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Abstract

Collective cellular migration plays central roles in development, regeneration, and metastasis. In 

these processes mechanical interactions between cells are fundamental, but measurement of these 

interactions is often hampered by technical limitations. To overcome some of these limitations 

here we describe a system that integrates microfluidics with traction force microscopy (TFM). 

Using this system we can measure simultaneously, and in real time, cellular migration speeds, 

traction forces, and intercellular tension throughout a multicellular confluent island of confluent 

Madin-Darby canine kidney (MDCK) cells. The cell island is exposed to hepatocyte growth factor 

(HGF) at controlled concentrations and controlled gradients; HGF is known to elicit epithelial-to-

mesenchymal transition (EMT) and cell scattering. As expected, the rate of expansion of the cell 

island was dependent on the concentration of HGF. Higher concentrations of HGF reduced 

intercellular tensions, as expected during EMT. A novel finding, however, is that the effects of 

HGF concentration and its gradient were seen to be cooperative. This integrated experimental 

system thus provides an improved window to better understand cellular forces during collective 

cellular migration and EMT.
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Introduction

Collective cellular migration is fundamental to tissue formation,1, 2 immune response,3, 4 

wound healing,5, 6 angiogenesis7, 8 and metastasis.9–11 Lab-on-a-chip technologies, 

including microfluidic cell culture,12, 13 organs-on-a-chip,14, 15 and microarrays,16, 17 help 

to provide better understanding, but thus far have not addressed the phenomenon of 

collective cellular migration. To study collective cellular migration in vitro, we therefore 

sought to develop a microphysiological system with precise control of physiochemical 

stimuli and simultaneous monitoring of responses in real time.

For cells to move collectively, both regulation and sensing of the microenvironment are 

essential.18–20 For instance, cells perceive physicochemical stimuli and respond by changing 

the cell motility,21 cell-substrate interactions,22, 23 and cell-cell interactions,24 resulting in 

cooperative cell migration with a specific directionality.25–27 Hepatocyte growth factor 

(HGF), for example, is an example of a stimulus that causes cells to attenuate cell-cell 

interactions and enhance cell motility in a process known as epithelial to mesenchymal 

transition (EMT).28–31 Previous studies have shown that HGF, which is also known as a 

scattering factor, induces cellular EMT in an epithelial cell monolayer in a dose-dependent 

manner.32, 33

Here we describe a multichannel microfluidic system that enables the generation of a 

concentration gradient of HGF in flow, facilitating the cooperative migration of Madin-

Darby canine kidney (MDCK) cell clusters. By incorporating traction force microscopy 

(TFM) into the system, we were able to identify the cellular motility, tension, and traction 

forces caused in response to HGF. We demonstrate that MDCK cells in a circular cluster 

develop enhanced responses in a concentration-dependent and gradient-dependent manner. 

We also found that responses are associated with junction proteins, including vinculin, E-

cadherin, and F-actin, each of which participates in cell adhesion, migration, and EMT. 

These results suggest that our microfluidic TFM system is applicable to exploring many 

open questions in the field of cooperative cellular migration under a chemical gradient of 

soluble factors.

Results

Integrated microfluidic system with TFM

To explore the collective migration of cell clusters in response to the concentration gradient 

of a chemical, we integrated a microfluidic system with TFM by enveloping a fluorescent 

bead-embedded polyacrylamide (PAA) gel with a polydimethylsiloxane (PDMS) 

microchannel structure (Fig. 1a). As a model cell system, MDCK cells were seeded on the 

PAA gels in the presence of a PDMS stencil with circular holes which allowed the formation 

of cell monolayers with a confined size and shape.33 Twelve islands of MDCK cell clusters 

(3 columns by 4 rows, and each island had a diameter of 800 μm) were prepared. After cells 

attached on PAA gels, the stencil was gently removed and microchannel structure was put 

over the PAA gels to produce closed channel over cell clusters. A stable laminar flow within 

the microchannel was established by applying negative pressure using a syringe pump to the 

outlet of a hierarchically structured tree-like channel (Fig. 1b). To develop a concentration 
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gradient, the left inlet was supplied with 20 ng/ml HGF-containing media, while the middle 

and right inlets were supplied with media without HGF. The entire assembly was put on a 

microscope enclosed in an incubator at 37 °C and 5% CO2 (Fig. 1c).

