environment. 

Design and mold. We used the Fusion 360 software (Autodesk Fusion 360 2020, v2.0.10440) to 
design the network of the upper chamber (Figure 2) (See Material and Methods for more details). 
Photoresist is spun on the Silicon wafer, and the Fusion design used  as a mask for Deep Reactive Ion 
Etching (DRIE), where 100-µm-deep structures (channels) are defined. For practicability to other 
within the community, we also generate from Computer-Aided Design (CAD) files using Autodesk 
Fusion 360 (version 2.0.10440, 2020) to be imported into a Datron NEO CNC machining center 
(Datron, Sevrier, France) to mille an aluminum mold (cf Supplemental data, Fig Suppl 7 and 8). 

PDMS upper network layer. A PDMS mixture, incubated in a desiccator for two hours to remove 
trapped air bubbles, is poured on the mold. The PDMS layer is cured in an oven at 70°C for 4 hours. 
PDMS is then released from its mold. The upper PDMS layer’s rectangular shape (50 mm x 20 mm) is 
cut, and fluidic inlets and outlets are punched with a 1.2 mm Ø biopunch to plug tubing to allow fluid 
perfusion via syringe pumps. 

Porous membrane and Microfluidic. In the first step of the experimentation (to generate the 
endothelial capillary network, a polycarbonate membrane (it4ip, PC ipCellCulture, 8 µm pores, 20 
µm thickness) is deposited on a rectangular glass slide. The whole PDMS top layer, polycarbonate 
membrane, and glass slide are assembled using a specific holder to prevent leakage during perfusion 
of the upper channels. The device is connected to a microfluidic flow control system using a mid-
pressure syringe pump (Mid Pressure Module, Nemesys, Cetoni) equipped with Hamilton glass 
syringes to limit gas exchange during the experiment, filed with pre-equilibrated media in 
temperature (37°C) and CO2 controlled incubator. 

PDMS collecting layer. For the collecting lower chamber, a thin PDMS layer (1 mm thickness) 
intended for the collecting chamber is produced using the same process as for the top layer within a 
blank mold, with a rectangular shape of the same dimensions as the PDMS top layer. The inner part 
of this layer is cut to create a hole just below the upper channels. A plasma treatment (Corona SB, 
BlackHole Lab, France) is then applied on this thin PDMS layer as well as on a rectangular glass slide 
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 12 

(75 mm x 25 mm), followed by assembly and heat activation at 70°C for 1 hour to make irreversible 
bonding between PDMS and glass.  

Full device assembly. After the 3 days of building up the endothelial 3D layer (cf paragraph 
“Obtention of an endothelial-like structure”), the PDMS upper and lower parts (after been 
field with media) are carefully aligned to ensure that all the bifurcation networks of the upper 
channel are positioned over the hole. The holder is closed again to carry on the experiment by 
injecting cancer cells or immune cells.   

 

The bottom layer acts as a reservoir to collect tumor cells that extravasate. This collecting 
chamber serves as a dynamic metastatic niche, allowing for controlled modifications with 
specific factors or stroma to establish a chemoattractive microenvironment. In our 
experiment, CXCL12 is introduced to create a localized chemokine gradient that stimulates 
tumor cell extravasation (cf paragraph “Microfluidic platform for monitoring cell interaction 
with the endothelium” and “A platform to collect extravasating cancer cells”). 

 

Obtention of an endothelial 3D-like structure. 

Physiological shear stress in veins and large arteries ranges between 1-10 dynes/cm² and 10-
60 dynes/cm², respectively (45,46). In the microfluidic channels, the fluid flow generates the 
shear stress. This concept is based on the laminar flow Navier-Stokes theory since the flow 
in the microfluidic channel is laminar, Newtonian, and incompressible. For a rectangular 
channel of dimensions w x h x L with h < w « L, the wall shear stress can be approximated by 
the following equation 1 (47,48): 

𝝉 =
𝟔.𝝁.𝑸

𝒘.𝒉²
.(1) 

Where τ is the wall shear stress in dynes/cm2, µ is the viscosity of medium (µ=0. 
0078s.dynes/cm² for standard culture medium), Q is the flow rate (m3/s), w the width (m), h 
the height (m), and L is the length of the channel (m). As the height of the branched channel 
network of the device is kept constant (≈ 100 µm) throughout the network, and the width is 
divided into two branches at each bifurcation, the flow rate is divided into two at each 
bifurcation, and so the wall shear stress is maintained constant throughout the network. The 
upper part of the device is perfused with a complete culture medium under different flow 
rates using syringe pumps. Before cell seeding, the upper channel’s inner surface is coated 
with fibronectin and collagen. These inner surface coatings of both PDMS and PC 
membranes are essential to induce HUVECs adhesion on both surfaces. 
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 13 

