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Abstract

:

Immune surveillance is dependent on lymphocyte migration and targeted recruitment. This can involve different modes of cell motility ranging from random walk to highly directional environment-guided migration driven by chemotaxis. This study protocol describes a flow-based microfluidic device to perform quantitative multiplex cell migration assays with the potential to investigate in real time the migratory response of T cells at the population or single-cell level. The device also allows for subsequent in situ fixation and direct fluorescence analysis of the cells in the microchannel.
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1. Introduction


Lymphocyte circulation is a critical aspect of immune surveillance and activation, facilitating the effective targeting of cells to sites of antigen presentation or inflammation. Lymphocyte migration is controlled in part by the restricted tissue expression of chemokines that selectively recruits subsets of lymphocytes expressing the corresponding chemokine receptors [1,2]. A detailed understanding of the underlying mechanism of these processes is essential for the development of approaches to potentially manipulate immune recruitment in health and disease [3].



A limited number of assay systems have been developed to measure and monitor lymphocyte migration in vitro [3,4]. However, the recent introduction of microfluidic devices offers several unique capabilities [5,6] including the capacity to (1) generate defined, stable gradients [7,8,9]; (2) directly visualize and quantify cell movement in real time [10,11]; and (3) introduce complex multicellular microenvironments [12,13]. These features complement the capacity to perform comparative multiplex assays with limited numbers of potentially restricted cells and reagents. The architecture of the devices with their docking structure is also helpful as it aligns the cells to one side of the channel prior to the induction of migration. This provides the opportunity to visualize multiple cells at similar stages of migration.



This chapter describes methods for the production and use of a multichannel flow-based microfluidic device to quantify and monitor the migration of activated human peripheral blood T cells and T leukemic cell lines. The current microfluidic device offers increased versatility and qualifies as an attractive higher throughput chemotaxis assay for the study of lymphocyte chemotaxis.




2. Materials


2.1. Design and Fabrication of the Multi-Channel Radial Microfluidic Docking Device (D9-Chip)


	
Photomask (FineLine Imaging, Colorado Springs, CO, USA)



	
SU-8 photoresist (Kayaku Advanced Materials, Inc., Westborough, MA, USA)



	
3-inch silicon wafer (Silicon Materials Inc., Reno, NV, USA)



	
Polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning, Texas City, TX, USA)



	
Air Gas Duster (Amazon.ca or local retail)



	
Ultraclean glass slides (ThermoFisher, Waltham, MA, USA)







2.2. Cell Culture and Reagent Preparation


	
RPMI 1640 culture medium, HEPES, L-Glutamine (catalog# 22400089, ThermoFisher, Waltham, MA, USA)



	
Fetal bovine serum (catalog# 12484-028, GibcoTM, ThermoFisher, Waltham, MA, USA)



	
Penicillin-Streptomycin (5000 U/mL, catalog# 15070-063, GibcoTM, ThermoFisher, Waltham, MA, USA)



	
Bovine serum albumin (catalog# SH30574.02, Hyclone Laboratories, Logan, UT, USA)



	
Phosphate buffered saline (PBS) without Ca2+ and Mg2+ (catalog# SH30378.03, Hyclone Laboratories, Logan, UT, USA)



	
Anti-human CD3 (catalog# 300302, BioLegend, San Diego, CA, USA)



	
Anti-human CD28 (catalog# 302901, BioLegend, San Diego, CA, USA)



	
Interleukin-2 (IL-2) (US National Cancer Institute, Bethesda, MD, USA)







2.3. T Cell Migration Experiment


	
Fibronectin solution (1 mg/mL, catalog# FC010, MilliporeSigma, Burlington, ON, Canada)



	
SDF1alpha (catalog# 300-28A, PeproTech, East Windsor, NJ, USA)



	
FITC-Dextran (10 kD, catalog# FD10S, Sigma-Aldrich, Oakville, ON, Canada)



	
Silicone oil (catalog# A12728-22, Alfa Aesar, Ward Hill, MA, USA)