The effect of an HGF concentration gradient on MDCK cell migration

The expansion of MDCK cell islands was monitored in response to the HGF concentration 

and its gradient (Fig. 2a). Rhodamine-conjugated dextran (R-dextran), which has a 

molecular weight similar to HGF, was used to estimate spatiotemporal distribution of HGF 

with the microfluidic channel (Fig. 2b). The fluorescence intensity of R-dextran showed that 

the concentration decreased from left to right, yielding concentration gradients over the 

array of cell islands (Fig. 2c). The degree of the concentration gradient was tunable by 

adjusting the flow rate of target molecules (Fig. S1a and b†). Notably, after stabilization of 

flow, the concentration gradients were fairly consistent and within 5% variation over the 

course of 8 hr measurements (Fig. S1c†). Based on the HGF concentrations, the cell islands 

were divided into three regions; left (high), middle (medium) and right (low) (Fig. 2c).

The expansion of each MDCK cell island was observed by bright field microscopy in the 

presence of HGF in the microfluidic TFM system. As HGF is known to induce scattering of 

epithelial cells,30, 34–35 MDCK cell islands expanded more when HGF concentration was 

higher (Fig. 2d). The islands on the left columns where HGF concentration was high 

expanded more than the islands on the right columns where HGF concentration was low. 

The expansion of those islands in the middle column was in between the left and the right. 

When we compared the boundaries of islands between 0 min and 500 min, it was evident 

that the degree of expansion was dependent on HGF concentration. Moreover, we found that 

in the middle island in which the HGF gradient is most steep, the left half of the island 

expanded more than the right half of the island and thus showed the asymmetric expansion 

within an island (Fig. 2e). The trajectory of cell locomotion confirmed the asymmetric 

migration of those cells in the middle island (Fig. 2f).

Spatiotemporal distribution of cell migration, traction and tension in the MDCK cell islands

During the expansion of MDCK cell islands over 500 min, velocity of cell migration, 

cellular contractile force on substrate and intercellular stress were analyzed. The magnitude 

of velocity, speed is shown by color-coded maps where the red color indicates outward 

movements and the blue color indicates the inward movements (Fig. 3a). At the beginning of 

the expansion, all three islands showed similar pattern of speed distribution with a shallow 

red rim along the boundary indicating that the migration happened mostly on the boundary 

of the island. After 500 min of exposure to HGF gradients, however, the patterns of speed 

distribution were different among 3 islands. On the left island where HGF concentration was 

high, most of cells in the island were moving outward. On the right island where HGF 

concentration was low, overall speed was smaller than the left island. On the middle island 

where HGF gradient was most steep, the left half of island migrated more while there was 

minimal migration on the right half. Thus there was asymmetric pattern of migration in the 

middle island. When we compared the average speed in each island, the left island was 

†Electronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx00000x
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always fast moving than the others and there was peak at 2hr (Fig. 3b). Next, we compared 

the traction distribution. Unlike the speed distribution, there was no clear difference among 

the islands (Fig. 3c and d). Using monolayer stress microscopy, we computed intercellular 

stress. Again, at the beginning of the expansion, there was no difference among island but 

after 500 min exposure to HGF gradient, the intercellular stress of the left island was visibly 

smaller than the other islands (Fig. 3e). The middle island showed less tension on the left 

half than the right. Also, we found that the average tension within the left island decreased 

after 3hr of exposure while there were little changes in the other 2 islands (Fig. 3f).

Differential migratory behaviors of the MDCK cell islands in response to the HGF 
concentration and its gradient.

