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The migration of mesenchymal cells such as fibroblasts is a topic 
of significant interest because of its direct implications in numer-
ous physiological and pathological condition in-vivo such as the 
re-epithelialization of wounds1 and metastasis of tumor cells 
during cancer progression.2 For example, cells can acquire more 
migratory mesenchymal phenotypes via Epithelial-Mesenchymal 
Transition (EMT) to escape the confinements imposed by the 
physical microenvironment.3,4

The coordinated migration of closely associated or dense 
population of mesenchymal cells is recapitulated in many physi-
ological events, but less studied than migration of individual 
mesenchymal cells. Although some argued that collective migra-
tion of cells pertains only to epithelial or epithelial-like cell sheet 
migration,5 the broad definition of collective migration encom-
passes both the hallmarks of epithelial-like cell migration and the 
movements of loosely or closely associated group of cells.6 Some 
examples includes neural crest cells migrating as streams during 
embryogenesis,6-8 migration of neurons in the rostral migratory 
stream9 and fibroblasts migration toward wound site in tissue 
repair. In the initial stages of tissue repair, fibroblasts proliferate 
rapidly, migrate together toward the injury site and accumulate 
there to lay down new collagen matrix.10 Moreover, fibroblasts 
have been reported to play a role in coordinating the movement 
of cancer cells during the collective invasion of squamous cell 
carcinoma through remodelling of ECM microenvironment.11,12

Physical aspects of the ECM matrices such as stiffness, topog-
raphy, ligand density and topography can alter migratory phe-
notypes and characteristics of mesenchymal cells.13-16 Earlier 
experiments performed on individual 3T3 fibroblasts migrating 
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on 1D, 2D and 3D ECM matrices suggest that the local cel-
lular microenvironment has significant impacts at the cellular 
and molecular level, which in turn manifest in morphological 
changes and migratory phenotypes.13,17 In particular, fibroblast 
migration on 1D or dense 3D ECM environments renders them 
to adopt a highly elongated morphology and rely heavily on their 
acto-myosin contractility machinery for migration. In contrast, 
migration of fibroblast in the absence of confinement, as seen 
on 2D matrices, are characterized by slower and contractility-
independent movements.13 However, most of the studies failed 
to appreciate that cell migration occurs not in isolation as sin-
gle cells, but under the influence and presence of neighboring 
cells. The behavior of cells at higher densities (where collective 
effects can emerge from physical interactions between cells) 
cannot be extrapolated from the behavior of isolated migrat-
ing cells.18,19 It is now acknowledged that collective patterns can 
emerge in various systems including cells, bacteria and insects 
where each individual entity does not necessarily interact directly 
with one another.20 In this regard, we probe the impact of ECM 
boundaries and cell crowding on the migratory characteristics 
of fibroblastic cells.21 We have recently shown that the collective 
migratory behavior of epithelial cells was strongly affected by the 
geometrical constraints of the environment.21 Here we present a 
study based on a similar experimental set-up on 3T3 fibroblasts 
that do not interact strongly with one another and preferentially 
migrate as individual cells.

This assay consist of a fibronectin pattern that includes strips 
of different widths ranging from ≈ 20 to 400 μm connected to 
a large rectangular seeding area. The different strips are initially 
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the cosine of the angle that individual velocity vector makes with 
the length of the fibronectin strip.

Individual cell motility on the wider strips was further exam-
ined by tracking the locations of cells over time and computa-
tion of their mean squared displacement.22 We believed that the 
persistence time of migration of fibroblasts would differ depend-
ing on their spatial location on the wide fibronectin strip due 
to the different degree of confinement experienced. Cells with 
constrained cell shape are shown to respond more slowly to reori-
enting stimuli.23 Moreover, the physical aspects of the ECM such 
as ECM alignment can alter the persistence of cell migration.24 
From the mean squared displacement data, we noticed that 3T3 
fibroblasts which were within ≈50 μm from the lateral edges of 
the wider strips migrate in a highly ordered fashion, exhibiting 
more persistent and faster movements than those farther away. 
Average persistence time among cells within ≈ 50 μm from the 
lateral edge were approximately four times higher than that of 
cells farther away (Fig. 2D). Coincidentally, earlier experiments 
performed on NRK fibroblasts (that form weak intercellular 
adhesions) also show a correlation length of ≈ 50 μm.25 Together, 
we speculate that the migratory behavior of fibroblast on wide 
fibronectin strips exhibit two regimes. Although the cells are 
presented with a 2D topography, the morphology and migratory 
behavior of cells adjacent to the edge of the strip resembles that 
of cells on 1D surface. Cells which are located farther than ≈ 50 
μm away from the edges are not able to sense and respond to the 
physical cue provided by the edge and conform to the typical fan-
shaped morphology of fibroblast seen on 2D topography.

