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Abstract

Cells migrate in vivo within three-dimensional (3D) extracellular matrices. Cells also migrate 

through 3D longitudinal channels formed between the connective tissue and the basement 

membrane of muscle, nerve, and epithelium. Although traction forces have been measured during 

2D cell migration, no assay has been developed to probe forces during migration through confined 

microenvironments. We thus fabricated a novel microfluidic device consisting of deflectable 

PDMS microposts incorporated within microchannels of varying cross-sectional areas. Using 

NIH-3T3 fibroblasts and human osteosarcoma (HOS) cells as models, we found that the average 

traction forces per post decreased upon increasing confinement. Inhibition of myosin-II function 

by blebbistatin in HOS cells decreased traction forces in unconfined (wide) channels but failed to 

alter them in confined spaces. Myosin activation by calyculin A also failed to affect traction forces 

in confining channels but increased them in wide channels. These observations underlie the 

importance of the physical microenvironment in the regulation of cell migration and cellular 

traction forces.

Introduction

Cell migration plays a key role in numerous physiological and pathological processes, 

including inflammation, angiogenesis, wound healing, and cancer metastasis.1–4 On 2-

dimensional (2D) surfaces, mesenchymal cell migration is characterized by dorsoventral 

polarization, adhesion-stabilized protrusion of actin-based structures, traction-mediated 

forward movement, and detachment and retraction of the trailing edge.5 The forces exerted 

†Electronic supplementary information (ESI) available: Four supplementary figures and one supplementary video are available. See 
DOI: 10.1039/c3lc50802a

konstant@jhu.edu; Fax: +1 410 516 5510; Tel: +1 410 516 7170.
‡These authors contributed equally to this work.

HHS Public Access
Author manuscript
Lab Chip. Author manuscript; available in PMC 2017 April 28.

Published in final edited form as:
Lab Chip. 2013 December 07; 13(23): 4599–4607. doi:10.1039/c3lc50802a.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by cells on planar substrates are generated in the cell by the action of myosin-II on the actin 

cytoskeleton through integrin–extracellular matrix (ECM) linkages (focal adhesions; FAs).6 

Proper regulation of cellular traction forces is indispensable for mechanosensing 

phenomena, including responses of cell migration.7,8

Due to the ubiquity of mechanical interactions between cells and their underlying substrates 

and the role these forces play in cell migration, it is important to characterize and quantify 

cell traction forces. Adherent cells exert nanonewton (nN)-scale traction forces that vary 

locally over the cell.9,10 Quantification of traction forces provides valuable insights about 

cellular response to mechanical perturbations and available spreading area.9,11–13 Two 

current methods to measure 2D cell traction forces rely on quantifying (a) the deflection of 

microposts on which cells spread and migrate,9–11,13 or (b) the displacement of fluorescent 

marker beads within a deformable gel.12,14–16 Using these assays, it is possible to track the 

time-dependent forces exerted by migrating cells.9,17,18

Extension of traction force assays to 2.5D and 3D settings is important to understand 

migration in the complex micro-environments found in the body. While recent progress has 

been made in measuring 2.5D traction forces exerted by cells sandwiched between two 

hydrogels19,20 or within 3D collagen gels,21,22 no assay has yet been developed to probe 

forces during physiologically-relevant migration through 3D longitudinal channels. These 

3D channels are formed between the connective tissue and the basement membrane of 

muscle, nerve, and epithelium.23 3D longitudinal channels are also formed between adjacent 

bundled collagen fibers in fibrillar interstitial tissues.23 Visualization and quantification of 

collagen organization in mouse and human samples by confocal reflection microscopy and 

second harmonic generation imaging reveal pore diameters ranging from less than 1 μm up 

to 20 μm, a wider range than that found in ECM gels.24 Importantly, cells have been 

reported to migrate through 3D channels in vivo.25 For example, clefts in the ECM bordered 

by largely parallel collagen fibers24 create lanes to facilitate cell migration.26,27 Muscle 

fibers and lymph vessels also create potential paths of least resistance for cancer cell 

movement.25 Co-culture studies have demonstrated that leader fibroblasts remodel the 

matrix to create tracks through which follower cancer cells move independently of Rho-

mediated contractility.27,28 Mesenchymal cancer cells producing active matrix 

metalloproteinases (MMPs) can function similarly to create pro-migratory tunnels.26,29 

Collectively, these studies establish that cells in vivo may also migrate through channels of 

varying degrees of physical confinement.

