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Three-dimensional cancer cell migration directed by dual mechanochemical guidance
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Directed cell migration guided by external cues plays a central role in many physiological and pathophysi-
ological processes. The microenvironment of cells often simultaneously contains various cues and the motility
response of cells to multiplexed guidance is poorly understood. Here we combine experiments and mathematical
models to study the three-dimensional migration of breast cancer cells in the presence of both contact guidance
and a chemoattractant gradient. We find that the chemotaxis of cells is complicated by the presence of contact
guidance as the microstructure of extracellular matrix (ECM) vary spatially. In the presence of dual guidance,
the impact of ECM alignment is determined externally by the coherence of ECM fibers and internally by cell
mechanosensing Rho/Rock pathways. When contact guidance is parallel to the chemical gradient, coherent
ECM fibers significantly increase the efficiency of chemotaxis. When contact guidance is perpendicular to the
chemical gradient, cells exploit the ECM disorder to locate paths for chemotaxis. Our results underscore the
importance of fully characterizing the cancer cell microenvironment in order to better understand invasion and
metastasis.
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I. INTRODUCTION

Directed cell migration [1] is of fundamental importance in
wound healing [2], immune response [3], and cancer metas-
tasis [4]. In these processes, cells are presented with various
types of extracellular cues that bias the direction of their other-
wise random motion. Chemotaxis is a major type of chemical
guidance [5,6] that drives a cell to follow the gradient of
chemoattractants in orchestrated functions of multicellular
organisms [7,8].

Contact guidance, on the other hand, is a mechanical ef-
fect that directs cell morphogenesis and motility based on
cues from the topography of two-dimensional (2D) substrates
[9,10] or the organization of 3D extracellular matrix [11].
Unlike chemotaxis, contact guidance presents a nematic cue
to the cells [12]. Migration modulated by contact guidance
is observed in many cell types [13–16], where cells directed
by contact guidance are also considered to follow a least-
resistance path [17,18].

While the motility of cells under either chemotaxis or
contact guidance has been extensively characterized, in real-
istic physiological conditions chemical cues and mechanical
guidance are often present simultaneously. During tumor pro-
gression, chemotaxis driven by the gradient of various growth
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factors and nutrients facilitates the dissemination of cancer
cells from primary to metastatic sites [19]. To finish this
journey, cancer cells must navigate through the host tissue
space filled by fibrous extracellular matrix (ECM) [20], with
the alignment of ECM fibers as a major source of contact
guidance. In fact, it has been shown that the direction of
ECM fibers has a significant correlation with tumor prognosis
[16,21].

The migrational response by which a cancer cell integrates
multiplexed cues remains poorly understood [22]. The is-
sue is particularly relevant for 3D cell migration, as many
widely used chemotaxis assays do not account for the ef-
fects of ECM alignment. We expect the overlooked aspects of
mechanochemical dual guidance will translate to in vivo pro-
cesses including development and metastasis. Addressing the
knowledge gap, here we report a combined experimental and
theoretical analysis to elucidate 3D breast cancer cell motility
under joint control of mechanical and chemical cues. We show
that both ECM microstructure and cell mechanotransduction
modulate cancer cell chemotaxis. Despite the complexity of
the underlying molecular mechanisms, our results support
a simple picture whereby chemotaxis and contact guidance
provide additive motility biases to steer 3D cell migration.
Taken together, our results underscore the importance of fully
characterizing the cancer cell microenvironment in order to
better understand invasion and metastasis.

II. RESULTS

In order to investigate 3D cancer cell motility in the pres-
ence of simultaneous mechanical and chemical guidance,
we incorporate flow-induced ECM alignment in 3D chemo-
taxis assays. In particular, we inject 1 mg/mL neutralized,
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FIG. 1. Experimental setup used to investigate 3D cancer cell
migration in the presence of dual mechanochemical guidance.
(a) Schematics of the dual guidance assay. (b) Example cell trajec-
tory (purple) over collagen ECM (green). The yellow box shows
a zoomed-in view of a cell following aligned collagen fibers. To
compute the direction and coherence of the ECM fiber surrounding
a cell, a 150 μm × 150 μm observing window is positioned around
the cell of interest. (c) Displacement of cancer cells in the x-y plane
under various chemogradient conditions. Here 0%, 10%, and 50%
represent the volume concentration of serum in the chemoattractant
reservoir, while the other reservoir is filled with serum-free growth
medium. The trajectories are colored by the cues agreement cos θ f .
Scale bars: 100 μm.