 

 

Figure. 4 Impact of dynamic culture on HUVECs. a) Brightfield images of HUVECs culture under a progressive flow in an 800 µm large 
channel (5X). b) Progressive increase of the flow rate and corresponding shear stress over time to obtain a complete and 3D endothelial-
like structure. c) Impact of the flow on actin filament alignment in HUVEC – in static conditions ; during 36 hours under progressive flow ; 
or during 72 hours under progressive flow (green : phalloidin labeling conjugated with alexa fluor 488, showing actin filaments).  

 

Following cell seeding, HUVECs initially adhered to the PC membrane at the bottom of the 
channel. By day 2 of flow culture, their proliferation led to complete coverage of the PDMS roof.  
HUVECs proliferation then slowed, and a complete 3D endothelium is formed between day 
2 and day 3. Additionally, to mimic the physiological shear stress and promote the formation 
of a 3D structure, a complete culture medium is perfused 4 hours after HUVECs seeding, at 
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 14 

a flow rate of 6 µl/min, creating a shear stress of 0.6 dynes/cm². The flow level is then 
increased step-by-step for 3 days to reach 24 µl/min (2.4 dynes/cm²) (Figure 4a-b in channel 
800 µm; see Figure supp 1 for the other sizes). Linear flow increases and flow stability has 
been validated (Figure supp 9 and 10). This gradual increase in flow rate is required to induce 
HUVEC proliferation during the initial stage, followed by elongation in the flow direction. In 
fact, the culture of HUVECs under flow conditions promotes an alignment of actin fibers. 
Compared to cells cultured in static conditions, HUVECs exposed to fluidic conditions 
exhibit a uniform alignment of actin filaments in the direction of the flow (Figure 4c). 

Anti-CD31 immunofluorescence staining combined with confocal microscopy observations 
reveals a tight and confluent endothelial monolayer spanning the channels’ inner surface 4 
days after HUVECs seeding (Figure 5a.). Interestingly, we also observed really few gaps 
through the endothelial layer. In parallel, VE-cadherin immunofluorescence staining was 
performed on day 4 of dynamic culture conditions and revealed the presence of adherent 
junctions on all the channel surfaces of the device (Figure 5b.). Confocal images obtained in 
smaller capillary size, orthogonal projection, and a 3D animation movie of the channel can 
be found as supplementary materials (Figure supp 2-3 & Movie 1S-3S). Confocal images 
reveal that 3D biomimetic blood vessels were successfully generated in a reproducible 
manner. 
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Figure 5. Characterization of the endothelial-like structure. a) Confocal images. Anti-CD31 staining (green) and Hoechst (blue) 
immunofluorescence staining of HUVECs inside the device at day 4 of the dynamic culture condition. Orthogonal views inside a 400 to 200 
µm channel width. b) Confocal images. VE-cadherin (red) and Hoechst (blue) immunofluorescence staining of HUVECs inside the device 
at day 4 of dynamic culture condition, inside a 200 µm channel width. c) Expression levels of KLF2 between HUVECs grown in 
microfluidic devices in 2D static and in 3D flow conditions (n=3 ; t test, p-value = 0,189). d) Comparison of the expression levels 
of genes between HUVECs grown in 2D static and 3D flow conditions (n=3 ; Multiple t test, q-value *** < 0,0001). e) Expression 
levels of genes in HUVECs in microdevices and stimulated or not with 10 ng/ml of TNFα for 16 hours (n=3) ; Multiple t test, q-
value *** < 0,0001).  

 

Characterization of the endothelial-like structure 

Genetic analyses were performed to further examine HUVECs lining the channel surface of 
the devices. First, gene expression levels in HUVECs and NHLF grown in 2D under static 
conditions were analyzed to confirm the endothelial phenotype of the primary cells used. 
Compared to NHLF, HUVECs exhibited much higher levels of VE-cadherin (CDH5), VEGF 
receptors FLT1 and KDR, endothelial-specific NO synthase NOS3, angiopoietin receptor Tie2 
(TEK), leukocyte adhesion receptors ICAM1, VCAM1, and SELE, PECAM1, and vWF, among 
selected marker genes (Figure supp 4), thus validating the endothelial phenotype of the 
primary HUVECs. Next, we evaluated whether the establishment of these HUVECs in the 
microdevices in flow for 4 days had any impact on the cell gene expression profile. Of note, 
flow conditions induced a marked increase in expression levels of the KLF2 gene, a key 
transcription factor known to be upregulated by flow in perfused HUVECs (49,50) (Figure 5c). 