The migratory behavior of MDCK cell islands was characterized by the HGF concentration 

and its gradient. Therefore, we divided each island by left and right semicircles, where the 

HGF concentration gradually decreased from the left to the right, as shown in Fig. 4a (solid 

blue lines). The gradient in the sectioned area was also estimated, which showed substantial 

values of 0.55 and 0.51 a.u. for zones 2 and 3, respectively, while other zones were fairly 

stable (less than 0.1 a.u.) for changes in the HGF concentration (Fig. 4a, red bars). The 

cellular speed of each semicircle was measured by averaging all the components in the area, 

resulting in a positive correlation with the HGF concentration. This result indicated that 

HGF favors the migration of cells, in which a higher concentration causes a faster speed. 

Strikingly, the speed of zone 2 showed the highest value, although the concentration was 

lower than that of zone 1. This result suggested that the HGF gradient may contribute to 

enhancing the cell speed of zone 2, where the gradient significantly differed by 28-fold 

compared to that of zone 1. This behavior was clearly observable in the middle column 

(zones 3 and 4), which showed a 1.8-fold increase in the cellular speed in zone 3 compared 

to that in zone 4. The change in average traction was little to none with each island though 

the left island (zones 1 and 2) showed slightly less traction than the other islands (Fig. 4c). 

We also found that the average cellular tension in each zone was inversely correlated with 

the local HGF concentrations (Fig. 4d), while the effect of the HGF gradient was negligible. 

With all together, our results suggest that the effects of HGF concentration and its gradient 

could be cooperative primarily on cellular speed rather than the tension and traction.

The HGF concentration gradient induces asymmetric distribution of actin, focal adhesions 
(FAs), and adherens junctions (AJs) within the MDCK cell islands

To determine whether the HGF gradient made any change in cytoskeleton or cell junctions, 

after 500 min exposure to HGF gradient, we stained F-actin, E-cadherin and vinculin in the 

cells in one of the middle islands and magnified representative regions from left and right 

halves (Fig. 5a). First, we found that cells of the left half were thinner than those on the right 

half (Fig. 5b – d). The localization of the proteins in the cell island was carefully 

investigated for both the FA and AJ regions along the z-axis. On the left side, where the 

HGF concentration was high, E-cadherins were rarely observed in the cellular AJ junction as 

a thin line (Fig. 5e), and cortical F-actin fibers were stretched between distinct vinculin spots 

surrounding the cell boundary at the FA region (Fig. 5g). Vinculins were not only located at 

the cell junction with other proteins but also evenly spread over the entire area of cells. 

However, on the right side where the HGF concentration was low, thick and distinct actin 
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bundles were located along the cell junctions with clear lines of E-cadherin (Fig. 5f and h). 

E-cadherin-F-actin-vinculin complexes developed thick and distinct bands along the cell 

junctions at the AJ region (Fig. 5f), while vinculins were uniformly distributed in the area of 

cells at the FA region (Fig. 5h). The results indicated that the force-related protein 

complexes were asymmetrically distributed in the cell island along with the HGF 

concentration and its gradient, which is physically connected to breaking the balance of 

collective migration, tensile force, and morphology of a cell monolayer.

Discussion and conclusion

Collective cellular migration in the presence of chemokines is one of the important 

biological events in development,27, 29 regeneration,5, 28 and metastasis.34, 35 The 

mechanism by which collective cell migration is mediated remains to be explained by the 

dynamics of cell-cell junctions and cell-substrate interactions.36, 37 In this study, we 

developed an integrated microfluidic TFM system with patterned cell islands that can not 

only regulate the chemical concentration with gradients but also evaluate the cellular 

behavior with kinematics and force mapping in situ. Our experimental setup offers a number 

of advantages over previous microfluidics systems for studying cell migration. The complex 

in vivo tissue microenvironment is incorporated with patterned MDCK cell collectives, and 

the size and shape of the islands are controllable, allowing for the evaluation of 

physicochemical effects on collective cellular migration. The integrated TFM system 

provides further advantages. Previous studies of cell migration have been mostly conducted 

on single-cell behavior imbedded in the TFM system,32, 38, 39 but these studies did not 

evaluate the collectiveness and dynamics of cell groups. The application of flow and a 

gradient of a molecule of interest in our setup is pivotal to understanding the chemotactic 

influence on cellular functions, including EMT,40 metastasis,34 and stem cell homing.41 In 

the microfluidic TFM system, cellular speed, traction, and tension within groups of cell 

monolayers are all measurable under various concentrations of the growth factor HGF and 

its gradient in a spatiotemporal manner.

