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SUMMARY: 
This protocol describes the fabrication and use of a custom microfluidic device with varied channel widths to investigate the effects of shear flow and channel geometry on the migration of differentiated HL-60 cells. 

ABSTRACT: 
Neutrophil migration is influenced by mechanical cues within the vascular environment, including shear flow and changes in vessel geometry. This protocol describes the fabrication and use of a custom microfluidic platform designed to investigate cell migration under controlled shear flow across channels of different widths. The device incorporates artery-like, narrow capillary-like, and vein-like regions with channel widths of 1.25, 0.05, and 2.5 mm, respectively. Differentiated HL-60 cells are used as the experimental model, and migration is evaluated under a target shear rate of 800 s−1 on an intercellular adhesion molecule 1 (ICAM-1)-functionalized surface. The protocol details device fabrication, surface functionalization, flow-chamber assembly, cell preparation, migration experiments, and trajectory analysis. Cell trajectories are quantified using migration index, percentage of cells migrating upstream, motility coefficient, persistence time, and migration speed. The platform can also be used to examine changes in migration following blockade of cluster of differentiation 11b (CD11b). Under the conditions presented here, CD11b-blocked differentiated HL-60 cells exhibit upstream migration in the artery-like and vein-like regions, whereas this upstream migratory response is weakened in the narrow capillary-like region. This protocol provides a controlled microfluidic approach for examining how shear flow and channel geometry are associated with the directionality and motility of differentiated HL-60 cells.

INTRODUCTION:
The migration of immune cells along the endothelium is a vital process during inflammation. The direction, speed, and timing of cell movement to sites of inflammation contribute to determining the immune response1. Annually, chronic inflammation poses a significant health risk to nearly 6 in 10 Americans2. During an inflammatory insult, neutrophils, as first responders in the immune response, must traffic to sites of inflammation through a discrete, stepwise process known as the leukocyte adhesion cascade. Initially, circulating neutrophils roll on the apical surface of the endothelium through selectin-mediated interactions3,4. This rolling is halted by stronger anchoring interactions facilitated by macrophage antigen-1 (Mac-1) and lymphocyte function-associated antigen 1 (LFA-1) integrins on the surface of leukocytes, which bind to intercellular adhesion molecule 1 (ICAM-1) on endothelial cells5. Following this process, neutrophils migrate along the surface of the endothelium and transmigrate across it to reach distal inflammatory sites. Previous work has examined the role of directional migration in the trafficking of cells to sites of inflammation. After anchoring to the endothelium, neutrophils demonstrate migration in the direction of flow prior to transmigration, referred to as downstream migration, due to the binding of Mac-1 to ICAM-1. However, similar work conducted with naive T cells and hematopoietic stem and progenitor cells (HSPCs) demonstrates migration against the direction of flow, referred to as upstream migration1,6–8. As these cells lack the Mac-1 integrin, LFA-1 and ICAM-1 interactions mediate this upstream migration. Physiologically, upstream migration has been shown to facilitate faster transmigration of T cells, thereby providing a mechanism for recruiting leukocytes to sites of inflammation more quickly9. In neutrophils, blocking Mac-1 facilitates upstream migration7. Collectively, these findings demonstrate that immune cells employ distinct modes of motility to govern their migration under shear flow.

Not all inflammatory insults involve recruitment from arteries or post-capillary venules, although existing devices accurately recapitulate immune cells exiting the vasculature. It is well known that airway inflammation recruits immune cells from the capillary network, where migration speeds are significantly slower and cells must deform to pass through small capillary diameters. Therefore, we hypothesize that the type of vasculature from which cells are recruited will affect force generation, transmigration capacity across the endothelium, and upstream migration propensity10. Here, we present a microfluidic device platform that utilizes basic microfabrication techniques and relatively low-cost materials to conduct leukocyte migration studies under shear flow and model different vascular geometries and immune cell dynamics. We selected channel widths intended to approximate different vascular dimensions. The artery-like region is 1.25 mm wide, the capillary-like region is 0.05 mm wide, and the vein-like region is 2.5 mm wide11. Physiological capillaries are typically 0.005–0.01 mm wide12; however, a channel width below 0.05 mm could not be fabricated using the laser cutter and gasket material employed in this method. Thus, the 0.05 mm region represents a capillary-like geometric condition rather than physical confinement equivalent to that experienced by cells within physiological capillaries. The device enables live-cell tracking of immune cell migration under shear flow across channels of different widths. The microfluidic device consists of a rectangular parallel-plate flow chamber13 with one inlet and one outlet, a microfabricated gasket that defines the varying channel widths, and space for a microscope slide that can be coated with endothelial ligands relevant to leukocyte directional migration. The device is connected to a syringe pump that regulates flow rates across the varying channel widths (Figure 1). By incorporating three distinct channel profiles into a single gasket structure, this microfluidic platform allows researchers to generate and compare migration time-lapse videos across a single microscope slide.

[Place Figure 1 here.]