2.4. Actin Staining and Visualization for Cell Migration Experiment


	
Paraformaldehyde Solution, 4% in PBS (catalog# J61984-AK, Alfa Aesar, Ward Hill, MA, USA)



	
Phalloidin-iFluor 594 Reagent (catalog# A12381, ThermoFisher, Waltham, MA, USA)



	
Nikon Confocal Microscope (Nikon Ti-U) with fluorescent imaging capabilities (Nikon Instrument Inc., Melville, NY, USA) and environmental temperature control chamber (InVivo Scientific, Salem, SC, USA)







2.5. Data Analysis Software


	
Image J/Fiji (Version 1.53, Wayne Rasband and contributors, NIH, Bethesda, MD, USA)



	
GraphPad Prism 6.0 (Version 6.0, GraphPad Software, Inc., San Diego, CA, USA)








3. Procedure and Expected Results


3.1. Microfluidic Device Preparation


3.1.1. D9-Chip Design


	
The D9-Chip pattern was designed using AutoCAD 2018 (Version 22.0, Autodesk Inventor, San Rafael, CA, USA) and generated the chip’s geometry.



	
D9-Chip has nine individual units to use, and each unit has a distinct migration channel with a unique cell loading inlet, chemical inlets and outlet (Figure 1).



	
Equilibrated flow from two chemical inlets will generate a stable chemokine gradient by molecular diffusion in pressure driven micro-channels.



	
Three micropillars support the barrier channels from below to increase the structure stability of the channels and prevent collapse during the glass bonding process after plasma treatment.







3.1.2. D9-Chip Fabrication


	
The design pattern was printed on a transparent film at high resolution to serve as a photomask.



	
The photomask within the pattern was then projected on a 3-inch silicon wafer (~50 μm high) by UV exposure with SU-8 photoresist.



	
The designed features were fabricated on silicon wafers by two-layer contact photolithography. The first layer defines the cell docking structure and controls the initial position of individual cell in the microfluidic device (Figure 1). The second layer containing the features of the gradient channel was then aligned with the first layer on the same wafer. The specific parameters of the docking structure are referenced in Note 1.



	
After the photolithography, PDMS replica were fabricated using standard soft-lithography technique. Specifically, Sylgard 184 silicone base and curing agent were mixed in a 10:1 ratio by weight to replicate the feature from master mold.



	
The PDMS replica were placed in a petri dish in a vacuum desiccator to remove air bubbles. Alternatively, air bubbles can be blown to the sides of the petri dish using Air Gas Duster.



	
The PDMS replica were baked at 80 °C for 2 h, followed by peeling off from the silicon master mold.



	
One cell loading port (2 mm diameter), two chemical inlets (6 mm diameter) and one outlet (4 mm diameter) were punched out for each unit of the PDMS replica.



	
The channel surface of PDMS replica was cleaned with adhesive scotch tape to remove any residual PDMS fragments.



	
For each device, a glass slide was rinsed in the following order with acetone, isopropanol, DI water and blown dry by airflow in a biosafety cabinet.



	
The PDMS replica and a glass slide were placed inside a Plasma Cleaner Chamber (Harrick Scientific, Pleasantville, NY, USA) and the vacuum was applied for 2–3 min, followed by high power mode of air plasma treatment. This step was used to bond the PDMS replica on the glass slide and restore the hydrophilicity of the PDMS channels for later injection of the solutions.







3.1.3. Substrate Coating


	
The completed microfluidic device was immediately coated with substrate to preserve the hydrophilic ability of the channels.



	
The completed microfluidic devices were directly coated with fibronectin working solution (0.25 mg/mL in PBS) prior to use in cell migration experiments. The high coating concentration was used to achieve a required surface coating density, taking into consideration the low height (~50 μm) of the channels in the microfluidic device [2]. The devices were coated with fibronectin solution changes every 10 min for 1 h in room temperature. The devices were subsequently blocked overnight at 4 °C with 0.4% BSA RPMI 1640 medium.