We then asked the question of how far the physical cue of 
an edge can be sensed by migrating fibroblasts. Migration of 
cells along fibronectin strips with a systematic reduction in lat-
eral dimension (100 μm to 20 μm) was thus examined. Cells 
migrating on the narrow strips (20 μm, 30 μm) exhibited spin-
dle-shaped morphology, typical of fibroblast on 1D topography 
and similar to cells adjacent to the lateral edges of the wide strips 
(Fig. ;2A). This observation is in agreement with the results 
performed on 3T3 fibroblast which suggest that migratory phe-
notypes of cells in 1D is akin to that of 3D migration.26 Cells 
migrating in the center on fibronectin strips of widths from ~50 
to 100 μm are also much more aligned along the long axis of 
the fibronectin strip (Fig. 2E). Average cell velocities were also 
higher than that in the wider strips. Interestingly, the phenomena 
of increased cell alignment and migratory velocity could also be 
seen in the wider strips with increasing cell density. Cells in the 
center of wide strips preferentially orient themselves along the 
length of the fibronectin strip as local cell density increases.

From a physical perspective, contact inhibition of cell move-
ment and interaction of cells with the edge of the fibronectin 
strip can induce reduction in degree of freedom among cells 
closer to the boundary and in turn promote cell alignment. 
Complementing results from earlier studies which show that 
one-dimensional cell migration is akin to migration of cells in 
3D matrices;26 our results suggest that the interaction in dense 
clusters of cells on 2D surfaces could render cells to deploy simi-
lar migratory mechanisms as in 3D. We are also inclined to think 
that either one of the aforementioned physical factors alone is 

covered with a polydimethylsiloxane block (PDMS) and cells 
are grown within the large rectangle. The PDMS block is later 
removed to allow cells migration on the fibronectin strips pre-
senting different extent of lateral confinement (Fig. 1). A mix-
ture of Cy-3 labeled fibronectin and unlabeled fibronectin are 
used and visual inspection of the Cy3 fluorescence intensity were 
performed after microcontact printing to ensure homogeneity in 
the fibronectin concentration. Systematic examination of migrat-
ing cells presented with wider 2D free space to narrow 1D ECM 
tracks was performed by analyzing the orientation, kinematics 
and morphology of migrating cells at different spatial locations. 
We observed different distinct behaviors arising from physical 
interaction of cells with one another and the geometry of their 
immediate ECM environment.

On the wider strips (400 μm and 200 μm), cells in the cen-
ter region of the fibronectin strips were sparsely distributed, ran-
domly oriented and exhibited a fan-shaped morphology that was 
typical of fibroblasts on a 2-D surface. In contrast, cells adja-
cent to the sides of the strips preferentially oriented themselves 
along the long axis of the pattern and took on a spindle-shaped 
morphology (Fig. 2A). We then asked whether this difference in 
cell morphology and orientation is accompanied by differences 
in migratory characteristics. Using Particle Image Velocimetry 
(PIV), we observed that average cell speed along the length of 
the strip decreases with increasing distance from the edges of the 
fibronectin strips (Fig. 2B). Concomitantly, the velocity vectors 
of cells nearer to the edges of the strips exhibited higher “orderli-
ness” and alignment along the length of the fibronectin strip as 
reflected in the monotonous decrease in order parameter of the 
velocity vectors with increasing distance from the edge (Fig. 2C). 
In this case, the order parameter was taken to be absolute value of 

Figure 1. Schematic of the 3T3 cells presented with fibronectin line 
patterns with different lateral widths. The cells were allowed to migrate 
onto the lines pattern upon removal of the PDMS barrier.
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sufficient to induce cell alignment and 
promote directed migration of fibroblast. 
These physical factors are ubiquitous in 
the physiological setting and can act in 
synergy to coordinate migration of fibro-
blastic cells.