While these distinct modes of directional migration define leukocyte trafficking under blood flow, this paradigm has largely been investigated in vascular models that recapitulate post-capillary high endothelial venules (HEVs). As such, previous work, including microfluidic device platforms used to recapitulate dynamic fluid flow, provides models for inflammatory conditions involving the recruitment of leukocytes from HEVs14. Crohn’s disease, for instance, represents an inflammatory condition in which colitis and ileitis, inflammation of the large and small intestine, respectively, lead to enlarged lymph nodes, ultimately resulting in infiltration of peritoneal fluid with an enlarged peritoneum. Here, activated HEVs serve as the medium that dictates neutrophil recruitment to the peritoneal cavity15. However, the physiological relevance of previously identified modes of directional migration remains contingent upon the microvasculature of the tissue in which the inflammatory condition manifests. In airway inflammatory conditions such as acute respiratory distress syndrome (ARDS), dysregulated leukocyte recruitment exacerbates alveolar-capillary damage, leading to severe lung injury16. The primary medium for inflammatory cell recruitment shifts from HEVs to pulmonary capillaries, where migration speeds are significantly slower and immune cells must deform to pass through small capillary diameters. Accordingly, the propensity of leukocytes to migrate upstream in these geometrically restricted environments has yet to be explored. Thus, there remains an outstanding need for a microfluidic device platform capable of examining migrating leukocytes across different microvascular geometries.

The innovation of this work lies in the development of a microfluidic device designed to model two mechanical features relevant to neutrophil migration in the vasculature: 1) shear flow and 2) changes in vascular geometry, including the narrower dimensions associated with capillaries. The device enables control of shear flow rate and incorporates three distinct channel widths corresponding to the vein-like, capillary-like, and artery-like regions described above. The overall goal of the method is to enable controlled investigation of how shear flow and channel geometry are associated with neutrophil directional migration, including migration against the direction of shear flow. Previous work has demonstrated that upstream migration can facilitate faster transmigration through the vasculature to sites of inflammation9. Continued development of engineered microfluidic models that recapitulate selected features of neutrophil trafficking during acute inflammation may help advance the investigation of how mechanical features of the vascular environment are associated with upstream migration. Compared with approaches focused on a single channel geometry, the present platform incorporates three channel widths into a single device and permits comparative live-cell migration imaging on a single microscope slide17.

Building directly on these microfluidic platform capabilities, the current method translates the device into an experimental framework with two central objectives: the replication of varying channel widths under hydrodynamic flow within a single fluid circuit and the use of this platform to quantify the role of channel geometry in modulating the directional migration of differentiated HL-60 cells under controlled shear flow conditions. In the experiments presented here, the three channel widths are evaluated at a target shear rate of 800 s−1. The method examines directional migration on ICAM-1-coated surfaces, including conditions in which Mac-1 is blocked. The overall method is optimized for researchers seeking to characterize physical and biological determinants of immune cell trafficking under shear flow. However, this platform is primarily designed for two-dimensional migration analysis and may not be suitable for applications requiring three-dimensional migration platforms. In addition, the 0.05 mm channel does not reproduce the degree of physical confinement experienced by cells within physiological capillaries, which are approximately 0.005–0.01 mm wide12. Accordingly, the present method should be interpreted as examining differences in channel geometry rather than reproducing true capillary-scale cellular confinement. The method is therefore appropriate for applications requiring controlled fluid flow and comparative analysis across different channel widths. Furthermore, because channel dimensions can be customized during microfabrication, the method can be modified to investigate leukocyte trafficking in vascular geometries relevant to applications such as vascular occlusions and stenosis18. The complete workflow for device fabrication and experimental execution is detailed in the protocol below.

PROTOCOL:
This protocol and the use of the HL-60 cell line were approved by the NJIT Institutional Biosafety Committee (IBC) under protocol B23-043.

1. Fabricating the Gasket for the Microfluidic Chamber

1.1 Gasket design

1.1.1 Download the provided SOLIDWORKS file and open it in the computer-aided design software. Verify that the file opens correctly and that the gasket dimensions are displayed as intended.

NOTE: Modify the channel dimensions at this step if different dimensions are required for the intended application.

1.1.2 Select File | Save As, and open the file-type drop-down menu. Save the file in Drawing Exchange Format (DXF).

1.2 Laser cutting the gasket

NOTE: Use CorelDRAW Graphics Suite for the following steps. Adobe Illustrator may be used as an alternative.

1.2.1 Initialize the laser cutter according to the manufacturer's instructions. Ensure that the laser cutter is operational before proceeding.

1.2.2 Open CorelDRAW Graphics Suite and set the workspace size to match the cutting area of the CO₂ laser cutter.

1.2.3 Select File | Open | Import and import the DXF file. Select OK to complete the import.

1.2.4 Verify that the dimensions of the imported file match the dimensions specified in the computer-aided design file.

1.2.5 Select all lines defining the gasket framework. Under Object Properties, set the line color to red (R: 255, G: 0, B: 0) and set the line weight to Hairline.

