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Abstract

Cells in the body are physically confined by neighboring cells, tissues, and
the extracellular matrix. Although physical confinement modulates intra-
cellular signaling and the underlying mechanisms of cell migration, it is
difficult to study in vivo. Furthermore, traditional two-dimensional cell mi-
gration assays do not recapitulate the complex topographies found in the
body. Therefore, a number of experimental in vitro models that confine
and impose forces on cells in well-defined microenvironments have been
engineered. We describe the design and use of microfluidic microchannel
devices, grooved substrates, micropatterned lines, vertical confinement de-
vices, patterned hydrogels, and micropipette aspiration assays for studying
cell responses to confinement. Use of these devices has enabled the delin-
eation of changes in cytoskeletal reorganization, cell–substrate adhesions,
intracellular signaling, nuclear shape, and gene expression that result from
physical confinement. These assays and the physiologically relevant signal-
ing pathways that have been elucidated are beginning to have a translational
and clinical impact.
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1. INTRODUCTION

Cells in the body are confined by and respond to topography, be it imposed by other cells or by
components of the extracellular matrix (ECM). The ECM consists of both randomly oriented
fibers and more complex topographies that present two-dimensional (2D) or three-dimensional
(3D) guidance cues to migrating cells (1). Cells display great plasticity in their migration mecha-
nisms and modulate signaling pathways and intracellular cytoskeleton and adhesion organization
in response to physical constraints (2–5). Therefore, identifying physical factors driving this adapt-
ability and discovering methods to control, manipulate, promote, or stop migration over the full
range of mechanisms available to cells are vital for understanding development and morphogen-
esis (6, 7), tuning the immune response (8, 9), engineering highly structured tissues (10), and
combating cancer metastasis (1, 11). However, studying cell response to confinement in vivo is
costly and low throughput. Therefore, engineers have devised models to recapitulate important
aspects of the microenvironment so as to rapidly analyze the effect of well-defined physical inputs
on cell behavior.

In this review, we discuss bioengineering models used to probe the mechanisms of confined cell
migration and signaling. These models include polydimethylsiloxane (PDMS) microchannel de-
vices, grooved substrates, microcontact printed substrates, vertically confining devices, patterned
hydrogels, and micropipette aspiration assays. These assays span the range of guidance cues found
in vivo, from tracks devoid of barriers to 3D scaffolds presenting the cells with many obstacles (1).
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After discussing the design and use of these devices, we describe changes in cytoskeletal archi-
tecture, cellular adhesions, cell signaling pathways, and gene expression that are induced by cell
confinement. We conclude with several case studies demonstrating how exploiting cell behavior
in confinement can be used to improve human health.

2. EXPERIMENTAL MODELS FOR STUDYING
CELL BEHAVIOR IN CONFINEMENT

In 2D environments, epithelium-derived cells migrate in a cyclic fashion. Cellular adhesions
anchor the cell body while new protrusions are generated, and as the cell moves forward, adhesions
at the trailing edge release (12, 13). This migration mode depends on the formation of adhesion
sites, actin-driven protrusion generation, and contractility in which myosin motors pull against
actin fibers to create stress within the cell (12, 13). However, this traditional model of cell migration
does not hold, at least in all cases, in more complex environments (4, 14–17). Cells in vivo migrate
through confining 3D spaces encompassing both fibrillar ECM gels and preexisting migration
tracks (1). To mimic the earmarks of the in vivo microenvironment, a series of devices have been
engineered that impose various types of confinement on cells (Figure 1).

2.1. Polydimethylsiloxane Microfluidic Microchannel Devices

Many devices fabricated to study cell migration in 3D confinement are composed of PDMS, an
elastomer that is optically transparent and through which oxygen can diffuse (18–20). PDMS
devices for confined migration studies are typically produced by micromolding PDMS from a
patterned silicon wafer (21). In these devices, microchannels arrayed adjacent to cell seeding areas
allow for direct, real-time imaging of cell migration under confining conditions and in the absence
of shear stress (22). Channels can be coated with a variety of ECM proteins (3, 23) and designed
to explore both basic mechanisms of migration in confinement and cells’ response to external
gradients. PDMS channels recapitulate aspects of “barrier-free” migration tracks in the lumen of
vessels, in bone cavities, through clefts between muscle and nerve fibers, along bundled collagen
tracks left by invading “leader” cells, and in perivascular and white matter tracks in the brain (1,
24–30), making them a versatile tool to study confined migration. These devices are illustrated
schematically in Figure 1.