While HUVECs grown in microdevices displayed a mostly similar gene expression signature 
to HUVECs grown in static, 2D conditions on plastic, we could observe an upregulation of 
CCL2, CX3CL1, ICAM-1, SELE & VCAM-1 gene expression (Figure 5d). 

To assess whether the endothelial cells placed in the microfluidic devices were responsive 
to inflammatory cytokines, microvessels were stimulated or not with 10 ng/ml TNFα for 16 
hours, and gene expression was assessed via RT-qPCR. HUVECs in microdevices showed a 
significant increase in expression of CCL2, RANTES (CCL5), CX3CL1, ICAM-1, SELE, and 
VCAM-1 and a down-regulation of NOS3, in strong correlation with previous reports using 
HUVECS in 2D static conditions (Figure 5e).  

Altogether, these observations confirm that HUVECs placed in the microfluidic devices retain 
their endothelial phenotype, remain responsive to pro-inflammatory signals when 
stimulated, and activate the expected repertoire of genes under these conditions (51–53). 

Microfluidic platform for monitoring leukocyte (HL60) and metastatic breast cancer 
cell (MDA-MB-231) interaction with the endothelium 

As proof of concept, we first used HL-60 cells, a promyeloblast cell line, expressing GFP. On day 3, 
after forming a 3D endothelial network, endothelial cells were activated with TNF-α for 24 hours. 
Subsequently, 106 GFP-HL-60 cells were introduced into the chip flow, and images were captured in 
specific areas of the device using a Nikon T2 fluorescent microscope in controlled environmental 
conditions (37°C, 20% O₂, 5% CO₂). 
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We observed that most HL-60 cells did not adhere to the activated endothelium. However, as 
expected, a small subset of cells adhered and migrated along the endothelial surface against the 
flow. These cells subsequently transmigrated by disrupting the integrity of endothelial tight junctions, 
creating entry points by physically displacing endothelial cells. This allowed HL-60 cells to penetrate 
the endothelial layer and invade the subendothelial space. Once beneath the endothelium, the 
transmigrated HL-60 cells continued to migrate, displaying movement characteristics of amoeboid 
migration. This type of migration relies on dynamic cytoplasmic projections, or blebs, which enable 
the cells to navigate through narrow spaces without degrading the surrounding extracellular matrix 
(Movie 4S to 7S).  

On the other hand, we used the metastatic cancer cell line MDA-MB-231 to study their 
adhesion to and transmigration through the endothelial layer. On day 3, after the formation 
of a complete 3D endothelium throughout the network, the chip holder was opened, and the 
glass slide was replaced by the bottom collecting chamber filled with the medium. To follow 
the early events of cancer cell transmigration, the microdevice was maintained in a 
humidified environment, and a Temperature/CO2 control box was placed on a microscope 
stage. This enabled real-time follow-up of cancer cells and their interactions with the 
endothelium. Specifically, GFP-expressing MDA-MB-231 cells, created in-house, were used 
to study of interactions between this TNBC cell line and the endothelium. A million of MDA-
MB-231 GFP cells were injected into the upper channel under perfusion. Arrest and/or 
extravasation processes were live-recorded for 24 hours after cancer cell injection. 

Different ROIs were chosen to live record the MDA-MB-231 cell arrest and/or extravasation 
process. As others have observed, cell transmigration, if present, should occur quite rapidly 
after tumor cells arrest on the capillary bed  (44). A transmigration speed of 15 µm/h for the 
MDA-MB-231 cells has been measured experimentally (54), meaning that transendothelial 
migration across the endothelium and porous membrane should occur within the first hours 
of our experiments. 