We herein developed a microfluidic device which consists of deflectable PDMS microposts 

incorporated within microchannels of varying cross-sectional areas (Fig. 1). As such, our 

device is capable of measuring the traction forces exerted by cells migrating through wide 

(unconfined) and narrow (confined) channels towards a chemotactic stimulus. Importantly, it 

enables us to investigate how different physical microenvironments akin to those 

encountered in vivo regulate cell migration and cellular traction forces.
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Experimental

Cell culture and reagents

Human osteosarcoma cells (HOS.pBABE-puro) were obtained from the NIH AIDS 

Research and Reference Reagent Program (Division of AIDS, NIAID, NIH, Betheshda, 

MD). NIH-3T3 cells were obtained from American Type Culture Collection (ATCC; 

Manassas, VA, USA). Both cell lines were cultured in Dulbecco’s modified Eagle medium 

(DMEM; Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS and 1% 

penicillin–streptomycin (100 U ml−1–100 μg ml−1; Life Technologies) and maintained in a 

humidified incubator with 5% CO2/95% air at 37 °C. Basal medium was supplemented with 

50 μM blebbistatin (Sigma, St. Louis, MO, USA) or 0.1 nM calyculin A (Cell Signaling 

Technology, Beverly, MA, USA) to inhibit myosin-II or myosin phosphatase, respectively.

Fabrication of the microfluidic device for probing traction forces in unconfined and 
confined microenvironments

The microfluidic device was fabricated using multilayer photolithography and replica 

molding; the fabrication scheme is shown schematically in Fig. 2a. Photolithography masks 

were designed using AutoCAD (Autodesk, McLean, VA) and produced by HTA Photomask 

(San Jose, CA) or the Photoplot Store (Colorado Springs, CO). The master for the bottom 

portion of the device was fabricated as a positive replica of the micropost arrays within 

microchannels30 using SU-8 3010 negative photoresist (Microchem, Newton, MA). SU-8 

3010 was spin coated (Single Wafer Spin Processor, Model WS-400A-6NPP-LITE, Laurell 

Technologies, North Wales, PA) on a clean silicon wafer (University Wafer, South Boston, 

MA) to create a 9 μm-thick film. The film was soft baked on a hot plate and exposed to 155 

mJ cm−2 of UV light energy through the chrome-on-glass light field mask using an EVG620 

mask aligner (EVG, Austria). The wafer was post exposure baked to crosslink the pattern 

before development with SU-8 developer (Fig. 2a). The master was hard baked at 150 °C for 

several hours to increase the mechanical strength of the photoresist, followed by treatment 

with a fluorinated silane [(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane] (Pfaltz & 

Bauer, Waterbury, CT) overnight in a vacuum desiccator to facilitate the detachment of 

PDMS molds from the master.

The master for the top portion of the device contained a negative mold of the microchannels 

and microfluidic feed lines and was designed to generate parallel microchannels of height 

HC = 4 μm and length LC = 200 μm spaced 50 μm apart, with channel widths of WC = 10, 

20, and 50 μm. To fabricate the master, a 4 μm-thick layer of SU-8 3005 was spin coated on 

a silicon wafer prior to exposure with 110 mJ cm−2 of UV light energy through a mask 

defining the microchannels. This step determined the height and width of the micro-

channels, as described previously.31 Following post exposure baking and development, a 50 

μm-thick SU-8 3025 film was spun onto the wafer. A mask defining the medium and chemo-

attractant feed lines was aligned by microscopy with the channels, and the photoresist was 

exposed to 250 mJ cm−2 of energy. The final master was developed, hard baked, and 

passivated as described above. A third master had the same design as the microchannel 

master, but all features were 10 μm high and formed using SU-8 3010. This master was used 

to create a stamp for microcontact printing, as described below.
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Devices were formed from the SU-8 masters using replica molding with PDMS (Sylgard® 

184 Silicone Elastomer Kit, Dow Corning, Midland, MI). The top portion of the device 

(microchannel layer) was formed in a single molding step by curing PDMS at a 10 : 1 

prepolymer : curing agent ratio on the master. A 5 mm hole punch was used to create flow 

ports in the final PDMS device. The bottom portion of the device (PDMS micropost 

structures) was fabricated using a double casting procedure. First, a negative mold was cast 

from the master to create an inverse of the microposts (PDMS master, right side of Fig. 2A). 