1.2.6 Select Print, select the laser cutter, and then select Preferences.

1.2.7 Under Preferences, select Take from Application and Minimize to Jobsize, and deselect Rotary attachment.

1.2.8 Under Material Settings, select Plastics for the red line. Set the laser power to 95% and the cutting speed to 35%.

1.2.9 Select the Device Control tab at the bottom of the Preferences page to launch the laser cutter control software.

1.2.10. Laser cut the gasket material according to the gasket dimensions in the design file and the manufacturer’s operating instructions.

1.2.11. Use a 0.5 mm-thick gasket, corresponding to the thickness of the plastic microscope slide specified in the Table of Materials.

2. Preparing Surfaces for Cell Migration Experiments

2.1. Clean a plastic microscope slide with 70% ethanol and allow the slide to dry for 1–2 min.

2.2. Place the microscope slide on a flat, delicate task wipe.

2.3. Place the microfluidic gasket beneath the slide and align the edges of the microscope slide and gasket.

2.4. Use each channel of the microfluidic gasket as the centerline and, using a marker, draw one 10 mm diameter circle around each of the three different channel-width regions.

NOTE: The slide will have a total of three circles.

2.5. Flip the slide over so that the side to be coated does not come into contact with the marker.

NOTE: Clean the side of the slide that contacted the gasket again with 70% ethanol.

2.6. Prepare 450 μL of Protein A/G solution at a concentration of 2 μg mL−1.

NOTE: Protein A/G facilitates the oriented attachment of chimeric adhesion molecules through the Fc-binding domain.

2.7. Add 150 μL of the prepared Protein A/G solution to the center of each circle on the microscope slide.

NOTE: Keep the microscope slide in a humidifying chamber to minimize evaporation of the droplets. Keep the chamber sealed under a biological safety cabinet during the incubation period.

2.8. Incubate the slide for 1 h at room temperature.

NOTE: Alternatively, incubate the slide overnight at 4°C. This is a pause point in the protocol.

2.9. Wash each circle three times with 200 μL of sterile 1× PBS.

2.10. Prepare a 0.2% (w/v) Pluronic F-127 solution.

NOTE: Pluronic F-127 prevents nonspecific cell attachment to the surface of the microscope slide.

2.11. Add 150 μL of 0.2% Pluronic F-127 to the center of each circle on the microscope slide. Incubate the slide for 1 h at room temperature.

NOTE 1: Keep the microscope slide in a humidifying chamber to minimize evaporation of the droplets. Keep the chamber sealed under a biological safety cabinet during the incubation period.

NOTE 2: Alternatively, incubate the slide overnight at 4 °C. This is a pause point in the protocol.

2.12. Wash each circle three times with 200 μL of sterile 1× PBS.

2.13. Prepare 300 μL of ICAM-1 solution in sterile 1× PBS at a concentration of 2.5 μg mL−1.

2.14. Add 100 μL of the prepared ICAM-1 solution to the center of each circle on the microscope slide. Incubate the slide for 1 h at room temperature.

NOTE: Keep the microscope slide in a humidifying chamber to minimize evaporation of the droplets. Keep the chamber sealed under a biological safety cabinet during the incubation period. Maintain the ICAM-1 solution on the slide in the humidifying chamber until step 3.2.4, when the slide is submerged in water and inserted into the microfluidic device. If the slide is not used on the day of preparation, maintain it in the humidifying chamber at 4°C.

3. Conducting Migration Experiments on the Coated Microscope Slide

3.1 Microscope configuration

3.1.1. Ensure that a microscope equipped with an environmental chamber is available.

3.1.2. Set the environmental chamber temperature to 37°C.

3.1.3. Set the microscope to the 20× objective lens.

3.2 Flow chamber assembly

3.2.1. Fill a 2.6 L glass dish with 1.5–2 L of deionized water to submerge the components of the rectangular parallel-plate flow chamber.

3.2.2. Assemble the bottom portion of the flow chamber that holds the slide and gasket.

3.2.3. Position the bottom piece of the parallel-plate flow chamber with the indentation for the slide and gasket facing upward.

3.2.4. Insert the coated microscope slide with the coated surface facing upward.

3.2.5. Place the gasket on top of the microscope slide.

3.2.6. Attach the bottom piece of the parallel-plate flow chamber to the top piece containing the inlet and outlet.

3.2.7. Seal the parallel-plate flow chamber using six #8-32 × 3/4-inch flat-head machine screws with countersinks.

3.2.8. Prepare one 2-foot-long silicone tube with a 1/16-inch inner diameter and 1/8-inch outer diameter for connection to the inlet of the microfluidic device.

3.2.8.1. Attach a female luer-lock adapter with a 1/16-inch hose-barb fitting to one end of the silicone tube.

3.2.8.2. Attach a male luer-taper connector with a 1/16-inch hose-barb fitting to the other end of the silicone tube.

3.2.9. Fill a 10–30 mL syringe with deionized water and attach the syringe to the female luer-lock adapter connected to the tubing. Purge the air from the tubing.