The microfluidic device was maintained inside a temperature-, CO2- and humidity-controlled 
box and placed on a microscope stage to monitor HUVECs under transmitted light and MDA-
MB-231 GFP cells under fluorescent light. One hour after being injected, MDA-MB-231 cells 
were imaged using GFP expression, while HUVECs were visualized and recorded under 
brightfield. Figure 6a presents the timeline of MDA-MB-231 cells one hour after injection. The 
motion direction of cancer cells does not seem to follow the flow direction as individual cells 
move in varying directions. One of the 2 initial cells, adhering to the endothelium, underwent 
division 3h after injection. Also, one of the daughter cells moved toward the flow while the 
other daughter cell moved against it. The three cells then clearly crawl and stretch on the 
endothelium, whether in the direction of the flow or against it. At the end of the video, the 
motion of the MDA-MB-231 cell seemed to slow down. The cells in the middle seemed to 
become stuck and began to spread over the endothelium. Throughout the recording, the 
endothelial wall was continuously reshaped. Endothelial cells aligned and elongated in the 
direction of the flow. As observed within the Timelapse, the endothelium layer remains intact, 
without changes within its structure or sign of cell death. We could even see HUVEC decided 
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few hours (7h) after MDA-MB-231 have been injected. The full video can be found as 
supplementary material (Movie 8S to 12S). 

It is worth noting that HL60 and MDA-MB-231 cells adhere randomly to different surfaces of 
the endothelial layer, not just the bottom one. Moreover, while cells can extravasate through 
any part of the device, they can only migrate further away from the endothelium by moving 
downward through the porous membrane, as the other walls are made entirely of PDMS. 
Also, HL60 and MDA-MB-231 cells do not pass through the few gaps observed on the 
endothelial layer, but open tight junction between endothelial cells.  

Since most MDA-MB-231 cells did not arrest on the endothelium, we aimed to investigate the 
effect of the HUVECs monolayer activation by TNF-α on the firm adhesion of cancer cells to 
the endothelium. The HUVECs monolayer was first activated with 10 ng/ml TNF-α for 24 
hours. Then, MDA-MB-231 cells were injected inside the top channel underflow. Confocal 
microscopy revealed that a subpopulation of cells remained attached to the activated 
endothelial monolayer and could proliferate. When MDA-MB-231 cells did arrest on the 
endothelium, they often invaded the endothelium and replaced HUVECs, thus damaging the 
endothelium integrity (Figure 6b). A small fraction of MDA-MB-231 cells, approximately a 
hundred out of a million cells, were arrested on HUVECs monolayer when activated with TNF-
α. On the contrary, almost none of the MDA-MB-231 cells remained (less than a dozen or so cells) 
attached to the non-activated endothelium. We confirmed that the TNF-α inflammation 
promotes the arrest of MDA-MB-231 cells on the HUVECs wall. 
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Figure 6. Following extravasation and collecting extravasated cells. a) Timeline of interaction between MDA-MB-231-GFP cells (green) 
and HUVECs endothelium for 14 hours in 200µm channel. Representative images extracted from movie10S. (White small dots are the 
pores from the porous membrane). b) Arrest and beginning of extravasation process of a MDA-MB-231-GFP cells across endothelial cells. 
CD31 (red) and Hoechst (blue) immunofluorescence staining of HUVECs, and GFP (green) fluorescence for cancer cells. c) MDA-MB-231-
GFP cells (green) arrested on TNFα activated HUVECs endothelium. d) RT-qPCR expression of KDR, ErbB2, VE-Cadherin, CD44 in 2D static 
MDA-MB-231 cells and in cells collected in the lower chamber of the device after MDA-MB-231 perfusion (n=2).  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

02
79

98
1



 20 

 

 

A platform to collect extravasating cancer cells 

The bottom collecting chamber acts as a reservoir to collect extravasated tumor cells and 
allows for the introduction of chemoattractive media. In this study, we wanted to investigate  

the modulation of the medium inside the bottom chamber. The bottom layer was filled with 
a complete culture medium with or without CXCL12 (Stromal cell-Derived Factor 1-alpha 
SDF-1α) at a 100 ng/ml concentration. Some MDA-MB-231 cells could extravasate through 
the openings of the porous membrane (Figure 6c, Figure supp 5). Once extravasated, MDA-
MB-231 cells proliferated underneath the membrane. Animation movies showing 
extravasated cancer cells can be found as supplementary material. 

We used a stitched-confocal microscopy images of the full collecting chamber to count the 
number of cells passing through the membrane. Our results show that a rare fraction of MDA-
MB-231 cells, approximately tens out of a million cells (Figure Supp 11), could extravasate 
when the collecting chamber was supplemented with CXCL12, compared to almost none 
when the collecting chamber did not contain chemokine. These results indicate that in our 
conditions, CXCL12 was a prerequisite for the MDA-MB-231 cells to extravasate in the 
collecting chamber. 