FITC-labeled type-I collagen solution into the 3D cell mi-
gration chamber [Fig. 1(a), along the ŷ direction [23]]. The
collagen solution contains low-density RFP-labeled MDA-
MB-231 cells and gradually gelates to form fibrous collagen
ECM. Using a syringe pump, we program the injection speed
and duration and also alternate the flow direction. The re-
sulting flow field directs the self-assembly of collagen ECM,
thereby creating a network of collagen fibers whose geometry
vary spatially. Once the ECM is set, we fill the liquid reser-
voirs with serum-free and serum-rich (10% or 50% volume
concentration and 0% as control) growth media. In less than
6 h, a stable gradient is formed across the migration cham-
ber, which measures 1 mm between the two reservoirs. We
conduct live cell confocal imaging of both cells and collagen
fibers 6 h after device setup. Each device is continuously
imaged for 12 h at intervals of 15 min, where z stacks at steps
of 10 μm are collected [24]. Because both serum gradient and
collagen fiber alignment are primarily in the x-y plane, we
focus on the cell motility in the x-y projection. Specifically,
the chemical gradient drives the cells toward +x̂ direction,
whereas the local mechanical guidance may point along any
direction. We track cell centroids and estimate cell velocity
from the displacement over 30 min [25,26].

The ECM is intrinsically a disordered biopolymer network
whose microstructure fluctuates spatially [27]. Therefore,

FIG. 2. Cancer cell motility integrates dual mechanochemical
guidance by exploiting the disordered fibrous structure of the ECM to
move up chemogradients. Examples shown here are (a) a cancer cell
moves in a region of randomly aligned ECM, (b) a cancer cell moves
along ECM aligned parallel to the chemogradient, and (c) a cancer
cell takes advantage of ECM disorder to traverse collagen fibers
aligned perpendicular to the chemogradient. Scale bars: 100 μm.
Red: morphology of cells at the initial and final frames. Green:
collagen fibers. Blue lines: cell trajectories.

instead of bulk characterizations, we must quantify the local
contact guidance cues. To this end, we employ image-based
methods to measure the principal direction and coherence
(c) of collagen fibers in subwindows surrounding individual
cells, as reported previously [12,28] [Fig. 1(b)]. Each subwin-
dow is a cell-centered 150 μm × 150 μm square, cropped
from the same z slice in which the cell is mostly in focus.
Coherence c varies between 0 and 1, with 0 for completely
random aligned fibers and 1 for perfectly parallel fibers. In
our experiments, local coherence typically varies between 0.1
and 0.4. The approach of using cell-centered subimage char-
acterization allows us to compute the instantaneous contact
guidance experienced by individual cells.

As a cancer cell navigates the ECM under dual guidance,
cos θ f , where θ f is the angle between the principal direction
of collagen fibers and x̂ axis, represents the cues agreement.
Since contact guidance is nematic, we only need to consider
the acute angle with |θ f | � π

2 . When cos θ f = 1, contact guid-
ance is parallel with the chemical gradient and we expect
both cues to work in concert to facilitate chemotactic motion.
When cos θ f = 0, on the other hand, local contact guidance
is perpendicular to the chemical gradient. In this case, we
expect mechanical and chemical guidance to be in strongest
competition for steering the direction of cell migration. In
a typical cell trajectory [Fig. 1(b)] the direction of contact
guidance varies along the cell’s migration path. This effect
is further demonstrated in Fig. 1(c), which shows trajectories
(offset by their starting position) of a random subset of cells in
different magnitudes of chemical gradient. The trajectories are
color coded by cues agreement cos θ f . It is evident that, while
overall a positive chemical gradient biases the cell motility to-
wards serum-rich region, heterogeneous mechanical guidance
complicates the task of chemotaxis.