The conversion of epithelial cells to cells with mesenchymal-like characteristics is a crucial 

step not only for wound healing but also for cancer progression,31, 34 where epithelial cells 

lose apicobasal polarity and cell-cell interactions.30, 40, 42–44 At the molecular level, EMT is 

accompanied by the loss of the E-cadherin complex at AJs, resulting in reinforcement of 

FAs through vinculin.30, 33 Although the mechanism by which EMT occurs has been 

extensively studied, the biophysical characteristics of the epithelial cell layer in an in vivo-

like environment remain to be answered. Our finding that a collective migration of MDCK 

cells depends on the HGF concentration as well as its gradient is unprecedented for cell 

migration and thus EMT. Typically, cells migrate toward higher concentrations of soluble 

factors, which is known as chemotaxis; however HGF increased the expansion of MDCK 

cell islands without chemotactic directionality and induced EMT.32, 45, 46 The highest speed 

of the cell groups was observed once the concentration and gradient of HGF were coapplied 

to the system. Traction generated by the cell groups was fairly consistent under various 

concentrations of HGF in solution, suggesting that the cells maintained group collectiveness.
37, 47 Tension measured in the cell groups was shown to be inversely associated with the 

HGF concentration, and there was no influence by the gradient, unlike the cell speed.
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Our finding using the microfluidic TFM system has important physiological implications for 

how MDCK cells sense secreted HGFs and efficiently activate collective cell migration and 

EMT. Since cells experience increases or decreases in the HGF concentration in vivo,
28, 29, 45 our results are consistent with the model showing that the HGF concentration and 

its gradient cooperate to initiate collective cell migration in the process of EMT. 

Immunostaining of F-actin, E-cadherin, and vinculin further provided evidence of EMT 

development induced by HGF.48–50 Interestingly, the application of the HGF gradient within 

a single cell island induced asymmetric cellular dynamics in relation to EMT, while the 

fluid- and the solid-like states of cell collectives were observed at higher and lower HGF 

concentrations, respectively, in the same microfluidic chip. The characteristics of EMT at the 

interface between higher and lower HGF concentrations were further confirmed by the lower 

cellular tension and higher speed in only a part of the asymmetric cell island.

Although only the effects of HGF on the collective migration of MDCK cells were studied 

in the current study, the results suggest that the microfluidic TFM system has capabilities to 

investigate many remaining questions in the field of mechanobiology. For instance, how 

cells sense external stimuli and translate these stimuli to mechanical output is fundamental 

for a better understanding of cellular functions. In addition, biophysical analysis of cell 

collectives rather than individual cells is highly necessary to enhance the existing knowledge 

of physiology and pathology.

Experimental

Cell culture

MDCK (strain II) cells were cultured in low-glucose Dulbecco’s modified Eagle’s media 

(DMEM; Welgene, Korea) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, 

USA) and 1% (v/v) antibiotic-antimycotic (Gibco). The cells were maintained in a 

humidified incubator (Panasonic, Japan) at 37 °C and 5% CO2.

Fabrication of a PDMS stencil and microchannel component

A PDMS stencil for cell patterning and a microchannel component for gradient generation 

were fabricated by general soft lithography using PDMS (Sylgard 184; Dow Corning, USA) 

based on a method reported in previous studies.33, 41 Briefly, a well-mixed PDMS precured 

solution with a 10:1 ratio of prepolymer to curing agent was poured onto SU-8 master molds 

(Outsourced; MicroFIT, Korea) at a thickness of 200 μm for the stencils and 3 mm for the 

microchannel parts and was cured in a drying oven at 85 °C for 2 hours. After curing, the 

thin PDMS films with holes (diameter = 700 μm) were trimmed with a 14-mm-diameter 

punch, and the channel parts were trimmed to 24 mm by 24 mm. The resulting PDMS 

stencils and chips were autoclaved.