3.2.10. Attach the silicone tubing connected to the syringe to the inlet of the microfluidic device.

NOTE: The inlet side of the microfluidic device is the side where the flow stream first encounters the artery-like channel-width region of the gasket.

3.2.11. Prepare a second 2-foot-long silicone tube with a 1/16-inch inner diameter and 1/8-inch outer diameter for connection to the outlet of the microfluidic device.

3.2.11.1. Attach a male luer-taper connector with a 1/16-inch hose-barb fitting to one end of the silicone tube.

3.2.12. Attach the second silicone tube to the outlet of the microfluidic device.

NOTE: The outlet side of the microfluidic device is the side where the flow stream first encounters the vein-like channel-width region of the gasket.

3.2.13. Use the syringe containing deionized water to purge the microfluidic device. Ensure that no air bubbles remain within the microfluidic channel or the inlet and outlet tubing.

3.2.14. Secure the assembled microfluidic device onto the microscope stage.

3.2.15. Place a 50 mL beaker within the microscope environmental chamber and position the outlet tubing in the beaker to collect the flow-through.

3.2.16. Clamp both the inlet and outlet tubing with paper clips to establish a zero-flow state.

3.2.17. Allow the microfluidic device to equilibrate to the environmental chamber temperature for 10–15 min.

3.2.18. Focus the microscope on the microfluidic channel, using the marker outlines on the slide as a guide to locate the endothelial ligand-coated regions.

3.3 Cell Preparation

NOTE: Differentiate HL-60 cells with 1.25% DMSO for 5 days before performing the experiment to ensure cell attachment to the coated endothelial ligands during the migration assays. Differentiate a total volume of 8 mL of cell suspension in a 25 cm² tissue culture flask at a cell density of 1 × 10⁶ cells mL−1 to ensure a sufficient number of cells for all experiments. Use cells at no more than 8 passages and with at least 50% viability.

3.3.1. Aliquot a volume of cell suspension containing at least 3 × 10⁶ total cells, typically 1–5 mL depending on the culture density, from the 25 cm² tissue culture flask into a sterile collection tube. Centrifuge the cells at 120 × g for 5 min at room temperature.

3.3.2. Optional: Aspirate the supernatant and resuspend the cell pellet in 200 μL of IMDM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Add 5 μL of purified anti-CD11b blocking antibody to the cell suspension and incubate for 30 min at 37°C.

3.3.3. Aspirate the supernatant and resuspend the cell pellet in 3 mL of IMDM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Ensure that the cells are thoroughly resuspended.

3.3.4. Add 2–4 drops of nuclear live-cell imaging reagent to the cell suspension and incubate for 5 min at room temperature.

NOTE: This labeling step is optional and is used to enhance imaging and tracking of migrating cells during data collection.

3.3.5. Draw the 3 mL cell suspension into a sterile 3 mL syringe with a luer-lock connector. Purge all air bubbles from the syringe before perfusing the cells through the microfluidic device.

NOTE: Remove small air bubbles whenever possible because they may affect the migration experiment.

3.3.6. Remove the syringe connected to the inlet tubing of the microfluidic device while keeping both the inlet and outlet tubing clamped.

NOTE: If either clamp is accidentally removed while the syringe is disconnected, reconnect the syringe and purge any air that entered the microfluidic device before introducing the cell suspension.

3.3.7. Attach the 3 mL syringe containing the cell suspension to the inlet tubing of the microfluidic device. Ensure that the syringe is securely fastened to the luer-lock connector.

3.3.8. Remove the clamps from the inlet and outlet tubing and gently depress the syringe to perfuse the 3 mL cell suspension through the microfluidic device. Monitor the flow using the microscope to ensure that the microfluidic channel is filled with cells.

3.3.9. Clamp both the inlet and outlet tubing while keeping the cell suspension syringe attached to establish a zero-flow state.

3.3.10. Incubate the cells in the microfluidic device for 30–45 min to allow the cells to attach to the ICAM-1-coated surface.

3.4 Migration Experiment

NOTE: Use a microscope with a motorized stage and environmental chamber for optimal execution of the following procedures.

3.4.1. Prepare a 30 mL syringe filled with serum-free IMDM and purge all air bubbles before use.

3.4.2. Remove the 3 mL cell suspension syringe connected to the inlet tubing of the microfluidic device while keeping both the inlet and outlet tubing clamped.

3.4.3. Attach the 30 mL medium-filled syringe to the inlet tubing of the microfluidic device. Ensure that the syringe is securely fastened to the luer-lock connector.

3.4.4. Remove the clamps from both the inlet and outlet tubing.

3.4.5. Attach the 30 mL syringe to the syringe pump using a single-syringe setup. Configure the syringe pump for a 30 mL syringe.

3.4.6. Calculate the volumetric flow rate () required to produce a shear rate () of 800 s−1 using the following equation:



where the volumetric flow rate (), channel height (the thickness of the gasket; ), and channel width () are defined according to the variables in the equation.

NOTE: Use the gasket thickness specified in step 1.2.11 as the channel height.