PDMS molds were treated with oxygen plasma using a Harrick PDC-32G plasma cleaner 

(Harrick Plasma, Ithaca, NY) for 2 min at 18 W and then passivated with the fluorinated 

silane overnight. Passivation prevents cured PDMS from permanently bonding to the PDMS 

negative mold during a second casting. Next, a clean glass slide or cover glass was 

pretreated with oxygen plasma and then coated with a thin layer of degassed PDMS. A drop 

of degassed PDMS was also placed on top of the negative mold, and the PDMS-coated glass 

was placed on the mold and cured on a hot plate at 110 °C for 20 h to ensure maximum 

crosslinking of the PDMS polymer. The microposts bound to the top cover glass or slide 

were then peeled gently away from the negative mold (Fig. 1c,d; Fig. 2a). The same double 

casting procedure was used to generate the PDMS stamp used for selective microcontact 

printing of proteins on the micropost tops, described below.

To restrict the migration of the cells to the tops of the microposts without compromising 

adhesion between the top and bottom PDMS portions of the device, PDMS stamps were 

used to selectively transfer ECM proteins to the tops of the posts, as well as the medium and 

chemoattractant feed lines (Fig. 2b). The top and bottom portions of the migration device 

were briefly treated with oxygen plasma (30 W, 0.3 Torr, 30 s). The PDMS stamp was 

incubated with the ECM protein of interest, collagen type I, for 1 h, washed, and precisely 

aligned with the micropost layer using a custom-built micromanipulator setup. The stamp 

and the substrate were brought in conformal contact and held there for 1 min to transfer the 

ECM protein. Subsequently, the top portion of the device was precisely aligned using the 

micromanipulator setup such that the channels were placed over the micro-channel outlines 

containing microposts, and the layers were brought together and sealed (Fig. 2b). The 

chamber was washed with DI water and stained with lipophilic tracer DiD (5 μg ml−1) to 

visualize the microposts. The microchannels were then blocked with 0.2% F-127 Pluronics 

for 1 h to prevent the adhesion of the cells to the shafts of the microposts.

Cell seeding and live cell migration experiments

HOS or NIH-3T3 cells were grown to confluency, trypsinized, and resuspended in serum-

free medium at 2 × 106 cells ml−1. Microchannels were washed with DPBS prior to the 

addition of 50 μl of cell suspension to the cell inlet well. Cells were incubated in the device 

for 5–10 min at 37 °C to allow initial cell seeding (Fig. 2b). The cell suspension was then 

removed from the cell inlet port and replaced with serum-free medium (50 μl). The topmost 

inlet port of the chemokine gradient generator was filled with 50 μl of medium containing 

10% FBS, while the other two inlet ports were filled with 50 μl of serum-free medium, as 

described previously.31,32 The migration chamber was moved to a temperature- and CO2-

controlled stage-top live cell incubator (Okolab, Italy) mounted on the motorized stage of an 

inverted Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) with automated controls (NIS-
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Elements, Nikon). Migrating cells and post deflections were visualized every 10 s with a 

DS-Fil camera head and a 40× objective for the duration of each live cell experiment (15–30 

minutes per microchannel. Frequent imaging (every 10 s) was required to capture time-

dependent deflections of individual microposts, which fluctuated by as much as 10 nN per 

post as the cell migrated through the microchannel (fluctuating micropost deflections as 

different segments of a cell move over a micropost can be seen in Supplementary Video, 

ESI†). However, the average force per post did not vary significantly over the duration of a 

typical experiment (15–30 minutes) or even for longer observation periods (data not shown). 