3.2. Chemical Gradient Generation


3.2.1. Principle of Gradient Generation


	
The gradient generation principle in our device is based on the continuous mixing of two laminar flows containing target chemoattractant and medium control solutions in the microchannels [14,15]. The gradient generation in each unit is independent, fast, stable, and well-controlled in a pump-free manner.



	
The pressure difference of the solutions between the two filled chemical inlets and the empty outlet in each unit drives the two flows from the inlets to the downstream main gradient channel and the corresponding outlet.



	
A previously described silicone oil-based pressure-balancing strategy is applied to cover the two chemical inlets using the oil after loading the corresponding solutions [16]. The strategy is based on the immiscibility between the silicone oil and the solutions and to eliminate the pressure difference between the two inlets (Figure 1b).



	
The versatility of the D9-Chip design device is in generating single or overlapped gradients by using ad hoc designed microchannels in which adjacent fluid streams contain the chemicals of interest and the medium.







3.2.2. Measurement of Concentration Chemical Gradient


	
The chemical concentration gradient profile was simulated by COMSOL Multiphysics® 5.6 (COMSOL, Inc. Burlington, MA, USA) using laminar flow and chemical diffusion theory and characterized and validated by experimental assay.



	
FITC-dextran was dissolved in DMSO at a stock concentration of 30 mg/mL, which was used to characterize the proper gradient generation by adding a final concentration of 0.6 mg/mL in the chemoattractant solution.



	
FITC-dextran containing chemotaxis solution or complete media control (50–100 μL, depending on the thickness of the device) were loaded into separate chemical inlets on a single channel (Figure 1b).



	
The above solutions were overlayed with silicone oil (20–30 μL, depending on the thickness of the device) to cover the solutions in the two inlets.



	
The fluorescence emitted from FITC-dextran was measured to monitor the gradient profile during the chemotaxis experiment.








3.3. Cell Preparation


3.3.1. Preparation of Activated Human Peripheral Blood T Cells (ahPBTs)


	
All human blood-related experiments were carried out in accordance with relevant guidelines and regulations set at the University of Manitoba and The Tri-Council Policy Statement of Ethical Conduct for Research Involving Humans (TCPS). An ethics protocol (Protocol number: HS24865) was approved by the Joint-Faculty Research Ethics Board at the University of Manitoba for collecting blood samples.



	
Human peripheral blood samples were obtained from healthy donors by the recruiting staff employed at the Victoria General Hospital in Winnipeg following the approved protocol procedures. Informed written consent forms were obtained from all participants.



	
Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples [16,17] and cultured (0.5–1 million cells/mL) in the presence of 1 µg/mL each of anti-human CD3 and anti-human CD28 antibodies in a complete RPMI culture medium (RPMI-1640 with 50 U/mL final concentration penicillin-streptomycin and 10% FBS) for 48 h (37 °C, 5% CO2).



	
The activated ahPBTs were subsequently expanded in a complete RPMI supplemented with 12.5 ng/mL of IL-2 for at least 3 days prior to use in migration experiments [14,18,19].







3.3.2. Preparation of Jurkat Cells


	
Jurkat Clone E6-1 (Jurkat, ATCC number TIB-152) is a human T lymphoblastoid cell line derived from an acute T cell leukemia patient [20]. Cells were cultured in RPMI 1640 supplemented with 25 mM HEPES and 2.05 mM L-glutamine, with 10% FBS and Penicillin-Streptomycin (50 U/mL final concentration), and incubated in 5% CO2 at 37 °C.



	
Cultures were initiated at a cell density of 105/mL and subcultured when they reached ~106/mL.








3.4. Experimental Preparation


3.4.1. Cell Loading


	
Prior to use in migration assays, the cells were collected and incubated in serum and a BSA-free RPMI 1640 medium at a concentration of 5–10 × 105/mL for 3–4 h. This step reduced the levels of spontaneous migration in the cells.



	
The cells were collected and resuspended in a RPMI 1640 medium containing 0.4% BSA. The cells were adjusted at a concentration of 5–10 × 106/mL before gently loading 5–10 × 104 cells in a 10–15 μL RPMI 1640 medium containing 0.4% BSA to the cell loading port in each unit of the fibronectin-precoated radial microfluidic device.