As a proof of concept, a gene expression analysis was performed on a dozen or so 
extravasated cells, which migrated to the bottom of the collecting chamber, to determine 
whether they were cancer cells, as expected, or endothelial cells that had detached and 
potentially migrated through the supporting membrane. Twenty four hours after cell 
injection, we validated the presence of GFP-positive cells at the bottom of the collecting 
chamber, The device was then opened and cells within the collecting chamber were retrieved 
using trypsin. These extravasated cells expressed high levels of CD44 and Erb2 and low levels 
of KDR and CDH5, matching the profile of MDA-MB-231 cells and not of HUVECs, confirming 
that circulating cancer cells had crossed the microdevice endothelium (Figure 6d and Figure 
supp 7). 

 

Discussion 

This study leveraged an innovative biomimetic 3D microfluidic device designed to investigate 
and monitor real-time cancer cell interactions with an endothelium. After three days of 
culture under perfusion, a fully formed 3D endothelial monolayer was successfully 
established. Immunostaining with anti-CD31 and VE-cadherin confirmed the formation of a 
confluent 3D monolayer across the entire device. RT-qPCR analyses further validated the 
endothelial gene expression profile of in-chip HUVECs as well as their pro-inflammatory 
response to TNF-α induction. Indeed, some pro-inflammatory genes, such as CCL2, CX3CL1, 
ICAM-1, SELE & VCAM-1, were upregulated, suggesting that an inflammatory activation of the 
cells occurred in microdevices in these conditions (55). Once the 3D endothelium is fully 
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established, the chip is placed on a microscope stage within a controlled environment 
(temperature, CO₂, and humidity). Cancer cells are then injected into the device, and the 
microfluidic platform, compatible with high-resolution microscopy, enables the tracking of 
their arrest and subsequent extravasation through transmitted light and fluorescent imaging. 

Our findings indicate that TNF-α stimulation is essential to the firm adhesion of MDA-MB-231 
cells to the endothelial layer. Following adhesion, these cancer cells disrupt the endothelial 
integrity by displacing HUVECs. Furthermore, the CXCL12 chemokine was shown to be 
critical for inducing MDA-MB-231 extravasation through the endothelial layer and across the 
polycarbonate membrane pores.  

Our microfluidic device also facilitates the collection of extravasated cells for downstream 
analyses, as the collected cancer cells displayed a gene expression signature of MDA-MB-
231 cells. 

The development of this biomimetic microfluidic device addresses significant gaps in existing 
models of extravasation studies. While traditional sealed microfluidic devices allow 
visualization of specific extravasation processes (56), they cannot often recover extravasated 
cells efficiently. This limitation prevents downstream analyses for characterizing 
disseminated cell phenotypic and molecular profiling. Our device introduces a customizable 
collection chamber, providing a unique advantage: it facilitates the straightforward isolation 
and collection of extravasated cells without disrupting the experimental setup. This 
innovation allows researchers to combine dynamic live-imaging capabilities with high-
resolution post-extravasation analyses, such as gene expression profiling, functional assays, 
or single-cell sequencing. Furthermore, incorporating a porous membrane mimics the in vivo 
vascular basement membrane more effectively than many other systems, enhancing the 
physiological relevance of the model (56). Also, HUVECs have been shown to secrete and deposit 
key extracellular matrix components, including type IV collagen and laminin, particularly in 3D 
culture or under specific environmental conditions such as hypoxia (57,58). Forbetter endothelial 
adherence on PDMS and as HUVEC will be able to secrete their own ECM, we chose to Fibronectin 
and Type I collagen. Indeed, both  are commonly used to coat PDMS/glass microfluidic devices 
containing HUVECs, particularly in 3D vessel models, as they promote endothelial cell adhesion, 
spreading, and physiological morphology. Fibronectin exhibits excellent adsorption onto PDMS 
surfaces, enhancing HUVEC attachment (59–61). Type I collagen, in turn, significantly increases the 
hydrophilicity of PDMS, supports stable cell adhesion even under flow conditions, and is also widely 
used in endothelialized vascular models (62,63).   