3.4.7. Enter the calculated volumetric flow rate into the syringe pump and activate the pump to initiate flow.

NOTE: Adjust the volumetric flow rate according to the channel width being imaged to achieve the target shear rate.

3.4.8. Incubate the microfluidic device under shear flow for 10 min before selecting fields for imaging.

3.4.9. Configure the microscope image-acquisition software to acquire multiposition time-lapse images for generation of a time-lapse video.

3.4.9.1. Navigate the microscope stage and select coordinates for 12–16 representative fields across the channel width currently being imaged.

NOTE: The focal position may vary among imaging locations. If supported by the image-acquisition software, set the focal position individually for each selected field.

3.4.9.2. Program the software to acquire an image at each selected coordinate every 1 min for 30 min. Initiate image acquisition.

3.4.9.3. Save all representative fields as the raw microscopy data file.

3.4.10. Repeat steps 3.4.6–3.4.9.3 to generate time-lapse images for each channel width.

3.4.11. Image the 50 μm channel width first, followed by the 1.25 and 2.5 mm channel widths.

NOTE: This imaging order allows cells in the larger channel-width regions to remain under a shear rate below 800 s−1 before live-cell imaging at the target shear rate.

4. Trajectory Analysis

4.1 File import and series selection

4.1.1. Launch ImageJ and select File | Open. Select the raw microscopy data file to be analyzed.

4.1.2. Select Select All to import all imaged series into ImageJ.

4.1.3. Select Analyze | Set Scale. Ensure that the Distance in Pixels, Known Distance, and Unit of Length values correspond to the calibration of the objective lens used during live-cell imaging, and select Global to apply the same scale to all series.

4.1.4. Select Plugins | Tracking | Manual Tracking to launch the Manual Tracking plug-in.

4.1.5. Set Time Interval to 1 min before initiating tracking. Leave all remaining parameters unchanged from their default settings.

4.1.6. Adjust the frame slider at the bottom of the image-stack window to position the time-lapse sequence at the first frame.

4.1.6.1. Select the centroid of a single cell and track the movement of the centroid through all 30 frames. Use Add Track to initiate each track and allow the plug-in to display the trace line after tracking all 30 frames.

NOTE: Selecting Add Track automatically returns the time-lapse sequence to the first frame.

4.1.6.2. Track only individual cells and exclude cell clusters from trajectory analysis.

4.1.7. Repeat step 4.1.6.1 for the cells to be tracked in each series until all series have been analyzed.

4.1.7.1. Exclude individual cells that do not migrate more than one cell diameter or are not present in all 30 frames of the time-lapse video from trajectory analysis. Analyze approximately 15 fields, with 7–8 individual cells per field, to obtain a minimum of 50 analyzed cell tracks per experiment. Exclude datasets containing fewer than 50 tracks at the end of the time-lapse sequence.

4.1.7.2. Perform cell tracking and data analysis blinded to the experimental condition for the vein-like and artery-like regions. Note that blinding is not possible for the capillary-like region because its narrower channel width is visually distinguishable.

NOTE: The Manual Tracking plug-in generates a file containing the track number (Track n°), which identifies each tracked cell; slice number (Slice n°), which identifies the frame in which the centroid was selected; X and Y positional values for the centroid at each frame; distance; and velocity.

4.1.8. In the generated track file, select File | Save As, enter the desired file name, and save the track file in Excel (.xlsx) format.

4.1.9. Import the exported track file into the custom-written MATLAB script. Use the script to calculate the average migration index, percentage of cells migrating upstream, motility coefficient, persistence time, and speed of all cells in the track file and to plot the cell trajectories.

4.1.9.1. Use the custom MATLAB script previously described in Amoabediny et al.19.

NOTE: The migration index (MI) is defined by the following equation:



The MI is calculated as the ratio of the difference between the initial () and final x-displacement () to the total path length of the cell (). A positive MI indicates migration in the direction of shear flow (downstream migration), whereas a negative MI indicates migration against the direction of shear flow (upstream migration). Consider MI values between −0.05 and 0.05 to represent undirected migration.

NOTE 1: Persistence time is defined as the time a cell remains moving without changing direction.

NOTE 2: Speed () is defined by the following equation:



where the variables represent the total path length () and persistence time () as defined in the equation.

NOTE: The motility coefficient (μ) is defined by the following equation:



RESULTS:
The objective of this protocol was to measure changes in the directional migration of differentiated HL-60 cells under shear flow across different channel widths, including conditions in which CD11b was blocked. Representative migration trajectories are shown in Figure 2. In the isotype control condition (Figure 2A), the trajectories were predominantly downstream across the 1.25 mm, 0.05 mm, and 2.5 mm channel-width regions, as indicated by the greater density of blue traces relative to red traces. In the anti-CD11b condition (Figure 2B), a greater density of red traces was observed in the 1.25 mm and 2.5 mm channel-width regions, indicating increased upstream migration relative to the corresponding isotype controls. In contrast, the 0.05 mm channel-width region retained a greater density of blue traces, indicating predominantly downstream migration under this condition. Representative time-lapse recordings of these conditions are provided in Supplementary Videos 1–6, with isotype control and anti-CD11b-treated cells shown for the 1.25 mm (Supplementary Videos 1 and 2), 0.05 mm (Supplementary Videos 3 and 4), and 2.5 mm (Supplementary Videos 5 and 6) channel-width regions.