	
Cell suspension was loaded into each cell loading port. The cells accumulated at ~2.5 µm height docking barrier of the device as previous described [16,21].



	
Once approximately 1000–2000 cells were allowed to align next to the gradient channel, the migration analysis was initiated. This alignment of the cells at a common “start” position offered optimal conditions for accurate analysis of migration.







3.4.2. Chemoattractant Preparation and Loading


	
Each experiment has an SDF-1α and a control (RPMI 1640 medium containing 0.4% BSA) channel.



	
SDF-1α (100 nM) in a RPMI 1640 medium containing 0.4% BSA with 0.006% (w/v) FITC-dextran (10 kD) is prepared from stock for each experiment.



	
The chemoattractant solution and cell migration medium control were loaded into the corresponding inlets. Specifically, the inlet which is closer to the cell loading port was filled with a migration medium control (RPMI 1640 medium plus 0.4% BSA) and the other inlet was filled with the test solution (i.e., chemoattractant).



	
Upon loading the corresponding solution, the inlets were covered and connected with silicone oil (density = 0.963 g/mL) to balance the pressure difference between two inlets. In addition, the oil coverage strategy reduces the solution evaporation from the inlet wells; it can also help maintain a pressure difference to drive the solution from the inlets to outlet.







3.4.3. Imaging System and Data Collection


	
The loaded microfluidic devices were placed in an environmental chamber mounted on a Nikon Confocal Microscope (Nikon Ti-U) with fluorescent imaging capabilities (Nikon Instrument Inc., Melville, NY, USA) with the appropriate filter at Ex/Em = 490/520 nm and a capacity to maintain a temperature at 37 °C and 5% CO2 atmosphere during the imaging process.



	
Jurkat cell migration was monitored using images taken at 0, 3 h, and 5 h time points to calculate the displacement of the cells by comparing the positions at different time points with Image J (Figure 2). Comparisons of individual cell displacement in the chemotaxis (SDF-1α) or medium control group were plotted by measuring the distance cells migrated from their original position.



	
Primary T cells migration was monitored using images taken at 0 and 0.5 h, as these cells displayed a higher migration rate (Figure 3). In addition, the cell migration pattern of primary T cells within the channel was real-time monitored under microscopy (Video S1). The entire videos are for 30 min experimental periods, and the video playback speed is 10×.







3.4.4. In Situ Cell Labelling


	
Migrating cells were also fixed and labelled in situ for detailed morphological analysis.



	
The chemoattractant solution and medium were removed by gently pipetting from the inlet and outlet wells. It is important that the interior compartments do not dry out during this process. The channels were rinsed with 90–100 µL of PBS to inlet and outlet wells for 5 min at room temperature. After rinsing with PBS, the cells were fixed 30 min at room temperature by adding 90–100 µL of 4% PFA to inlet and outlet wells in order to completely fill the channel with fixation solution.



	
The 4% PFA solution was removed from the inlet and outlet wells in the chip, the channels were rinsed with 90–100 µL of PBS to inlet and outlet wells for 5 min at room temperature, taking care not to introduce air bubbles. This was repeated twice.



	
Fresh phalloidin staining solution (1:1000 dilution of stock solution) was prepared in PBS/1% BSA and incubated for 30 min at room temperature in the dark.



	
The solution was removed from the wells in the chip, the cells were rinsed with PBS (3 times/5 min each) to remove excess phalloidin conjugate.



	
The final wash was removed and 50–60 µL PBS was added in the device to prevent the channel from drying.



	
The cells were then observed and photographed using a Nikon Confocal Microscope (Nikon Ti-U) fitted with an appropriate filter at Ex/Em = 590/618 nm (Figure 4).