By more closely examining the cell migration in dual guid-
ance, we notice characteristics of the path-finding dynamics.
As illustrated in Fig. 2, a cancer cell typically searches for
collagen fibers that lie in the direction dictated by chemo-
taxis. When local coherence is low [Fig. 2(a)], such fibers
are possible to find because collagen fibers are randomly
aligned. Conversely, when local fibers primarily align in the
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direction of chemical gradient [Fig. 2(b)], cells can readily
follow the contact guidance to move towards higher serum
concentration. Interestingly, even when collagen fibers are
mostly aligned perpendicular to the gradient [Fig. 2(c)], can-
cer cells are capable of locating fibers in the direction of
chemical guidance. Such fibers are rare in this case; therefore,
cells spend much time waiting, or moving perpendicular to the
chemical cue until a path suitable for chemotactic progress is
discovered [29].

To better quantify these observations, we propose a sim-
ple mathematical model to understand how cells integrate
simultaneous mechanochemical guidance. In particular, we
consider the direction θv of cell velocity to follow the
Langevin equation, or its equivalent drift-diffusion equa-
tion that governs P(θv, t ), the probability distribution of θv:

dθv

dt
= −α sin θv − β sin 2(θv − θ f ) + η, (1)

∂P(θv, t )

∂t
= ∂

∂θv

([α sin θv + β sin 2(θv − θ f )]P(θv, t ))

+D
∂2

∂θ2
v

P(θv, t ). (2)

Here α > 0 represents the x̂-directional driving by the chemi-
cal guidance, β > 0 represents the effects of contact guidance,
and η is a Gaussian random force representing noise whose
amplitude is controlled by an effective diffusion coefficient
D such that 〈η(t )η(t ′)〉 = 2Dδ(t − t ′). Equation (1) assumes
cancer cells additively integrate the chemical and mechani-
cal cues, under the impact of intrinsic and extrinsic noises.
Note that, while chemical guidance is unidirectional (invariant
under θv → θv + 2π ), contact guidance is nematic (invariant
under θv → θv + π or θ f → θ f + π ).

When coherence c is low, we expect β

α
to be small. In this

case, cell chemotaxis will navigate randomly aligned fibers
regardless of the principal direction of the local ECM. When c
is higher, the direction of collagen fibers θ f will have a strong
impact of cell motility. Chemotaxis is enhanced when cues
agreement is high, as cell path finding becomes easier. Con-
versely, chemotaxis is curtailed when cues agreement is low,
as there are fewer fibers along the chemogradient. Therefore,
we expect β to be positively related with coherence c.

We can solve Eq. (1) to obtain the stationary distribution of
θv

Pss(θv ) = N exp

[
α

D
cos θv + β

D
cos 2(θv − θ f )

]
, (3)

where N is a normalization factor.
To illustrate the model results, we choose generic param-

eters and consider four distinct scenarios [Fig. 3(a)]. In the
absence of a chemogradient ( α

D = 0), the direction of cell mi-
gration is biased solely by the ECM direction. The probability
distribution function (PDF hereafter) of θv reflects the value
of θ f and is symmetric with respect to the line θv = θ f . Also
in this case Pss(θv ) = Pss(θv + π ), because contact guidance
alone is a nematic cue to cell motility.

Once we turn on chemogradient ( α
D > 0), Pss(θv ) shifts

toward +x̂ direction. It is informative to consider two special
cases with maximal cues agreement θ f = 0 and minimal cues

FIG. 3. Theoretical model predicts cancer cell motility in re-
sponse to dual mechanochemical guidance. (a) Probability distribu-
tion of cell velocity direction (θv) when cues agreement is maximal
(magenta) and when cues agreement is minimal (cyan). Left: only
the mechanical cue is present. Right: both chemical and mechanical
cues are present. In these examples we choose β

D = 0.5. (b) Typical
experimental results corresponding to scenarios shown in (a). Abbre-
viations: PDF, probability distribution function; exp., experiments.
For each histogram, N > 1000 data points are included. Error bars
are obtained from standard deviation of 100 bootstrap iterations.
(c) Uncertainty of cell migration direction quantified by the differ-
ential entropy of θv . The heat map shows the change of differential
entropy 	Sθ in comparison with the case without external guidance
(α = β = 0). The results in (c) are calculated based on the model by
setting α

D = 1.

agreement θ f = π
2 . PDF of θv is symmetric with respect to

the x axis, which is again due to the nematic nature of con-
tact guidance. It is evident that chemotaxis index CI, defined
by 〈cos θv〉, is positive. In general, we note that Eq. (3) is
invariant under reflection symmetry (θ f → −θ f , θv → −θv )
and nematic symmetry (θ f → θ f + π ). These symmetries are
model independent.