For experiments quantifying cell migration speed, cells were seeded at the entrances of 4 

μm-tall, 200 μm-long, and 6, 10, 20, or 50 μm-wide microchannels coated with 20 μg ml−1 

collagen type I, as described previously.31 A multipoint image capture was set up, and 

images were taken at 10× every 20 minutes.

Image and data analysis

To quantify the traction forces exerted during cell movement on top of microposts, the 

difference in position between the ideal undeflected post centroid and the observed centroid 

of the microposts was measured. Post deflections were converted to traction forces by 

multiplying the beam top centroid displacement, x, by the spring constant of the microposts, 

k.10 According to the beam bending theory, the force F is given by:

(1)

where E is the modulus of elasticity of PDMS (~2.5 MPa), D is the post diameter, and L is 

the height of the micropost. Calculation of this relationship provides the conversion from tip 

displacement (μm) to traction force (nN). Time-lapse videos were exported to ImageJ (NIH, 

Bethesda, MD), and ideal post grids were generated. The centroid of the microposts was 

tracked using the MtrackJ Plugin33 to obtain time-dependent post deflections due to the 

traction forces exerted by migrating cells. Background forces were measured by tracking the 

centroid of free posts (posts without cells attached) and calculating the force that would be 

required to cause the observed post deflections. Overall cell speed was calculated by 

tracking the midpoint of the cell using MTrackJ and averaging the frame-to-frame cell 

speed. Only cells that were fully within the channels were tracked.

Statistics

Time-dependent force curves for various cell types and channel widths were generated, and 

the average forces obtained at each time point were calculated. Average forces were 

compared using an unpaired Student’s t-test at each time point. Forces were considered 

statistically significantly different for p < 0.05. Average speeds for a given channel width 

were compared by ANOVA followed by Tukey’s HSD test. At least three independent 

repeats were performed for each cell speed experiment.

†Electronic supplementary information (ESI) available: Four supplementary figures and one supplementary video are available. See 
DOI: 10.1039/c3lc50802a
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Results and discussion

Fabrication of the microfluidic device for probing cell traction forces

We engineered a microfluidic device to measure cell traction forces during chemotaxis-

driven migration on 2D-like substrates versus confined microenvironments. This device 

consists of microchannels of prescribed dimensions that encompass an array of deflectable 

PDMS microposts as their bases (Fig. 1). The microchannels were aligned in a ladder-like 

configuration orthogonally to and connected to two larger main channels serving as the cell 

seeding inlet and chemokine reservoir (Fig. 1; Fig. S1, ESI†). The deflection of a post due to 

cell-generated traction forces was used to calculate the force exerted tangentially on the top 

of that post, as described previously.9–11,13,17 We employed a variety of sophisticated 

microfabrication techniques to create the device, including photolithography, multistep 

replica molding, sandwich molding,34 microcontact printing, and precise microalignment.

We fabricated the bottom portion of the microfluidic chamber, which contains an array of 3 

μm-diameter, 9 μm-tall microposts with 6 μm center-to-center spacing incorporated within 

microchannels, using standard lithographic techniques and dual replica molding with PDMS 

(Fig. 1c,d; Fig. 2a). The two-step replica molding process was required to prevent clogging 

of PDMS in SU-8 holes, which led to degradation of the negative master. The microposts 

were located within microchannels of 50, 20, or 10 μm width. On a single device, 30 

microchannels were present for each channel width. This design enabled us to impose 

varying degrees of confinement on a population of migrating cells in a single experiment. 

Scanning electron microscopy revealed intact microposts of the desired feature dimensions 

(Fig. 1c,d). The small number of posts per microchannel, limited by the geometry of the 

channel, necessitated pristine post fabrication. The top portion of the device, an array of 

microchannels that mirrored those created on the bottom layer, albeit without microposts 

(Fig. 2b), was fabricated similarly. The spacing between the top of the microposts and the 

ceiling of the microfluidic device was set to 4 μm.