[Place Figure 2 here.]

Quantitative analysis of the migration trajectories further demonstrated these differences in directionality. In the 1.25 mm and 2.5 mm channel-width regions, CD11b-blocked cells showed negative MI values, indicating migration against the direction of shear flow at 800 s−1 (Figure 3A). In the 0.05 mm channel-width region, the mean MI remained positive under both isotype control and anti-CD11b conditions, and the difference between these conditions was not significant (Figure 3A). Analysis of the percentage of cells migrating upstream showed a significant increase following CD11b blockade in the 1.25 and 2.5 mm channel-width regions, whereas no significant difference was observed between anti-CD11b-treated cells and the isotype control in the 0.05 mm channel-width region (Figure 3B). Thus, in the narrow 0.05 mm channel, the induction of upstream migration following CD11b blockade was weakened relative to the wider channel-width regions but was not completely absent.

[Place Figure 3 here.]

Additional motility parameters were also evaluated. No significant differences were observed between the isotype control and anti-CD11b conditions in random motility coefficient (Supplementary Figure 1A), speed (Supplementary Figure 1B), or persistence time (Supplementary Figure 1C) across the three channel-width regions. Together, these representative outcomes show that successful execution of the protocol enables comparison of directional migration and motility parameters across multiple channel geometries under controlled shear flow. The 0.05 mm channel-width condition provides an example of a reduced upstream-migration response relative to the 1.25 mm and 2.5 mm regions, demonstrating the range of migration outcomes that can be quantified using this platform. The underlying mechanism responsible for the reduced upstream-migration response in the 0.05 mm region remains to be determined.

FIGURE AND TABLE LEGENDS:
Figure 1. Microfluidic device and channel geometry used for cell migration experiments. (A) Exploded schematic of the microfluidic device assembly. (B) Schematic of the device showing the three channel-width regions used to model artery-like (1.25 mm), capillary-like (0.05 mm), and vein-like (2.5 mm) geometries. The device is used to examine the upstream migration of differentiated HL-60 cells under shear flow, including control and CD11b-blocked conditions.

Figure 2. Migration trajectories of differentiated HL-60 cells across different channel-width regions under shear flow. Cell trajectories of (A) isotype control and (B) anti-CD11b-treated differentiated HL-60 cells on surfaces coated with 2.5 μg mL−1 ICAM-1 at a shear rate of 800 s−1 are shown for the artery-like (1.25 mm), capillary-like (0.05 mm), and vein-like (2.5 mm) channel-width regions. Blue traces indicate downstream migration (with flow), and red traces indicate upstream migration (against flow). Arrows indicate the direction of flow from left to right. Displacement in the X- and Y-directions is shown in μm. n = 5 independent experiments, with at least 50 cells analyzed per experiment for each channel width under each condition.

Figure 3. Effect of CD11b blockade on the directional migration of differentiated HL-60 cells across different channel widths. (A) Migration index (MI) of isotype control and anti-CD11b-treated differentiated HL-60 cells in the 1.25 mm, 0.05 mm, and 2.5 mm channel-width regions. Negative MI values indicate upstream migration against the direction of flow, whereas positive MI values indicate downstream migration with the direction of flow. (B) Percentage of isotype control and anti-CD11b-treated differentiated HL-60 cells migrating upstream in each channel-width region. Experiments were performed at a shear rate of 800 s−1 on surfaces coated with 2.5 μg mL−1 ICAM-1. n = 5 independent experiments, with at least 50 cells analyzed per experiment for each channel width under each condition. Statistically significant differences were determined using one-way ANOVA. Data are presented as mean ± SD.

SUPPLEMENTARY FILES:
Supplementary Video 1. Migration of isotype control differentiated HL-60 cells in the 1.25 mm channel-width region. Representative time-lapse video showing migration of isotype control differentiated HL-60 cells in the artery-like 1.25 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Video 2. Migration of anti-CD11b-treated differentiated HL-60 cells in the 1.25 mm channel-width region. Representative time-lapse video showing migration of anti-CD11b-treated differentiated HL-60 cells in the artery-like 1.25 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Video 3. Migration of isotype control differentiated HL-60 cells in the 0.05 mm channel-width region. Representative time-lapse video showing migration of isotype control differentiated HL-60 cells in the capillary-like 0.05 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Video 4. Migration of anti-CD11b-treated differentiated HL-60 cells in the 0.05 mm channel-width region. Representative time-lapse video showing migration of anti-CD11b-treated differentiated HL-60 cells in the capillary-like 0.05 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Video 5. Migration of isotype control differentiated HL-60 cells in the 2.5 mm channel-width region. Representative time-lapse video showing migration of isotype control differentiated HL-60 cells in the vein-like 2.5 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Video 6. Migration of anti-CD11b-treated differentiated HL-60 cells in the 2.5 mm channel-width region. Representative time-lapse video showing migration of anti-CD11b-treated differentiated HL-60 cells in the vein-like 2.5 mm channel-width region under shear flow. Scale bar, 100 μm.