The four scenarios (with and without chemogradient at
maximum or minimum cues agreement), along with the model
predicted PDF of cell migration direction, reasonably match
with the experimental observation [Fig. 3(b)]. Note that in
Fig. 3(b) we have taken advantage of the symmetry of PDF
to map θv into the range of 0 to π .
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The external cues not only determine the average direction
to which a cell migrates, but also the uncertainty of its mi-
gration direction. To show this, we calculate the differential
entropy of θv defined as Sθ = ∫ 2π

0 Pss(θ )log2Pss(θ )dθ . As a
reference, the maximum entropy Sa occurs when θv distributes
isotropically, such that Sa = log22π bits.

It is particularly informative to examine the uncertainty
introduced by varying mechanoguidance. To this end, we
set α

D = 1 and compute 	Sθ = Sθ ( β

D , θ f ) − Sa as shown in
Fig. 3(c). For the range of parameters considered here, ex-
ternal cues reduce the uncertainty of θv , such that 	Sθ < 0.
When the strength of mechanochemical cues are fixed (hold-
ing α

D and β

D constant), entropy of Sθ is minimized when θ f =
0, where contact guidance works in concert with chemogradi-
ent to reduce the fluctuations of cell migration direction. For
fixed chemical guidance, the maximum entropy of θv occurs
when α = β and θ f = π

2 . In this case, cells are “frustrated” by
the perpendicular but equally strong cues, thereby maximizing
their directional uncertainty [31].

Our model predicts β to be positively correlated with ECM
coherence. Additionally, β should also increase if cells be-
come more mechanosensitive to contact guidance cues. To
test this prediction, we take advantage of the fact that 3D
cell contact guidance is primarily regulated by Rho/Rock
signaling [11]. We treat the MDA-MB-231 cells with a
well-characterized Rock inhibitor Y27632 and compare the
resulting migration directions under 10% serum gradient in
collagen matrices. Figure 4(a) shows the conditional prob-
ability P(θv|θ f ) for varying angles of the ECM fibers. For
both native and Y27632 cells P(θv|θ f ) show peaks in the
vicinity corresponding to perfect contact guidance [black lines
in Fig. 4(a)]. However, the deviations indicate the effect
of chemotaxis. In particular, native cells are more respon-
sive to chemical gradient, as the probability near θv = 0
is significantly higher than the probability near θv = ±π .
Y27632-treated cells, on the other hand, have more pro-
nounced peaks near θv = ±π . These observations suggest that
Rho-inhibition suppresses cell response to chemical guidance
but enhances response to contact guidance. These observa-
tions are also consistent with previous reports on the effects
of Rho/Rock inhibition, which promotes the mesenchymal
motility phenotype of cancer cells at the expense of the amoe-
boid mode [32–34] and renders them more sensitive to contact
guidance [12].

We next fit experimentally measured conditional probabil-
ity P(θv|θ f ≈ 0) with Eq. (3) to obtain the quantitative relation
between mechanochemical cues and model parameters. The
fitting results confirm that, while Y27632 treatment reduces
cell sensitivity to chemogradient ( α

D ≈ 0.1 for Y27632 treated
cells compared with α

D ≈ 0.3 for native cells), Rock-inhibition
leads to stronger response to contact guidance [Fig. 4(b)].
These results agree well with our model expectations [29].