	
The cell shape index (CSI) was calculated through the cell area and perimeter measurements for the cells at different locations in the gradient channel. Figure 5a shows successive snapshots of the cell morphology changes during the chemotactic migration process with the phalloidin-stained actin filaments, starting from the cell loading inlet through the docking area to the main migration channel. The CSI was defined for the cell morphology analysis during the chemotaxis migration process. Comparing the CSI between different cell locations in Figure 5b, cells appeared to stretch and elongate while crossing the 2.5 μm thickness barrier area revealing the quantitative cell stretching and spreading information. Cell shape changed from the cell loading inlet to the docking area with CSI ranging from 0.88 in the circular-shaped cells to 0.80 in the elongated cells; from the docking area to the main gradient channel, the CSI ranged from 0.80 in the elongated cells to 0.84 in the circular-shaped cells.







3.4.5. Statistical Analysis


	
Student’s t-test was used to compare the different groups using Prism; p < 0.05 was considered statistically significant.



	
The cell area and perimeter were determined using Image J. CSI was calculated from the following formula [22]: A is area of the cell, P is perimeter.







   CSI =   4  π A     P 2      












4. Conclusions


The nine-unit radial microfluidic chip provides a platform that permits the study of cell migration and chemotaxis at a higher throughput and may serve as an attractive discovery tool to quantify the influence of compounds that influence the chemotaxis of inflammatory cells.




5. Notes


5.1. Cell Docking Structure in a Radial Microfluidic Device


The cell docking structure used in this device is specifically tailored for the cell type under investigation. In the case of T cells or neutrophils, a docking device thickness of ~2.5 µm was used. However, for most types of cancer cells, such as the breast cancer cell line MDA-MB-231, a ~7 µm barrier is used [16]. The guiding principle for determining the thickness of the docking area barrier is to exclude random walk migration by designing the height slightly lower than the cell diameter which still permits and selects for deliberate cell migration into the gradient channel. The depth of the second layer of the device is around 44–46 µm.




5.2. Fibronectin Coating Treatment on the Device for a Better T Cell Migration Environment


Fibronectin concentration is vital to affect the migratory characteristics of the Jurkat cells. CD49e/CD29 (α5β1, VLA-5), which recognizes the RGD-containing fibronectin binding site, and CD49d/CD29 (α4β1, VLA-4), which binds the CS-1 region on fibronectin [23], control the cells’ attachment and migration movements according to the leukocyte activation status [24,25,26]. In this case, we applied a relatively high concentration of fibronectin coating in microchannels for 1 h, and repeated the flash every 10 min with fresh fibronectin solution to achieve the required surface coating density in the channels.




5.3. FITC-Dextran Fluorescence Additive in the Chemotaxis Gradients


FITC-dextran can be added to the SDF-1α containing solution as a direct indicator of the gradient generation in the microchannel. In such cases, care should be taken to ensure that the FITC-dextran does not interfere with the chemoattractant molecules. A FITC-dextran conjugate with a molecular weight similar to the chemoattractant molecules should be used. Most chemokines have molecular weights ranging from 8 kD to 10 kD (e.g., SDF1α [27], IL-8 [28,29]).




5.4. Actin-Based Protrusions of Migrating Cells


Phalloidin staining of the actin cytoskeleton has been considered as the most reliable method of accurately labelling F-actin in fixed migration cell. In this case, we applied fluorescence iFluor 594-conjugated phalloidin to visualize the cellular F-actin intensity by specific binding. In further morphology analysis, we calculated the cell shape index CSI to estimate the chemotaxis-induced shape transition of the cells during the migration process, especially by using this docking structure microfluidic device. In this case, we estimated the cells must remodel their morphology through the cytoskeleton to be more elongated in the docking area, preparing them to migrate through the thin barrier channel in response to the chemoattractant gradient. However, morphological cell elongation is significantly reduced in the gradient channel compared to the docking area but also higher than cells in the loading inlet not exposed to chemoattractant, although not significantly in the current CSI analysis.



The hypothesis of actin-based protrusions of migrating cells and migration of cells powered by actin could be further demonstrated in 3D matrix chips [30].









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/mi13101567/s1, Video S1: Real-time cell migration pattern of primary T cells under microscopy.