To ensure that the cells spread prior to their entry to microchannels and migrated only on top 

of the microposts, we selectively transferred an ECM protein to the seeding area and 

micropost tops using microcontact printing (Fig. 2b). This is in clear contrast to previous 

work that measured traction forces of cells moving in between microposts.35 Selective 

stamping with precise alignment was required to ensure PDMS–PDMS sealing, which was 

needed to create four-walled microchannels. A flat PDMS stamp could not be used since the 

presence of proteins on the flat faces that connect the top and bottom portions of the 

microfluidic channels compromised their seal. Following microcontact printing, the top 

portion of the microfluidic device was aligned precisely over the bottom portion using the 

micromanipulator and sealed to the base, thereby defining the channels. Post shafts were 

then blocked with F-127 Pluronics to limit cell adhesion to the tops of the posts. Cells were 

seeded at the channel entrances and imaged as they migrated (Fig. 3a,b; Fig. S2, ESI;† 

Supplementary Video, ESI†).

Taken together, sophisticated microfabrication techniques were employed to fabricate a 

device capable of both traction force measurement and topographic control. Alignment of 

the top array of microchannels over the micropost arrays is vital to obtaining sealed 
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microchannels for studying chemotactic migration through unconfined and confined 

microenvironments. We have achieved a high degree of alignment, with alignment precisions 

of up to ±1 μm between the top and bottom portions of the device. To our knowledge, this is 

among the highest degrees of alignment yet reported for multiple PDMS microfluidic 

layers.34,36 Alignment accuracies of 15 μm over a 6.5 cm2 area for a three layer device have 

been reported using an alignment setup similar to ours.34 Use of a more complicated 

alignment system has generated an offset of as little as 2 μm between PDMS layers.36 

Microfabrication and microfluidic techniques have been utilized to measure 2D cellular 

traction forces9–12,17 or fabricate devices to study cell migration through confined spaces in 
vitro.31,32,37–39 However, to our knowledge, ours is the first device to couple these 

technologies in order to measure traction forces exerted by cells migrating through 

unconfined and confined microenvironments, as described below.

Migration through 50 μm-wide channels displays the earmarks of 2D migration

To demonstrate the general utility of our migration device for traction force measurement, 

we first performed experiments with murine fibroblasts (NIH-3T3), which have been 

commonly used to study 2D and 3D cell migration. We have recently shown that wide 

channel migration (W × H = 50 × 10 μm2 or 20 × 10 μm2) displays the earmarks of 2D 

migration.32,39 As a first step, we quantified cell traction forces in 50 μm-wide by 4 μm-tall 

microchannels stamped with type I collagen. The average force per post was ~4–5 nN per 

post (Fig. 3c), which is similar to that found in a previous study using NIH-3T3 cells on a 

2D micropost array.11 Background forces measured by tracking free posts, that is, posts 

within the microchannels but not attached to cells, remained at ~1 nN per post through all 

experiments, significantly less than forces exerted by migrating cells (Fig. 3c,d). Similarly, 

HOS cells migrating on type I collagen-stamped microposts within 50 μm-wide 

microchannels in response to an FBS gradient exerted forces of 3–4 nN per post (Fig. 3e). 

Maximal forces exerted by HOS cells were 2–3 times that of the average forces and were 

directed towards the chemotactic stimulus (Fig. 3a). The average magnitude of traction 

forces exerted by migrating HOS cells was similar to the reported maximal forces exerted by 

individual migrating Madin–Darby canine kidney (MDCK) epithelial cells following 

application of HGF/scatter factor.9 Furthermore, the distribution of the forces under the 

cells, with regions of higher stresses punctuating the periphery of the cell (Fig. 3a), match 

force distributions reported in earlier studies for chemokinetic9 or chemotactic17 2D 

migration. Therefore, microposts arrayed within 50 μm-wide channels reliably measure 

average traction forces relevant to 2D chemotactic migration, complementing an existing 

assay.17

Confinement reduces cell traction forces

We next quantified the average traction forces per post exerted by cells migrating within 

confined microenvironments. Specifically, forces exerted by cells migrating through 10 μm-

wide by 4 μm-tall microchannels stamped with type I collagen were measured (Fig. 3b). We 

have recently reported that cells contact all 4 walls of microchannels with cross-sectional 

areas between 30 and 60 μm2.32,39 Because we cannot account for forces exerted on the 

ceiling or side walls of the microchannels, forces exerted within 50 μm- and 10 μm-wide 

microchannels were compared on a force per post basis, allowing evaluation of the average 
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force exerted by a cell on its substrate for a given unit of area. This method of reporting is 

similar to that used to report traction stresses for cells within gel matrices19–22 or confined to 