Leveraging the quantitative relation between ECM coher-
ence and model parameter, we then elucidate the impact
of ECM principal direction to the efficiency of chemotaxis.
To this end, we compute for each fiber direction (within
equally spaced binning windows) the mean chemotaxis in-
dex CI = 〈cos θv〉 under 10% serum gradient and relatively
strong coherence (c > 0.2). Here the average takes into
account experimentally measured distribution of ECM co-

FIG. 4. Mechanistic insights into cancer cell motility in response
to dual mechanochemical guidance. (a) Experimentally measured
conditional probability distribution of P(θv|θ f ). The data is obtained
for cells navigating ECM of relatively high coherence (c > 0.2).
A Gaussian kernel has been employed to compute the probability
distribution. Data in this figure has also been augmented to satisfy
the reflection symmetry: for each data point (θv, θ f ), we also in-
clude (−θv, −θ f ) in the statistics. Top: native MDA-MB-231 cells.
Bottom: cells treated with Rock-inhibitor Y27632. (b) At fixed
chemogradient (10% across the device) and ECM approximately in
parallel to the x̂ axis (|θ f | < π

6 ), model fitting to experimentally mea-
sured probability distribution of θv reveals the relation between ECM
coherence c and model parameter β

D . For native MDA-MB-231 cells
the best fit yields α

D = 0.3 and for Y27632 treated cells the fitting
yields α

D = 0.1. To obtain each fitted data point, a sliding window of
c with width of 0.1 is used to sample cell velocity at varying ECM
coherence. Error bars show the standard deviation of 100 bootstrap
results. (c) The chemotactic index 〈cos θv〉 for native MDA-MB-231
cells as the direction of mechanical guidance varies [30]. Here we
consider the same condition as in (a). Left: model prediction using
fitted parameters as shown in (b). Right: experimental measurements.
Abbreviations: CI, chemotactic index; exp., experiment.

herence and therefore reflects the effect of ECM structural
disorder. The model predicts, and experiments confirm, that
as ECM direction rotates from perpendicular to parallel to the
chemogradient, the chemotaxis index can increase by as much
as twofold [Fig. 4(c)].

III. DISCUSSION

Tumor metastasis requires cancer cells to navigate through
3D ECM which contains rich mechanochemical cues. In this
Letter, we investigate the motility of breast cancer cells which
simultaneously experience serum gradient and ECM contact
guidance, a combination that mimics key aspects of the physi-
ological microenvironment of tumors [35,36]. Cells following
chemotaxis also experience a contact guidance cue that varies
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spatially in strength and direction, complicating the task of
finding an effective path. The cross-talk of external cues, one
that is unidirectional and one that is nematic, controls the
probability distribution of local cell migration direction. As
ECM fibers rotate from perpendicular to parallel with the
chemoattractant gradient, the chemotaxis index can increase
by more than twofold. We show that, in the presence of
dual guidance, impact of ECM alignment is determined exter-
nally by the coherence of ECM fibers and internally by cell
mechanosensing Rho/Rock pathways. Our results suggest
that directed cancer cell migration during metastasis is jointly
regulated by biochemical and biophysical cues. Therefore, a
comprehensive understanding of tumor microenvironment is
imperative to correctly interpret in vitro assays and to predict
and control cancer cell invasion in vivo.

We note that, during the course of metastasis, cancer
cells may experience other forms of mechanochemical cues.
Growth factors and cytokines, such as TGF-α and EGF, are
potent chemoattractants. ECM rigidity and porosity also guide
cancer cell motility. Interestingly, these mechanochemical
cues can be self-generated by cancer cells and their associated
stromal cells as they actively remodel the tumor microenviron-
ment [37,38]. We expect the endogenous cues to coordinate
complex collective behaviors, which has just begun to be
understood [39].

While our phenomenological model takes into account key
aspects that determine the fluctuations of cell migration di-
rection, it can be generalized such as by including durotaxis
[40] and the driving coefficients may depend on cell mor-
phodynamics [41]. More mechanistic treatments, such as by
explicitly considering the physical interaction of cells with
fibrous ECM [42,43], could directly predict how the effective
parameters are determined by both cell and ECM degrees of
freedom.