Author Contributions


Y.L. and F.L. conceived and designed the experiments; J.W. contributed chips design and chips fabrication process. X.R., J.W. and J.A.W. contributed regents, materials, and research discussion. Y.L. and X.R. performed the research experiment and analyzed the data. F.L. and J.A.W. supervised the study. Y.L. wrote the first draft of the manuscript; all the authors edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work is financially supported by a Discovery Grant from the Natural Sciences and Engineering Research Council of Canada (NSERC) (RGPIN-2014-04789, RGPIN-2021-03346) to F. Lin. JW is grateful for the funding supports from the National Natural Science Foundation of China (32101162), the Guangdong Basic and Applied Basic Research Foundation (2020A1515110088), and the Shenzhen Science and Technology Innovation Commission (JCYJ20210324101401003).




Institutional Review Board Statement


The study was conducted in accordance with relevant guidelines and regulations set at the University of Manitoba and The Tri-Council Policy Statement of Ethical Conduct for Research Involving Humans (TCPS). An ethics protocol (Protocol number: HS24865) was approved by the Joint-Faculty Research Ethics Board at the University of Manitoba for collecting blood samples.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available in the article.




Acknowledgments


We would also like to thank Amanda Stefanson for the language editing; and Dmitry Tomsa for the graphic abstract editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hampton, H.R.; Chtanova, T. Lymphatic migration of immune cells. Front. Immunol. 2019, 10, 1168. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, B.; Butcher, E.C. Chemokines in rapid leukocyte adhesion triggering and migration. Semin. Immunol. 2002, 14, 83–92. [Google Scholar] [CrossRef] [PubMed]

	



Krummel, M.F.; Bartumeus, F.; Gérard, A. T cell migration, search strategies and mechanisms. Nat. Rev. Immunol. 2016, 16, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Pijuan, J.; Barceló, C.; Moreno, D.F.; Maiques, O.; Sisó, P.; Marti, R.M.; Macià, A.; Panosa, A. In vitro cell migration, invasion, and adhesion assays: From cell imaging to data analysis. Front. Cell Dev. Biol. 2019, 7, 107. [Google Scholar] [CrossRef]

	



Kim, S.; Kim, H.J.; Jeon, N.L. Biological applications of microfluidic gradient devices. Integr. Biol. 2010, 2, 584–603. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Wu, X.; Lin, F. Recent developments in microfluidics-based chemotaxis studies. Lab Chip 2013, 13, 2484–2499. [Google Scholar] [CrossRef]

	



Irimia, D.; Geba, D.A.; Toner, M. Universal Microfluidic Gradient Generator. Anal. Chem. 2006, 78, 3472–3477. [Google Scholar] [CrossRef]

	



Aranyosi, A.; Wong, E.; Irimia, D. Neutrophil Treadmill to Decouple Spatial and Temporal Signals during Chemotaxis. Lab Chip 2015, 15, 549–556. [Google Scholar] [CrossRef]

	



Irimia, D.; Liu, S.Y.; Tharp, W.G.; Samadani, A.; Toner, M.; Poznansky, M.C. Microfluidic system for measuring neutrophil migratory responses to fast switches of chemical gradients. Lab Chip 2005, 6, 191–198. [Google Scholar] [CrossRef]

	



Wu, J.; Ouyang, L.; Wadhawan, N.; Li, J.; Zhang, M.; Liao, S.; Levin, D.; Lin, F. A compact microfluidic system for cell migration studies. Biomed. Microdevices 2014, 16, 521–528. [Google Scholar] [CrossRef]

	



Schwarz, J.; Bierbaum, V.; Merrin, J.; Frank, T.; Hauschild, R.; Bollenbach, T.; Tay, S.; Sixt, M.; Mehling, M. A microfluidic device for measuring cell migration towards substrate-bound and soluble chemokine gradients. Sci. Rep. 2016, 6, 36440. [Google Scholar] [CrossRef]

	