1D lines.40 The forces exerted by NIH-3T3 fibroblasts migrating through 10 × 4 μm2 

channels averaged 2–3 nN per post, which were significantly reduced relative to those in 50 

× 4 μm2 channels (Fig. 3c; Fig. S3a, ESI;† Supplementary Video, ESI†). Furthermore, the 

frequency of forces per post greater than 5 nN was lower in comparison to the wider 

channels (Fig. 3d). Forces per post in both wide and narrow channels were significantly 

higher than the background signal (Fig. 3c,d), indicating that both unconfined and confined 

modes of cell migration involve generation of cell traction forces. Our data are in concert 

with prior observations showing that NIH-3T3 fibroblasts migrating on narrow 1D lines 

exert lower traction stresses than those on wide lines, possibly due to the inhibition of large 

focal adhesion complexes and stress fibers by geometric constraints.40

In tissues, mesenchymal fibroblasts are often responsible for invasion and tissue remodeling, 

two tasks which are dependent on Rho/ROCK function27,28 and likely involve active matrix 

remodeling. However, microchannel assays better simulate the movement of cells through 

remodeled ECM. Motility through 3D longitudinal tracks appears to be particularly 

important for tumor cell migration.25–27 In light of recent work suggesting a reduced role for 

actomyosin contractility in the migration of metastatic MDA-MB-231 breast cancer cells 

through confined microenvironments,32 we used our device to probe the traction forces of 

metastatic tumor cells during confined migration. The magnitude of traction forces per post 

exerted by HOS cells migrating through 10 × 4 μm2 channels were ~40% lower than those in 

50 × 4 μm2 channels (Fig. 3e; Fig. S3b, ESI†). A lower frequency of forces per post greater 

than 4 nN was noted in narrow versus wide microchannels (Fig. 3f). Interestingly, while the 

net direction of forces exerted by cells migrating through confined microenvironments was 

towards the chemoattractant, appreciable forces were also directed towards the side wall of 

the micro-channel (Fig. 3b).

Collectively, these data suggest that physical confinement modulates the adhesion-mediated 

traction forces that drive cells forward towards a chemotactic source. The observation that 

3T3 fibroblasts and metastatic HOS cells moved through confined microenvironments 

efficiently and exerted markedly lower traction forces indicates the presence of a distinct 

migration mechanism in confinement. Therefore, the development of a device to 

quantitatively measure traction forces during confined migration represents an important 

step in the mechanistic understanding of cell migration in physiologically-relevant 

microenvironments.

Inhibition of myosin-II function does not affect cell traction forces or migration speed in 
confined microenvironments

Blebbistatin, a specific inhibitor of muscle and non-muscle myosin-II, inhibits actin-

detached myosin and prevents the rigid cross-linking of actomyosin.41 Inhibition of myosin-

II activity by blebbistatin does not suppress the migration speed of MDA-MB-231 breast 

cancer cells through narrow microchannels with a cross-sectional area of ~30 μm2,32 

suggesting that blebbistatin does not affect cell traction forces in confined 
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microenvironments. We thus probed the effects of blebbistatin treatment on cell traction 

forces in narrow versus wide microchannels.

HOS cell treatment with 50 μM blebbistatin drastically suppressed the average force per post 

in 50 × 4 μm2 microchannels compared to control cells (Fig. 4a; Fig. S4a, ESI†), illustrating 

the importance of myosin-II in 2D cell migration. Similar effects have been observed in 

unconfined (2D) microenvironments, where inhibition of myosin-II function by blebbistatin 

decreases the average traction forces exerted by NIH-3T342 and human pulmonary artery 

endothelial cells (HPAECs).43 In marked contrast, there was no significant difference in the 

average traction force per post in 10 × 4 μm2 microchannels between blebbistatin versus 
control treatment (Fig. 4b; Fig. S4a, ESI†). In line with our previous work,32 blebbistatin 

treatment resulted in a reduction of HOS cell speed in wide but not narrow microchannels, 

which were devoid of microposts (Fig. 4c). Interestingly, a previous study reported that 

inhibition of actomyosin contractility by blebbistatin or Y-27632 does not decrease the 

migration speed of NIH-3T3 cells on 1D lines.44 Collectively, these findings suggest that 

myosin-II may play a reduced role in migration through confined microenvironments, as 

neither speed nor cell traction forces were affected by blebbistatin treatment.