ACKNOWLEDGMENTS

Part of this research was conducted at the Northwest
Nanotechnology Infrastructure, a National Nanotechnology
Coordinated Infrastructure site at Oregon State Univer-
sity which is supported in part by the National Science
Foundation (Grant No. NNCI-1542101) and Oregon State
University. P.E. and B.S. are supported by DOD Award No.
W81XWH-20-1-0444 (BC190068). B.S. is also supported by
the National Institute of General Medical Sciences Award
No. R35GM138179 and National Science Foundation Award
No. PHY-1844627. The work of H.L. and M.M. was sup-
ported by NSF Grant No. PHY-1935762 and NSF Grant
No. PHY-2019745.

[1] S. SenGupta, C. A. Parent, and J. E. Bear, The principles of di-
rected cell migration, Nat. Rev. Mol. Cell Biol. 22, 529 (2021).

[2] K. B. Pawar, S. Desai, R. R. Bhonde, R. P. Bhole, and A. A.
Deshmukh, Wound with diabetes: Present scenario and future,
Current Diabetes Rev. 17, 136 (2021).

[3] E. Janssen and R. S. Geha, Primary immunodeficiencies caused
by mutations in actin regulatory proteins, Immunol. Rev. 287,
121 (2019).

[4] N. M. Novikov, S. Y. Zolotaryova, A. M. Gautreau, and E. V.
Denisov, Mutational drivers of cancer cell migration and inva-
sion, Br. J. Cancer 124, 102 (2021).

[5] P. Wilkinson, Random locomotion; chemotaxis and chemokine-
sis. A guide to terms defining cell locomotion, Immunol. Today
6, 273 (1985).

[6] R. J. Petrie, A. D. Doyle, and K. M. Yamada, Random versus
directionally persistent cell migration, Nat. Rev. Mol. Cell Biol.
10, 538 (2009).

[7] George II Broughton, J. E. Janis, and C. E. Attinger, The ba-
sic science of wound healing, Plast. Reconstr. Surg. 117, 12S
(2006).

[8] C. L. Stokes and D. A. Lauffenburger, Analysis of the roles of
microvessel endothelial cell random motility and chemotaxis in
angiogenesis, J. Theor. Biol. 152, 377 (1991).

[9] K. Kolind, K. W. Leong, F. Besenbacher, and M. Foss, Guid-
ance of stem cell fate on 2d patterned surfaces, Biomaterials
33, 6626 (2012).

[10] M. K. Driscoll, X. Sun, C. Guven, J. T. Fourkas, and W. Losert,
Cellular contact guidance through dynamic sensing of nanoto-
pography, ACS Nano 8, 3546 (2014).

[11] P. Provenzano, D. Inman, K. Eliceiri, S. Trier, and P. Keely,
Contact guidance mediated three-dimensional cell migration

is regulated by Rho/ROCK-dependent matrix reorganization,
Biophys. J. 95, 5374 (2008).

[12] J. Kim, Y. Cao, C. Eddy, Y. Deng, H. Levine, W.-J. Rappel, and
B. Sun, The mechanics and dynamics of cancer cells sensing
noisy 3d contact guidance, Proc. Natl. Acad. Sci. USA 118,
e2024780118 (2021).

[13] E. D. Tabdanov, N. J. Rodríguez-Merced, A. X. Cartagena-
Rivera, V. V. Puram, M. K. Callaway, E. A. Ensminger, E. J.
Pomeroy, K. Yamamoto, W. S. Lahr, B. R. Webber et al.,
Engineering t cells to enhance 3d migration through struc-
turally and mechanically complex tumor microenvironments,
Nat. Commun. 12, 2815 (2021).

[14] B. Yi, Y. Shen, H. Tang, X. Wang, and Y. Zhang, Stiffness of the
aligned fibers affects structural and functional integrity of the
oriented endothelial cells, Acta Biomaterial. 108, 237 (2020).

[15] C. Fedele, E. Mäntylä, B. Belardi, T. Hamkins-Indik, S. Cavalli,
P. A. Netti, D. A. Fletcher, S. Nymark, A. Priimagi, and
T. O. Ihalainen, Azobenzene-based sinusoidal surface topog-
raphy drives focal adhesion confinement and guides collective
migration of epithelial cells, Sci. Rep. 10, 15329 (2020).