Supplementary Figure 1. Motility characteristics of differentiated HL-60 cells across different channel widths. (A) Motility coefficient (μm² min−1), (B) speed (μm min−1), and (C) persistence time (min) of isotype control and anti-CD11b-treated differentiated HL-60 cells in the 1.25 mm, 0.05 mm, and 2.5 mm channel-width regions. Experiments were performed at a shear rate of 800 s−1 on surfaces coated with 2.5 μg mL−1 ICAM-1. n = 5 independent experiments, with at least 50 cells analyzed per experiment for each channel width under each condition. Error bars represent mean ± SD, and statistical significance was determined using one-way ANOVA.

DISCUSSION:
The overall reproducibility and operational reliability of this microfluidic platform rely on three critical components: precise device microfabrication to maintain the intended fluid dynamics, uniform surface biofunctionalization, and adequate cell viability and functionality. In terms of microfabrication and microfluidics, the precision of the laser cutter is essential for producing uniform channels across the different channel-width regions. Channel uniformity is important for maintaining the intended laminar flow path, because obstructions or irregularities in the gasket may generate unintended flow disturbances or pressure gradients. The thickness of the gasket is also a critical component of the microfluidic system because it contributes to the channel height and must allow the rectangular parallel-plate flow chamber to form an effective seal. Proper sealing of the parallel-plate flow chamber is necessary to generate a uniform flow path localized to the channel fabricated within the gasket. Eliminating air bubbles and preventing unsteady flow profiles are also important because these perturbations can alter the migratory behavior of cells within the device. Surface biofunctionalization is another critical component of the migration assay described in this protocol. Importantly, ensure that ICAM-1, or another endothelial ligand of choice, is distributed as evenly as possible throughout the marked areas of the microscope slide at the optimized concentration of 2.5 μg mL−1 7. Previous work demonstrated that the ICAM-1 concentration influences HL-60 cell motility, and concentrations lower or higher than 2.5 μg mL−1 may reduce motility and make directional migration more difficult to distinguish7. It is likewise important to maintain an even distribution of Protein A/G binding sites on the microscope slide; therefore, the Protein A/G concentration is maintained at 2 μg mL−1 7,17. Identical coating conditions were used without direct measurement of site density. Previous work has shown that these conditions yield a site density of approximately 122 sites/μm². Thorough surface blocking is also important for minimizing nonspecific cellular adhesion to the underlying microscope slide so that migration primarily reflects interactions with the coated ligand. Finally, adequate cell viability and functionality are prerequisites for obtaining a sufficient number of migrating cells within each channel-width region and generating enough trajectories for downstream analysis. As specified in the Cell Preparation section of the Protocol, differentiated HL-60 cells are prepared within the defined passage, differentiation-time, and viability criteria before use in the migration assay. Maintaining these operational criteria is important because reduced viability or altered cellular condition may decrease attachment and migration and limit the number of imaging fields that yield usable trajectories.

The key troubleshooting considerations for this microfluidic platform involve two principal areas of operation: device hydrodynamics and live-cell biological outputs. Fluid leakage may occur when an effective seal is not maintained within the microfluidic device. Indicators of leakage include increased air-bubble formation within the device and flow patterns that deviate from the intended horizontal flow path. If leakage occurs, the screws sealing the parallel-plate flow chamber should be checked to ensure that they are properly secured. The inlet and outlet tubing and their adapters should also be examined for deformation, damage, or incomplete connection, and the luer-lock connection to the loading syringe should be checked. After correcting a leakage problem, the tubing and microfluidic channel can be purged with serum-free medium to remove trapped air before the migration experiment is resumed. The flow rate used during purging should remain low enough to avoid disturbing cells already attached to the microscope-slide surface. When unexpectedly low numbers of attached or migrating cells are observed, cell viability should be evaluated first. If cell viability meets the criterion specified in the Protocol, insufficient attachment may instead reflect a problem with surface preparation. In this situation, the slide can be removed and replaced with a newly coated slide prepared according to the surface-coating procedure. The concentrations of Protein A/G, ICAM-1, or both may also require optimization when the protocol is adapted to different applications, although such modifications should be evaluated carefully because ligand density can influence cell motility7,19. Once the basic workflow is functioning reproducibly, the platform can be modified for additional studies of immune-cell migration in the endothelial environment. The parameterizable gasket design allows users to introduce customized geometric patterns into the channel architecture to examine different flow geometries. The substrate surface can likewise be modified to incorporate other endothelial ligands that participate in the leukocyte adhesion cascade. For example, VCAM-1 contributes to the directional migration of leukocytes on endothelial surfaces6,7,9. Accordingly, the platform can be adapted to incorporate heterogeneous ligand presentations, and the coated surfaces can also be modified to include chemokines to model endothelial chemokine presentation during inflammatory conditions7,9.