Activation of myosin-II does not alter cell traction forces in confined microenvironments 
but increases them in wide microchannels

To further elucidate the effect of actomyosin contractility on migration in confined spaces, 

we treated cells with calyculin A, a serine/threonine phosphatase inhibitor that causes an 

increase in myosin light chain phosphorylation and, therefore, in cellular contraction.45,46 In 

wide channels, the average traction force per post increased significantly upon calyculin A 

treatment (Fig. 5a; Fig. S4b, ESI†). Activation of myosin-II by calyculin A also increases the 

traction forces of NIH-3T342 and HPAECs43 in 2D microenvironments.

In narrow channels, the magnitudes of cell traction forces exerted by control and calyculin 

A-treated cells were indistinguishable (Fig. 5b; Fig. S3b, ESI†). Calyculin A treatment 

tended to increase cell speed in wider channels, while migration speed was unaffected in 

narrow channels (Fig. 5c). These experiments provide further evidence that actomyosin 

contractility may play a reduced role in cell migration through confined microenvironments, 

as activation of myosin-II did not significantly change cell speed or force exertion in narrow 

channels.

Conclusions

To fully comprehend the combinatorial effects involved in the interplay between physical 

and biochemical properties in cell migration (e.g., between physical confinement and 

chemotaxis-induced biochemical signaling), tools are required to facilitate the control and 

manipulation of the microenvironment with concurrent monitoring of cell response. Here, 

we describe the fabrication of a novel device to measure the traction forces of cells 

migrating through a confined microenvironment towards a chemoattractant source. We have 

demonstrated the utility of this device through experiments with NIH-3T3 fibroblasts, in 

which we measured lower traction forces in confinement. Furthermore, we have found that 

distinct mechanisms govern metastatic cancer cell migration through unconfined versus 
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confined spaces. While migration and force exertion of HOS cells on 2D surfaces were 

highly dependent on actomyosin contractility, migration through confining microchannels 

was not modulated upon myosin-II inhibition by blebbistatin or myosin-II activation by 

calyculin A. Specifically, in 10 × 4 μm2 microchannels, it appears that myosin II-mediated 

traction forces may not play a key role in force generation, as the magnitude of traction 

forces remains essentially the same in these narrow microchannels upon inhibition or 

activation of myosin-II. However, non-myosin-II-mediated forces responsible for moving the 

cell must still be present in confined spaces, as measured forces were significantly greater 

than the background force. Whether the cell uses a migration mechanism to push off the side 

walls, as suggested by Fig. 3b, lessening adhesion-based traction forces generated through 

the actomyosin pathway but still exerting sufficient force to move efficiently, is an important 

question going forward. For example, bleb- or pressure-based forces resulting from intra-

cellular contractility have been suggested as important adhesion-independent modes for cell 

migration in confinement.47,48 These forces could be responsible for micropost deflections 

in our device and may explain why the distribution of forces in confined migration (Fig. 3b) 

is punctuated by forces directed toward the microchannel walls. This force distribution is in 

contrast to 2D migration, where forces are directed to the center of the cell or along the 

direction of movement.

Our data underlie the importance of appreciating the full range of cell migration mechanisms 

in the development of therapeutic strategies aiming to inhibit the migration of cancerous 

cells away from a primary tumor. This could be particularly important in the development of 

drugs targeting cell contractility, which have shown contradictory effects on tumor 

progression. For example, a recent report has shown that treating primary colon cancer cells 

with blebbistatin or ROCK inhibitors promotes tumor spheroid formation and expression of 

cancer stem cell markers.49 Conversely, others have advocated inhibiting ROCK to lessen 

cancer cell invasion and remodeling of the tumor microenvironment.50 Our novel device is 

an important tool for the determination of which drug targets can effectively interfere with 

migration in different physical microenvironments encountered in vivo.23
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Development of a microfluidic device for probing traction forces during cell migration 

through unconfined and confined microenvironments. The microfluidic device consists of 

microposts arrayed within microchannels. (a) Schematic of the microfluidic device. 