Sabhachandani, P.; Motwani, V.; Cohen, N.; Sarkar, S.; Torchilin, V.; Konry, T. Generation and functional assessment of 3D multicellular spheroids in droplet based microfluidics platform. Lab Chip 2016, 16, 497–505. [Google Scholar] [CrossRef] [PubMed]

	



Ayuso, J.M.; Virumbrales-Muñoz, M.; Lacueva, A.; Lanuza, P.M.; Checa-Chavarria, E.; Botella, P.; Fernández, E.; Doblare, M.; Allison, S.J.; Phillips, R.M.; et al. Development and characterization of a microfluidic model of the tumour microenvironment. Sci. Rep. 2016, 6, 36086. [Google Scholar] [CrossRef] [PubMed]

	



Lin, F.; Butcher, E.C. T cell chemotaxis in a simple microfluidic device. Lab Chip 2006, 6, 1462–1469. [Google Scholar] [CrossRef] [PubMed]

	



Ren, X.; Alamri, A.; Hipolito, J.; Lin, F.; Kung, S.K. Applications of microfluidic devices in advancing NK-cell migration studies. Methods Enzymol. 2020, 631, 357–370. [Google Scholar]

	



Wu, J.; Kumar-Kanojia, A.; Hombach-Klonisch, S.; Klonisch, T.; Lin, F. A radial microfluidic platform for higher throughput chemotaxis studies with individual gradient control. Lab Chip 2018, 18, 3855–3864. [Google Scholar] [CrossRef]

	



Ren, X.; Getschman, A.E.; Hwang, S.; Volkman, B.F.; Klonisch, T.; Levin, D.; Zhao, M.; Santos, S.; Liu, S.; Chenga, J.; et al. Investigations on T cell transmigration in a human skin-on-chip (SoC) model. Lab Chip 2021, 21, 1527–1539. [Google Scholar] [CrossRef]

	



Ren, X.; Wu, J.; Levin, D.; Santos, S.; de Faria, R.L.; Zhang, M.; Lin, F. Sputum from chronic obstructive pulmonary disease patients inhibits T cell migration in a microfluidic device. Ann. N. Y. Acad. Sci. 2019, 1445, 52–61. [Google Scholar] [CrossRef]

	



Nandagopal, S.; Wu, D.; Lin, F. Combinatorial guidance by CCR7 ligands for T lymphocytes migration in co-existing chemokine fields. PLoS ONE 2011, 6, e18183. [Google Scholar] [CrossRef]

	



Kumar, R.; Tripathi, V.; Ahmad, M.; Nath, N.; Mir, R.A.; Chauhan, S.S.; Luthra, K. CXCR7 mediated Giα independent activation of ERK and Akt promotes cell survival and chemotaxis in T cells. Cell. Immunol. 2012, 272, 230–241. [Google Scholar] [CrossRef]

	



Wu, J.; Hillier, C.; Komenda, P.; de Faria, R.L.; Santos, S.; Levin, D.; Zhang, M.; Lin, F. An all-on-chip method for testing neutrophil chemotaxis induced by fMLP and COPD patient’s sputum. Technology 2016, 4, 104–109. [Google Scholar] [CrossRef]

	



Versaevel, M.; Grevesse, T.; Gabriele, S. Spatial coordination between cell and nuclear shape within micropatterned endothelial cells. Nat. Commun. 2012, 3, 671. [Google Scholar] [CrossRef] [PubMed]

	



Mould, A.P.; Wheldon, L.A.; Komoriya, A.; Wayner, E.A.; Yamada, K.M.; Humphries, M.J. Affinity chromatographic isolation of the melanoma adhesion receptor for the IIICS region of fibronectin and its identification as the integrin α4β1. J. Biol. Chem. 1990, 265, 4020–4024. [Google Scholar] [CrossRef]

	



Albelda, S.M.; Buck, C.A. Integrins and other cell adhesion molecules. FASEB J. 1990, 4, 2868–2880. [Google Scholar] [CrossRef] [PubMed]

	