[16] M. W. Conklin, J. C. Eickhoff, K. M. Riching, C. A. Pehlke,
K. W. Eliceiri, P. P. Provenzano, A. Friedl, and P. J. Keely,
Aligned collagen is a prognostic signature for survival in human
breast carcinoma, Am. J. Pathol. 178, 1221 (2011).

[17] K. M. Yamada and M. Sixt, Mechanisms of 3d cell migration,
Nat. Rev. Mol. Cell Biol. 20, 738 (2019).

[18] G. Thrivikraman, A. Jagiełło, V. K. Lai, S. L. Johnson, M.
Keating, A. Nelson, B. Schultz, C. M. Wang, A. J. Levine,
E. L. Botvinick, and R. T. Tranquillo, Cell contact guidance
via sensing anisotropy of network mechanical resistance, Proc.
Natl. Acad. Sci. USA 118, e2024942118 (2021).

L022007-5

https://doi.org/10.1038/s41580-021-00366-6
https://doi.org/10.2174/1573399816666200703180137
https://doi.org/10.1111/imr.12716
https://doi.org/10.1038/s41416-020-01149-0
https://doi.org/10.1016/0167-5699(85)90066-0
https://doi.org/10.1038/nrm2729
https://doi.org/10.1097/01.prs.0000225430.42531.c2
https://doi.org/10.1016/S0022-5193(05)80201-2
https://doi.org/10.1016/j.biomaterials.2012.05.070
https://doi.org/10.1021/nn406637c
https://doi.org/10.1529/biophysj.108.133116
https://doi.org/10.1073/pnas.2024780118
https://doi.org/10.1038/s41467-021-22985-5
https://doi.org/10.1016/j.actbio.2020.03.022
https://doi.org/10.1038/s41598-020-71567-w
https://doi.org/10.1016/j.ajpath.2010.11.076
https://doi.org/10.1038/s41580-019-0172-9
https://doi.org/10.1073/pnas.2024942118


ESFAHANI, LEVINE, MUKHERJEE, AND SUN PHYSICAL REVIEW RESEARCH 4, L022007 (2022)

[19] E. Roussos, J. Condeelis, and A. Patsialou, Chemotaxis in can-
cer, Nat. Rev. Cancer 11, 573 (2011).

[20] J. L. Leight, A. P. Drain, and V. M. Weaver, Extracellular ma-
trix remodeling and stiffening modulate tumor phenotype and
treatment response, Annu. Rev. Cancer Biol. 1, 313 (2017).

[21] J. M. Szulczewski, D. R. Inman, M. Proestaki, J. Notbohm,
B. M. Burkel, and S. M. Ponik, Directional cues in the tumor
microenvironment due to cell contraction against aligned colla-
gen fibers, Acta Biomaterial. 129, 96 (2021).

[22] A. Shellard and R. Mayor, All roads lead to directional cell
migration, Trends Cell Biol. 30, 852 (2020).

[23] P. Zengel, A. Nguyen-Hoang, C. Schildhammer, R. Zantl, V.
Kahl, and E. Horn, μ-slide chemotaxis: A new chamber for
long-term chemotaxis studies, BMC Cell Biol. 12, 21 (2011).

[24] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.4.L022007 for additional details of
the experimental setup.

[25] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.4.L022007 for additional details of
the image processing.

[26] J.-Y. Tinevez, N. Perry, J. Schindelin, G. M. Hoopes, G. D.
Reynolds, E. Laplantine, S. Y. Bednarek, S. L. Shorte, and
K. W. Eliceiri, Trackmate: An open and extensible platform for
single-particle tracking, Methods 115, 80 (2017).

[27] C. A. R. Jones, M. Cibula, J. Feng, E. A. Krnacik, D. H.
McIntyre, H. Levine, and B. Sun, Micromechanics of cellular-
ized biopolymer networks, Proc. Natl. Acad. Sci. USA 2015,
E5117 (2015).

[28] Z. Püspöki, M. Storath, D. Sage, and M. Unser, Transforms
and operators for directional bioimage analysis: A survey, Adv.
Anat. Embryol. Cell Biol. 219, 69 (2016).

[29] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.4.L022007 for additional experi-
mental results.

[30] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.4.L022007 for an alternate repre-
sentation (Fig. S5).