Microchannels were aligned in a ladder-like configuration perpendicularly to and connected 

to two larger main channels serving as the cell seeding inlet and chemokine reservoir. Inset 

shows a 3D schematic of cells entering the microchannels from the cell seeding area. (b) 

Side view of a microchannel containing an array of microposts. The microposts were 

completely enclosed by the channel side walls. Cells migrated within the microchannel (of 

width W and height H) and on top of the microposts. (c, d) Representative scanning electron 

micrographs of 3 μm-diameter PDMS microposts within (c) 50 μm-wide and (d) 10 μm-wide 

microchannels.
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Fig. 2. 
Fabrication of the microfluidic device for probing traction forces. Schematic of the 

procedure used to (a) fabricate the PDMS microposts and (b) microcontact print collagen 

type I on the top of microposts, seal the device, and track post deflections.
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Fig. 3. 
Measurement of traction forces exerted by NIH-3T3 and HOS cells in wide and narrow 

microchannels. Representative phase contrast images of HOS cells migrating through (a) 50 

× 4 μm2 and (b) 10 × 4 μm2 microchannels. Cells are outlined for clarity. An FBS gradient 

was generated by diffusion from an FBS source at the top of the images. Force vectors 

generated for each micropost are overlaid on the cells. Vector length and color correspond to 

the magnitude of the traction force, which is indicated on the scale bar to the right of each 

image. (c, e) Plot of average traction force per post and (d, f) distribution of the traction 

forces per post for (c, d) NIH-3T3 fibroblasts and (e, f) HOS cells in 50 × 4 μm2 and 10 × 4 

μm2 microchannels. For all experiments, micropost tops were coated with 50 μg ml−1 

collagen type I. Data represent mean ± SEM from at least n = 20 posts. Background forces 

remained at ~1 nN per post through remaining experiments and are not indicated on the 

following plots.
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Fig. 4. 
Effects of myosin-II inhibition by blebbistatin on traction forces of HOS cells. Plot of 

average traction force per post and distribution of traction forces per post for HOS cells 

migrating through (a) 50 × 4 μm2 or (b) 10 × 4 μm2 microchannels in the absence and 

presence of 50 μM blebbistatin. For all experiments, micropost tops were coated with 50 μg 

ml−1 collagen type I. Data represent mean ± SEM from at least n = 20 posts. (c) Plot of 

average cell speed for control and blebbistatin-treated (50 μM) HOS cells migrating through 

microchannels coated with 20 μg ml−1 collagen type I. *, P < 0.01 by one-way ANOVA 

followed by Tukey’s HSD post-test.
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Fig. 5. 
Effects of myosin-II activation by calyculin A on traction forces of HOS cells. Plot of 

average traction force per post and distribution of traction forces per post for HOS cells 

migrating through (a) 50 × 4 μm2 or (b) 10 × 4 μm2 microchannels in the absence and 

presence of 0.1 nM calyculin A. For all experiments, micropost tops were coated with 50 μg 

ml−1 collagen type I. Data represent mean ± SEM from at least n = 20 posts. (c) Plot of 

average cell speed for control and calyculin A-treated (0.1 nM) HOS cells migrating through 

microchannels coated with 20 μg ml−1 collagen type I. *, P < 0.01 by one-way ANOVA 

followed by Tukey’s HSD post-test.

Raman et al. Page 17

Lab Chip. Author manuscript; available in PMC 2017 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Experimental
	Cell culture and reagents
	Fabrication of the microfluidic device for probing traction forces in unconfined and confined microenvironments
	Cell seeding and live cell migration experiments
	Image and data analysis
	Statistics

	Results and discussion
	Fabrication of the microfluidic device for probing cell traction forces
	Migration through 50 μm-wide channels displays the earmarks of 2D migration
	Confinement reduces cell traction forces
	Inhibition of myosin-II function does not affect cell traction forces or migration speed in confined microenvironments
	Activation of myosin-II does not alter cell traction forces in confined microenvironments but increases them in wide microchannels

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