Despite the ability of this microfluidic platform to isolate selected features of immune-cell migration under shear flow, several limitations restrict its current physiological scope and provide opportunities for future optimization. One limitation is the stiffness of the substrate that interfaces with the cells and coated endothelial ligands. Vascular stiffening occurs in inflammatory conditions and has been associated with inflammatory mediators that alter vascular function20. The geometry of the parallel-plate flow chamber is optimized for microscope slides and therefore limits the range of substrate stiffnesses that can be incorporated into the current configuration. This limitation restricts experiments designed to evaluate mechanotransduction responses to substrate elasticity, which has been shown to affect immune-cell migration21. A second limitation is that the method has not been optimized for endothelial monolayers in the different channel-width regions. The current platform therefore examines simplified receptor-ligand interactions and does not fully reproduce the heterogeneity, membrane properties, glycocalyx, or multiple adhesion molecules present on an intact endothelial surface6. The surface can be modified with additional ligands or chemokines, as described above, but incorporating an endothelial monolayer would require further platform optimization. A third limitation is that the narrowest channel used in the present device is 0.05 mm wide, whereas physiological capillaries are approximately 0.005–0.01 mm wide. Consequently, the 0.05 mm region does not physically confine differentiated HL-60 cells to the same extent as a physiological capillary and should be interpreted as a narrow capillary-like geometry rather than a model of true capillary-scale cellular confinement. In addition, the current platform uses a single fluidic channel containing multiple channel widths. Consequently, the volumetric flow rate must be adjusted for the channel-width region being imaged in order to achieve the target shear rate. The recommended imaging sequence described in the Protocol minimizes the exposure of the larger-width regions to higher flow conditions before their acquisition; however, the cells in different regions are still sequentially exposed to different flow rates before imaging. Future platform designs could incorporate separate channels or capillary-like networks to enable different geometries to be studied while maintaining a single inlet flow condition.

The significance of this method lies in extending traditional parallel-plate flow-chamber approaches by incorporating structural configurability into a relatively accessible fabrication workflow. Previous studies examining the migratory behavior of neutrophils, macrophages, and CD4+ T lymphocytes used single-channel rectangular parallel-plate flow chambers that largely represented venous-type environments7,9,22. The current platform adds multiple channel-width regions within a single fluidic circuit, thereby enabling comparative measurements of directional migration across different geometries on the same coated microscope slide. Although the present results focus on differentiated HL-60 cells, it remains to be determined how other immune-cell types behave in the same channel configurations. The current data also show that the change in directional migration associated with CD11b blockade is not accompanied by significant differences in the additional measured motility parameters, including random motility coefficient, speed, and persistence time (Supplementary Figure 1). This observation indicates that the directional response measured by MI and the percentage of cells migrating upstream can change even when these additional motility parameters do not show significant differences under the conditions examined. The platform also provides a benchtop alternative to fabrication strategies based on traditional cleanroom lithography. Previous studies have demonstrated that soft lithography and photolithography can produce precise, narrow geometries for investigating immune-cell migration23. Traditional microfluidic fabrication commonly relies on silicon-wafer molds, cleanroom access, specialized chemical and material processes, and extensive technical training24. In contrast, the direct laser-cutting workflow described here allows the gasket geometry to be generated rapidly from a computer-aided design file using the fabrication parameters specified in the Protocol. This approach does not achieve the micron-scale resolution obtainable with conventional lithographic methods, but it provides a practical method for rapidly modifying larger channel geometries without requiring cleanroom fabrication.

Ultimately, this protocol provides a parameterizable microfluidic platform for investigating selected mechanical features associated with leukocyte migration and trafficking. Under the conditions examined here, CD11b-blocked differentiated HL-60 cells showed predominantly upstream migration in the 1.25 mm artery-like and 2.5 mm vein-like regions, whereas the induction of upstream migration was markedly weakened in the narrow 0.05 mm capillary-like region and was not completely absent. These findings demonstrate that the directional response associated with CD11b blockade differs across the channel-width regions of the device, while the mechanism underlying this difference remains to be determined. The configurability of the gasket and overall device may support applications involving other specialized vascular geometries and flow environments. For example, leukocyte trafficking within hepatic sinusoids involves biophysical conditions that differ from those of post-capillary HEVs. Immune-cell recruitment in hepatic sinusoids occurs within a leaky capillary vasculature characterized by relatively low shear and low-velocity flow25. Accordingly, future adaptations of the platform may allow selected geometric and flow features of such environments to be modeled while retaining the controlled live-cell imaging and trajectory-analysis workflow described here. More broadly, the ability to modify channel geometry, surface ligand composition, and flow conditions provides a framework for extending this protocol to additional questions involving immune-cell trafficking under controlled mechanical conditions. In summary, this protocol provides an accessible and adaptable microfluidic approach for conducting live-cell migration assays across different channel geometries under controlled shear flow while also clearly defining the current limitations associated with substrate properties, endothelial complexity, channel resolution, and sequential flow-rate adjustment.
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