Another key strength lies in its ability to model endothelial functions under shear stress and 
inflammatory conditions. Unlike static culture systems, the inclusion of shear flow more 
accurately simulates the hemodynamic environment of blood vessels, leading to a more 
realistic reconstitution of the extravasation process (64,65). Such functionality is particularly 
valuable for studying interactions between metastatic cancer cells or immune cells and the 
endothelial barrier. By enabling real-time visualization coupled with retrieving viable 
extravasated cells, our device bridges the gap between dynamic imaging and subsequent 
molecular analyses—a feat rarely achieved by other systems described in the current 
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literature (66). In this study, we also observed dynamic vascular remodeling events, including local 
widening of endothelial junctions and the formation of intercellular gaps during metastatic 
extravasation. While these features were not included in the current figures due, it could be 
interesting to optimize high-resolution live-imaging strategies to capture and quantify these events 
more precisely. Our observations are consistent with in vivo studies showing that inflammatory 
cytokines such as TNF-α promote endothelial remodeling through actin cytoskeletal reorganization 
and junctional destabilization, facilitating tumor cell transendothelial migration (67,68). Moreover, 
recent intravital imaging analyses have highlighted the active role of endothelial cells in guiding or 
resisting metastatic cell extravasation, through transient gap formation or endothelial enwrapment 
(42,69). These results underline the importance of vascular dynamics in metastatic progression, and 
future versions of our model will aim to integrate these parameters more quantitatively and visually. 

Our microfluidic platform holds the potential to significantly advance the field of cancer and 
immune biology by enabling novel insights into the extravasation process and the 
characterization of disseminated cells. For instance, by isolating extravasated cells, 
researchers can identify specific molecular markers or transcriptional programs associated 
with metastatic potential. This could elucidate why specific cancer cells successfully 
disseminate while others do not, aiding in developing targeted anti-metastatic therapies. The 
device could also include co-culture systems within the collection chamber, such as 
stromal, organ-specific environments, or immune cells. This would enable the study of how 
interactions between disseminated cancer cells and their new microenvironment drive 
secondary tumor formation. Also, a limitation of our current setup is the absence of pulsatile flow 
and physiological viscosity, which may influence cell arrest and adhesion dynamics; future 
developments will aim to incorporate these parameters to more accurately mimic in vivo 
hemodynamic conditions. 

Beyond cancer studies, the platform could be used to investigate immune cell extravasation 
during inflammation or immune surveillance. This could provide insights into how immune 
cells migrate and respond to pathological conditions, with implications for developing 
therapies for autoimmune diseases or enhancing immune-based cancer treatments (70).This 
study is the use of a single cancer cell line (MDA-MB-231) and HL-60 cells as immune cell mimics. 
While sufficient for validating the functionality of the platform, future studies will expand to include 
additional tumor models with distinct extravasation profiles—such as molecularly modified cell 
lines or patient-derived CTCs—as well as more physiologically relevant immune cells, in order to 
dissect the cellular and molecular mechanisms driving extravasation.Also, by incorporating this 
device into drug screening pipelines, researchers could assess the effects of therapeutic 
compounds on the extravasation process in real-time. For example, anti-adhesion or anti-
invasion drugs could be tested for their ability to inhibit extravasation under flow conditions 
(71). Collected extravasated cells could be subjected to cutting-edge single-cell multi-omic 
analyses, providing unparalleled cellular and molecular heterogeneity resolution in 
disseminated cells. This would pave the way for discovering novel therapeutic targets and 
understanding resistance mechanisms. 
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Conclusions 

The described microfluidic device addresses critical limitations in the field and opens new 
avenues for investigating complex biological processes with high translational relevance. Its 
application is poised to yield breakthroughs in understanding metastasis, immune 
dynamics, and vascular biology, with significant implications for therapeutic innovation. 

 

Supplementary Material 

The supplementary information provides additional validation and technical details supporting the 
study. It includes confocal and brightfield images showing HUVEC proliferation and organization 
inside the microfluidic channels under flow, with staining for CD31 and VE-cadherin to confirm 
endothelial identity and junction formation. Several 3D animation movies illustrate endothelial layer 
architecture and dynamics, as well as time-lapse recordings of leukocyte (HL-60) and breast cancer 
(MDA-MB-231) cell interactions with the endothelium during rolling, adhesion, and extravasation. 
Additional figures report gene expression comparisons between HUVECs and fibroblasts, and 
between cancer cells and endothelial cells, confirming phenotypic specificity. Further data 
document MDA-MB-231 extravasation through TNFα-activated endothelium in the presence of 
CXCL12. Technical aspects are detailed, including mold design files (Autodesk Fusion) for chip 
fabrication, flow calibration and stability analyses, and confocal image tiling of the collecting 
chamber. Altogether, these data demonstrate the robustness, reproducibility, and functional 
validation of the microfluidic platform. 
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