Preparation of a polyacrylamide (PAA) gel substrate

Based on a previous protocol,33 1 ml of PAA gel solution (6 kPa) consisted of 135 μl of 40% 

acrylamide (Bio-Rad, USA), 101 μl of 2% N,N’-Methylenebis(acrylamide) (BIS) solution 

(Bio-Rad, USA), 658 μl of highly purified water, 5 μl of green fluorescent beads (diameter = 
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500 nm; FluoSpheres; Invitrogen, USA), 100 μl of 0.5% (w/v) ammonium persulfate (Bio-

Rad, USA) and 1 μl of tetramethylethylenediamine (TEMED) (Bio-Rad, USA).

A glass chip with a rectangular groove with a depth of 100 μm for filling a soft substrate 

with a constant height was custom prepared (MicroFIT) (Fig. 1a (i)). After autoclaving the 

glass chips, the grooves were treated with a bind-silane solution consisting of 0.04% (v/v) 

acetic acid and 0.025% (v/v) silane A174 (3-(trimethoxysilyl)propyl methacrylate; Sigma-

Aldrich, USA) diluted with highly purified water at room temperature for 1 hour. The glass 

chips were then rinsed with highly purified water three times and dried.

The prepared PAA gel solution was filled into the grooves and flattened by cover glasses 

(diameter = 18 mm, Marienfeld, Germany). To align the fluorescent beads along the upper 

surface of the gel, the glass chips filled with PAA gel solution were turned upside-down and 

centrifuged at 700 rpm for 10 min. After 50 min for polymerization of the PAA gel, highly 

purified water was poured on top of the glass chips, and the cover glasses were removed 

(Fig. 1a (ii)).

Cell patterning on the PAA gel

The PAA gel surface was functionalized with Sulfo-SANPAH (sulphosuccin-imidyl-6-(4-

azido-2-nitrophenylamino) hexanoate; 1 mg/ml in 50 mM HEPES buffer; Thermo Scientific 

Pierce, USA) and activated by ultraviolet (UV) light (365 nm wavelength) for 10 min. The 

gel surfaces were then washed with 0.1 M HEPES (Sigma-Aldrich, USA) twice and with 

phosphate-buffered saline (PBS; Welgene, Korea) once. The functionalized PAA gels were 

coated with 100 μg/ml collagen type I (rat tail; Corning, USA) diluted with PBS at 4 °C 

overnight. One day later, the collagen solution was removed, and the glass chips with the 

PAA gel were rinsed with PBS three times.

The autoclaved PDMS stencils were coated with 2% Pluronic F-127 solution (Sigma-

Aldrich) diluted with PBS, incubated at 37 °C 1 hour and then rinsed with PBS three times. 

The stencil was placed on the surface of the collagen-coated PAA gel after removing the 

liquid from the stencil and PAA gel (Fig. 1a (iii)). The holes in the PDMS stencil were filled 

with PBS without air bubbles and covered with a 200 μl droplet of MDCK cells suspended 

in medium (density = 2×106 cells/ml). After the sample was incubated at 37 °C and 5% CO2 

for 1 hour to attach the cells onto the PAA gel surface, the PDMS stencil was gently washed 

with DMEM twice and carefully removed. The medium was then exchanged with fresh 

DMEM to remove cell debris and develop the patterned MDCK cell monolayer islands (Fig. 

1a (iv)).

Integration of the microfluidic TFM system

The channel-engraved surface of the autoclaved PDMS chip was treated with O2 plasma 

(Femto Science, Korea). After removing the water from the glass chip where the cells were 

patterned, the plasma-treated PDMS chip was placed on top of the glass chip, and the two 

chips were fixed together by a customized cast (Han-Gug Mechatronics, Korea) (Fig. 1a (v) 

and c). Three 200-micron tips (Axygen, USA) filled with media were inserted into the three 

inlet ports, and a 2 ml syringe (KOVAX, Korea) was connected to the outlet port through a 

modified 18 G needle (KOVAX, Korea), a 75-cm-long mini-volume line (Hyupsung, Korea), 
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and a 3-way stopcock extension tube (Hyupsung). After replacing the media in the leftmost 

inlet with DMEM supplemented with 20 ng/ml recombinant human HGF (Sigma-Aldrich, 

USA) and 1 mg/ml rhodamine B isothiocyanate-dextran (70 kDa; Sigma-Aldrich, USA), the 

fluid was withdrawn via the outlet using a syringe pump (Chemyx, USA) at a rate of 0.1 μl/

min.