Materials and Methods

The fibronectin patterns were prepared 
as previously described.21 3T3 fibroblasts 
were used in the experiments and were 
maintained in DMEM (Hyclone) supple-
mented with 10% FBS (Hyclone) and 
1% penicillin and streptomycin. Particle 
image velocimetry (PIV) was imple-
mented in MATLAB to determine the 
velocity field, average velocity and order 
parameters were calculated form the 
velocity vectors. Centroid of at least 20 
cells was tracked manually and was used 
to compute the mean square distance dis-
placement. For the computation of per-
sistence time, mean square displacement 
data were fitted to the equation:

Where T
p
 and S denotes the persis-

tence time and root-mean-square speed 
respectively.24

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

Acknowledgments

This work is supported by the National 
Research Foundation Singapore and 
the Mechanobiology Institute, National 
University of Singapore. Figure 2. (A) 3T3 cells migrating on fibronectin strips with different lateral width. Magnified views 

of region denoted by blue and green box show cells on 400 μm wide (bottom left), 30 μm and 
20 μm wide fibronectin patterns (bottom right) respectively. Red arrowheads indicate cells with 
fan-like morphology and black arrowheads indicate cells with spindle-shaped morphology. (B) Av-
erage speed of cells along strip length at different distance from the lateral edge and (C) average 
order parameter of cells. (D) Persistence time of movement of cells within 50 μm from the lateral 
boundary of wide fibronectin strips and cells in the center of the strips. (E) Average order param-
eter of cells in the center of strip decreases with increasing width of the fibronectin strip.

References
1. El Ghalbzouri A, Hensbergen P, Gibbs S, Kempenaar 

J, van der Schors R, Ponec M. Fibroblasts facilitate re-
epithelialization in wounded human skin equivalents. 
Lab Invest 2004; 84:102-12; PMID:14631386; http://
dx.doi.org/10.1038/labinvest.3700014.

2. Calvo F, Sahai E. Cell communication networks in 
cancer invasion. Curr Opin Cell Biol 2011; 23:621-
9; PMID:21570276; http://dx.doi.org/10.1016/j.
ceb.2011.04.010.

3. Ilina O, Friedl P. Mechanisms of collective cell 
migration at a glance. J Cell Sci 2009; 122:3203-
8; PMID:19726629; http://dx.doi.org/10.1242/
jcs.036525.

4. Mendoz E, Lim CT. Collective Migration Behaviors of 
Human Breast Cancer Cells in 2D. Cell Mol Bioeng 
2011; 4:411-26; http://dx.doi.org/10.1007/s12195-
011-0193-8.

5. Friedl P, Gilmour D. Collective cell migration in 
morphogenesis, regeneration and cancer. Nat Rev Mol 
Cell Biol 2009; 10:445-57; PMID:19546857; http://
dx.doi.org/10.1038/nrm2720.

6. Theveneau E, Mayor R. Can mesenchymal cells under-
go collective cell migration? The case of the neural 
crest. Cell Adh Migr 2011; 5:490-8; PMID:22274714; 
http://dx.doi.org/10.4161/cam.5.6.18623.

7. Carmona-Fontaine C, Matthews HK, Kuriyama S, 
Moreno M, Dunn GA, Parsons M, et al. Contact 
inhibition of locomotion in vivo controls neural 
crest directional migration. Nature 2008; 456:957-
61; PMID:19078960; http://dx.doi.org/10.1038/
nature07441.



e23197-4 Communicative & Integrative Biology Volume 6 Issue 2

22. Kipper MJ, Kleinman HK, Wang FW. New meth-
od for modeling connective-tissue cell migration: 
improved accuracy on motility parameters. Biophys J 
2007; 93:1797-808; PMID:17483177; http://dx.doi.
org/10.1529/biophysj.106.096800.

23. Marée AFM, Grieneisen VA, Edelstein-Keshet L. 
How cells integrate complex stimuli: the effect of 
feedback from phosphoinositides and cell shape on 
cell polarization and motility. PLoS Comput Biol 
2012; 8:e1002402; PMID:22396633; http://dx.doi.
org/10.1371/journal.pcbi.1002402.

24. Szabó A, Varga K, Garay T, Hegedűs B, Czirók A. 
Invasion from a cell aggregate--the roles of active 
cell motion and mechanical equilibrium. Phys Biol 
2012; 9:016010; PMID:22313673; http://dx.doi.
org/10.1088/1478-3975/9/1/016010.