[31] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.4.L022007 for direct evidence re-

garding the frustration exhibited by cells when deciding their
direction of migration (Figs. S3 and S4).

[32] J. B. Wyckoff, S. E. Pinner, S. Gschmeissner, J. S. Condeelis,
and E. Sahai, Rock- and myosin-dependent matrix deformation
enables protease-independent tumor-cell invasion in vivo, Curr.
Biol. 16, 1515 (2006).

[33] K. Yoshida and T. Soldati, Dissection of amoeboid movement
into two mechanically distinct modes, J. Cell Sci. 119, 3833
(2006).

[34] Y. Lv, X. Zhang, and L. Chen, Suspension state regulates
epithelial-to-mesenchymal transition and stemness of breast tu-
mor cells, Biotechnol. Lett. 43, 561 (2021).

[35] F. Spill, D. Reynolds, R. Kamm, and M. Zaman, Impact of the
physical microenvironment on tumor progression and metasta-
sis, Curr. Opin. Biotechnol. 40, 41 (2016).

[36] K. Tao, J. Wang, X. Kuang, W. Wang, F. Liu, and L. Zhang,
Tuning cell motility via cell tension with a mechanochemical
cell migration model, Biophys. J. 118, 2894 (2020).

[37] N. M. Anderson and M. C. Simon, The tumor microenviron-
ment, Curr. Biol. 30, R921 (2020).

[38] J. Winkler, A. Abisoye-Ogunniyan, K. Metcalf, and Z. Werb,
Concepts of extracellular matrix remodelling in tumour pro-
gression and metastasis, Nat. Commun. 11, 5120 (2020).

[39] J. Kim, Y. Zheng, A. Alobaidi, H. Nan, J. Tian, Y. Jiao, and B.
Sun, Geometric dependence of 3d collective cancer invasion,
Biophys. J. 118, 1177 (2020).

[40] G. Yu, J. Feng, H. Man, and H. Levine, Phenomenological
modeling of durotaxis, Phys. Rev. E 96, 010402(R) (2017).

[41] C. Z. Eddy, H. Raposo, A. Manchanda, R. Wong, F. Li, and
B. Sun, Morphodynamics facilitate cancer cells to navigate 3d
extracellular matrix, Sci. Rep. 11, 1 (2021).

[42] H. Ahmadzadeh, M. Webster, R. Behera, A. Valencia, D. Wirtz,
A. Weeraratna, and V. Shenoy, Modeling the two-way feedback
between contractility and matrix realignment reveals a nonlin-
ear mode of cancer cell invasion, Proc. Natl. Acad. Sci. USA
114, E1617 (2017).

[43] J. Feng, H. Levine, X. Mao, and L. M. Sander, Cell motil-
ity, contact guidance, and durotaxis, Soft Matter 15, 4856
(2019).

L022007-6

https://doi.org/10.1038/nrc3078
https://doi.org/10.1146/annurev-cancerbio-050216-034431
https://doi.org/10.1016/j.actbio.2021.04.053
https://doi.org/10.1016/j.tcb.2020.08.002
https://doi.org/10.1186/1471-2121-12-21
http://link.aps.org/supplemental/10.1103/PhysRevResearch.4.L022007
http://link.aps.org/supplemental/10.1103/PhysRevResearch.4.L022007
https://doi.org/10.1016/j.ymeth.2016.09.016
https://doi.org/10.1007/978-3-319-28549-83
http://link.aps.org/supplemental/10.1103/PhysRevResearch.4.L022007
http://link.aps.org/supplemental/10.1103/PhysRevResearch.4.L022007
http://link.aps.org/supplemental/10.1103/PhysRevResearch.4.L022007
https://doi.org/10.1016/j.cub.2006.05.065
https://doi.org/10.1242/jcs.03152
https://doi.org/10.1007/s10529-020-03074-x
https://doi.org/10.1016/j.copbio.2016.02.007
https://doi.org/10.1016/j.bpj.2020.04.030
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.1016/j.bpj.2020.01.008
https://doi.org/10.1103/PhysRevE.96.010402
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.1073/pnas.1617037114
https://doi.org/10.1039/C8SM02564A