Time-lapse microscopy

Every experiment was performed on a JuLI stage live cell imaging system (NanoEnTek, 

Korea) with a 4× objective lens (Olympus, Japan) in a cell culture incubator. Bright field 

was used to image the cells, a green fluorescent protein (GFP) filter was used to image the 

fluorescent beads, and a red fluorescent protein (RFP) filter was used to image rhodamine B 

isothiocyanate-dextran. Images were acquired every 10 min for 12 hours. At the last 

timepoint, the cells were trypsinized to obtain an image of the reference bead position that 

the substrate stress was relaxed from the cellular physical force.

Quantification analysis

The obtained bright field cell images and fluorescent bead and dextran images were 

numerically converted and quantitatively analyzed using a customized source code 

developed with MATLAB (MathWorks Inc., USA). The calculation and analytical code used 

in this study was based on previous studies conducted by the Fredberg group from the 

Harvard T.H. Chan School of Public Health.51–53 Briefly, the images at each timepoint were 

analyzed for cell and bead displacement through particle image velocimetry (PIV) based on 

normalized cross-correlation between a cell image and the respective previous cell image or 

between a bead image and the reference bead image. The displacement result from the cell 

images was converted to a movement trajectory and velocity of the cells, and the 

displacement result from the bead images was converted to the traction force using 

unconstrained Fourier transform traction microscopy (FTTM). The traction data were used 

to calculate intercellular stress, especially tension, using monolayer stress microscopy 

(MSM). The dextran images were normalized to the maximum and minimum values of the 

pixel intensity and used to infer the HGF concentration and its gradient.

Immunofluorescence assay

After 9 hours of monitoring the expansion of the MDCK cellular islands, the cells were 

fixed with 4% paraformaldehyde in PBS for 20 min. The cells were permeabilized with 

0.4% Triton X-100 in PBS for 20 min and blocked with 5% bovine serum albumin (BSA) in 

phosphate-buffered saline Tween-20 (PBST) for 30 min. To detect the expression positions 

of E-cadherin and vinculin, monoclonal anti-E-cadherin (1:50 dilution; Cell Signaling 

Technologies, USA) and monoclonal anti-vinculin (1:400 dilution; Sigma-Aldrich, USA) 

were used and incubated on the samples for 1 hour. After washing with PBST 5 times, the 

cells were incubated with Alexa Fluor 594 anti-rabbit IgG (1:50 dilution; Abcam, USA), 

Alexa Fluor 488 anti-mouse (1:400 dilution; Abcam, USA), and Alexa Fluor 350 phalloidin 

(1:25 dilution; Life Technologies, USA) for 1 hour. After washing the samples, fluorescent 

mounting medium (Dako, USA) was added dropwise, and a cover glass (diameter = 12 mm; 

Marienfeld, Germany) was placed on top of the sample. Fluorescent images of the entire 

MDCK cell island were captured by a fluorescence microscope (Axioscope; Carl Zeiss, 
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Germany) equipped with a 40× objective lens. To identify the FA and AJ regions, a confocal 

microscope (LSM 510, Carl Zeiss) was used, and 15~20 images at 100 nm intervals along 

the z-axis were acquired. Using ImageJ (NIH, USA), we stitched the high-resolution images 

to compose an image of an entire cell island and merged the confocal images at the basal or 

mid-apical sections through maximal intensity projections of 4~5 slides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Integrated microfluidic system with TFM. (a) A schematic of the preparation and assembly 

of the integrated system. Shallow-grooved glass (i) filled with fluorescent bead-embedded 

polyacrylamide (ii); a PDMS stencil (iii) for MDCK cell patterning with uniform size and 

shape; assembly of the microfluidic channel with an etched PDMS component (v) and its 

top view (vi). (b) Configuration and dimensions of the integrated microfluidic TFM system 

with an array of MDCK cell monolayers. (c) Images of the integrated system assembly 