25. Petitjean L, Reffay M, Grasland-Mongrain E, Poujade 
M, Ladoux B, Buguin A, et al. Velocity fields in a collec-
tively migrating epithelium. Biophys J 2010; 98:1790-
800; PMID:20441742; http://dx.doi.org/10.1016/j.
bpj.2010.01.030.

26. Doyle AD, Wang FW, Matsumoto K, Yamada 
KM. One-dimensional topography underlies three-
dimensional fibrillar cell migration. J Cell Biol 
2009; 184:481-90; PMID:19221195; http://dx.doi.
org/10.1083/jcb.200810041.

15. Pelham RJ Jr., Wang Yl. Cell locomotion and focal 
adhesions are regulated by substrate flexibility. Proc Natl 
Acad Sci USA 1997; 94:13661-5; PMID:9391082; 
http://dx.doi.org/10.1073/pnas.94.25.13661.

16. Cukierman E, Pankov R, Stevens DR, Yamada KM. 
Taking cell-matrix adhesions to the third dimension. 
Science 2001; 294:1708-12; PMID:11721053; http://
dx.doi.org/10.1126/science.1064829.

17. Ghibaudo M, Trichet L, Le Digabel J, Richert A, 
Hersen P, Ladoux B. Substrate topography induces a 
crossover from 2D to 3D behavior in fibroblast migra-
tion. Biophys J 2009; 97:357-68; PMID:19580774; 
http://dx.doi.org/10.1016/j.bpj.2009.04.024.

18. Grégoire G, Chaté H, Tu Y. Moving and staying 
together without a leader. Physica D 2003; 181:157-
70; http://dx.doi.org/10.1016/S0167-2789(03)00102-
7.

19. Szabó B, Szöllösi GJ, Gönci B, Jurányi Z, Selmeczi 
D, Vicsek T. Phase transition in the collective migra-
tion of tissue cells: experiment and model. Phys Rev 
E Stat Nonlin Soft Matter Phys 2006; 74:061908; 
PMID:17280097; http://dx.doi.org/10.1103/
PhysRevE.74.061908.

20. Vicsek T, Zafeiris A. Collective motion. Phys Rep 
2012; 517:71-140; http://dx.doi.org/10.1016/j.phys-
rep.2012.03.004.

21. Vedula SRK, Leong MC, Lai TL, Hersen P, Kabla AJ, 
Lim CT, et al. Emerging modes of collective cell migra-
tion induced by geometrical constraints. Proc Natl 
Acad Sci USA 2012; 109:12974-9; PMID:22814373; 
http://dx.doi.org/10.1073/pnas.1119313109.

8. Mayor R, Carmona-Fontaine C. Keeping in touch 
with contact inhibition of locomotion. Trends Cell Biol 
2010; 20:319-28; PMID:20399659; http://dx.doi.
org/10.1016/j.tcb.2010.03.005.

9. Rørth P. Fellow travellers: emergent properties of 
collective cell migration. EMBO Rep 2012; 13:984-
91; PMID:23059978; http://dx.doi.org/10.1038/
embor.2012.149.

10. Witte MB, Barbul A. General principles of wound 
healing. Surg Clin North Am 1997; 77:509-28; 
PMID:9194878; http://dx.doi.org/10.1016/S0039-
6109(05)70566-1.

11. Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, 
Marshall JF, Harrington K, et al. Fibroblast-led col-
lective invasion of carcinoma cells with differing roles 
for RhoGTPases in leading and following cells. Nat 
Cell Biol 2007; 9:1392-400; PMID:18037882; http://
dx.doi.org/10.1038/ncb1658.

12. Theveneau E, Mayor R. Cadherins in collective cell 
migration of mesenchymal cells. Curr Opin Cell Biol 
2012; 24:677-84; PMID:22944726; http://dx.doi.
org/10.1016/j.ceb.2012.08.002.

13. Doyle AD, Wang FW, Matsumoto K, Yamada 
KM. One-dimensional topography underlies three-
dimensional fibrillar cell migration. J Cell Biol 
2009; 184:481-90; PMID:19221195; http://dx.doi.
org/10.1083/jcb.200810041.

14. Zaman MH, Trapani LM, Sieminski AL, Mackellar D, 
Gong H, Kamm RD, et al. Migration of tumor cells 
in 3D matrices is governed by matrix stiffness along 
with cell-matrix adhesion and proteolysis. Proc Natl 
Acad Sci USA 2006; 103:10889-94; PMID:16832052; 
http://dx.doi.org/10.1073/pnas.0604460103.