Baiula, M.; Cirillo, M.; Martelli, G.; Giraldi, V.; Gasparini, E.; Anelli, A.C.; Spampinato, S.M.; Giacomini, D. Selective Integrin Ligands Promote Cell Internalization of the Antineoplastic Agent Fluorouracil. ACS Pharm. Transl. Sci. 2021, 2021, 1528–1542. [Google Scholar] [CrossRef]

	



Berrazouane, S.; Doucet, A.; Boisvert, M.; Barabé, F.; Aoudjit, F. Vla-4 induces chemoresistance of t cell acute lymphoblastic leukemia cells via pyk2-mediated drug efflux. Cancers 2021, 13, 3512. [Google Scholar] [CrossRef]

	



Veldkamp, C.T.; Seibert, C.; Peterson, F.C.; De la Cruz, N.B.; Haugner, J.C., III; Basnet, H.; Sakmar, T.P.; Volkman, B.F. Structural basis of CXCR4 sulfotyrosine recognition by the chemokine SDF-1/CXCL12. Sci. Signal. 2008, 1, ra4. [Google Scholar] [CrossRef]

	



Qasaimeh, M.A.; Pyzik, M.; Astolfi, M.; Vidal, S.M.; Juncker, D. Neutrophil Chemotaxis in Moving Gradients. Adv. Biosyst. 2018, 2, 1700243. [Google Scholar] [CrossRef]

	



Li Jeon, N.; Baskaran, H.; Dertinger, S.K.; Whitesides, G.M.; Van De Water, L.; Toner, M. Neutrophil chemotaxis in linear and complex gradients of interleukin-8 formed in a microfabricated device. Nat. Biotechnol. 2002, 20, 826–830. [Google Scholar] [CrossRef]

	



Caswell, P.T.; Zech, T. Actin-Based Cell Protrusion in a 3D Matrix. Trends Cell Biol. 2018, 28, 823–834. [Google Scholar] [CrossRef]








[image: Micromachines 13 01567 g001 550] 





Figure 1. Illustration of the multi-channel radial microfluidic device. (a) Design of the nine-unit whole chip and illustration of the inlets and channels in the cells chemotaxis experiment. It provided independently controlled gradients by adding chemoattractant and medium to different loading inlets. (b) The cross-section view and top view of a single unit illustrated the cell docking structure and pillar support. The design of the cell docking structure aims to align cells and separate them from the cell loading channel and the main gradient channel. 
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Figure 2. Chemotaxis of Jurkat cells in multi-channel radial microfluidic device. (a) Representative Jurkat cells distribution images in the channel at the beginning and the 3 h and 5 h chemotaxis experiment in a 100 nM SDF-1α gradient. (b) Quantitative migration distance analysis for the experiments in (a). The results are presented as the average value ± standard error of the mean (SEM). * indicates p < 0.001. 
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Figure 3. Chemotaxis of primary T cells in the radial microfluidic device. (a) Representative primary T cells distribution images in the channel at the beginning and the 0.5 h chemotaxis experiment in a 100 nM SDF-1α gradient. (b) Quantitative migration distance analysis for the experiments in (a). The results are presented as the average value ± standard error of the mean (SEM). * indicates p < 0.05. 
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Figure 4. Cells were stained by phalloidin to observe actin filament expansion. (a,b) Jurkat cells were fixed at the end of 5 h chemotaxis migration experiments, followed by F-actin staining with Phalloidin-iFluor 594 reagents working solution. (a,b) Representive different cells locations under different focal planes. (c) Primary T cells were fixed at the end of 0.5 h chemotaxis migration experiments, followed by F-actin staining with Phalloidin-iFluor 594 reagents working solution. 
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Figure 5. Analysis of the Jurkat cell shape index (CSI) in the chemotaxis migration assay. (a) Illustration of the actin cytoskeleton staining of Jurkat cells located in the different areas of the microfluidic device, starting from the cell loading inlet, the docking area and the gradient channel. (b) Calculation CSI of the Jurkat cells located in the different area of the chip. The results are presented as the average value ± standard error of the mean (SEM). * indicates p < 0.05. ** indicates p < 0.01, N.S. indicates not significant. 
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