(upper panel) and tubing connection (lower panel).
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Fig. 2. 
The effect of an HGF concentration gradient on MDCK cell migration. (a) A schematic of 

location-specific gradients and MDCK cell island arrays. (b) The concentration gradient 

shown by fluorescence images of rhodamine-conjugated dextran, which has a similar 

molecular weight as HGF (70 kDa). (c) Fluorescence intensity profiles (colored lines in (b)) 

that represent various concentration gradients in microfluidic channels. (d) Bright field 

images of MDCK cell islands and their expansion in response to the HGF concentration over 

time (initial status on the left and final status after 500 min on the right). (e) Migration path 

and length of MDCK cells in the first row (the rectangle in (d)) shown by color coding; and 

boundaries at the initial status (dotted line) and final status (dashed line). (f) Trajectories of 

cells within the MDCK cell islands in the first row.
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Fig. 3. 
Spatiotemporal distribution of cell migration, traction and tension in the MDCK cell islands. 

(a) Velocity maps of the MDCK cell islands in each column at 0 and 500 min. Color codes 

of radial coordinate velocity from the centroid of the cell islands, where no movement is 

indicated in white, outbound movement is indicated in red, and inbound movement is 

indicated in blue. Black arrows indicate velocity vectors. (b) Average speed of the mid-

quartile (25~75%) of the MDCK cells on each island over time. (c) Traction force maps of 

the MDCK cell islands in each column at 0 and 500 min. Color codes of radial coordinate 

traction force from the centroid of each cell island, where no movement is indicated in 

black, outbound movement is indicated in red, and inbound movement is indicated in blue. 

White arrows indicate velocity vectors. (d) Average traction of mid-quartile of the MDCK 

cells in each island over time. (e) Tension maps of the MDCK cell islands in each column at 

0 and 500 min. Color codes of tensile force, where the darkness indicates low tensile force, 

brightness indicates high tensile force. (f) Average tension of the mid-quartile of the MDCK 

cells in each island over time.
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Fig. 4. 
Differential migratory behaviors of the MDCK cell islands in response to the HGF 

concentration and its gradient (t = 500 min). (a) Estimated intensity profiles of HGF in each 

column (blue lines). Along the vertical centerline (gray dotted line), each column is divided 

by left and right sections corresponding to the left and right semicircles of the cell islands, 

respectively. This results in 6 zones. Intensity trend lines and their slope of each zone shown 

in red dashed lines and red boxes, respectively. Average cellular migration speed (b), traction 

force (c), and tension (d) in each zone. The number of data points is shown for each zone as 

follows: nzone1 = 1546, nzone2 = 1561, nzone3 = 1438, nzone4 = 942, nzone5 = 965, and nzone6 

= 1018. The error bars indicate ± 0.95 confidence intervals. n.s. not significant, * P < 0.05, 

** P < 0.01, and *** P < 0.001.
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Fig. 5. 
The HGF concentration gradient induces asymmetric distribution of actin, focal adhesions 

(FAs), and adherens junctions (AJs) within the MDCK cell islands. (a) Confocal 

fluorescence microscopy of E-cadherin (red), vinculin (green), and F-actin (blue) of a single 

MDCK cell island. (b) A schematic of the MDCK cell island under the HGF gradient and 

the regions of AJs and FAs. (c–h) Enlarged confocal microscopy images and their 

orthogonal views of two regions at higher and lower concentrations of HGF. Orthogonal 

views of a cell island at higher (c) and lower (d) HGF concentrations. Confocal microscopy 

images of AJ and FA regions of a cell island at the higher (e and g) and lower (f and h) HGF 

concentrations, respectively.
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