2.1.1. Straight polydimethylsiloxane microchannels. Microchannels fabricated for the study
of cell migration during physical confinement are typically straight, shaftlike spaces ranging in
cross-sectional area from ∼20 μm2 to greater than 1,000 μm2 (2–4, 14, 22, 23, 31–37). Early studies
of microchannel migration examined the effects of varying channel cross-sectional areas on cell
migration speed. Irimia & Toner (23) studied the spontaneous migration of tumor cells through
600-μm-long PDMS microchannels of varying dimensions (3 or 12 μm in height and ranging
from 6 to 100 μm in width). The migration speed of MDA-MB-231 cells in 3-μm-tall channels
peaked in 25-μm-wide channels and showed an overall biphasic response to cross-sectional area,
whereas speed was not a function of channel width in the taller microchannels (23). Migration
speed in microchannels is often greater than that observed in 2D environments, and fully confined
cells migrate in a sliding motion, with small deviations in cell length (14, 37). In general, cells do
not efficiently penetrate into smaller microfabricated pores (37). It is currently unknown whether
vertical (for example, 3-μm-tall by 50-μm-wide channels) and lateral (for example, 50-μm-tall by
3-μm-wide channels) confinement equivalently affect cell migration within microchannels.
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Microchannel Grooved
substrate

Micropatterned
line

Vertical
confinement 

Patterned
hydrogel

Schematic

Scaffold
material PDMS PDMS, silicon,

polystyrene PDMS, glass, hydrogel Glass, PDMS
Collagen, PA, PEG,
other extracellular
matrix proteins

Stiffness
modification + + +++++ –/+ +++++

Degradable No No No No Yes

Gradients
Chemical gradients,
voltage gradients,
physical gradients

Possible with overlaid
microfluidic device
or point source 

Possible with overlaid
microfluidic device or
point source 

Not yet investigated
but applicable

Photopatterned
ligand gradients,
physical gradients

Direction of
force
exertion

Traction or outward
pushing Traction Traction

Traction or
outward pushing

Traction or outward
pushing

Integrin-
mediated
adhesions
required

No Yes Yes No No

Migration
modes

Mesenchymal,
amoeboidal Mesenchymal Mesenchymal Mesenchymal,

amoeboidal
Mesenchymal,
amoeboidal

Figure 1
Schematics of engineered models of cell migration, along with their key physical, mechanical, and mechanistic characteristics.
Microfluidic microchannel devices, grooved substrates, micropatterned lines, vertical confinement devices, and patterned hydrogels can
be engineered to study cells’ response to confinement. Scaffolds for confined cell migration can be formed from various degradable and
nondegradable materials [including polydimethylsiloxane (PDMS), polyacrylamide (PA), and polyethylene glycol (PEG)] with tunable
stiffness. Additionally, these scaffolds can be combined with gradients to simultaneously impart multiple cues to migrating cells. Use of
these assays has revealed microenvironment-dependent patterns of force exertion and requirements for integrin-mediated adhesions.
Importantly, the physical and chemical properties of the model can drive cells to migrate via mesenchymal or amoeboidal mechanisms.

2.1.2. Chemical gradients. Chemotaxis is important in tumor dissemination (38) and the im-
mune response (39). The lack of convective flow through microchannels enables formation of
chemical gradients between source and sink reservoirs located at the microchannel inlets and out-
lets (22). Therefore, these assays are readily adaptable for chemotaxis studies. The presence of a
gradient establishes a preferential direction for cell transmigration through microchannels (40).
For example, Tong et al. (3) described a microfluidic device through which cells migrate up a fetal
bovine serum (FBS) chemotactic stimulus through 10-μm-tall channels varying in width from 3 to
50 μm. The device showed differential migration of metastatic versus nonmetastatic cells; MDA-
MB-231 cells were more likely to enter and exit microchannels than tumorigenic but nonmetastatic
MCF-7 cells (3). This finding suggests that such devices could be used to screen for metastatic cells.

162 Paul et al.
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Assays that rely on microchannel chemotactic migration could also be used in the presence of var-
ious pharmacological agents, allowing for screening of drug candidates (41, 42). A device recently
constructed by Zhang et al. (43) contained 3,120 microchannel-incorporating microchambers
and allowed for simultaneous screening of 9 pharmacological inhibitors (with multiple technical
replicates and seeding densities for each compound) during migration in microchannels up an
FBS gradient. This screen revealed a differential migration response of SUM-159/Taxol cells to
different inhibitors and showed the promise of high-throughput microchannel migration assays
for drug-screening applications (43).

2.1.3. Voltage gradients. In addition to chemical gradients, cells respond to electrical fields.
Direct current electric fields (∼0.5–5 V/cm) are present in vivo across endothelial and epithelial
surfaces and play a role in wound healing and cancer metastasis (44–46). Huang et al. (46) tested
the effects of combining confinement (20-μm-wide, 80-μm-tall PDMS channels coated with
fibronectin) and an electric field applied between two Ag/AgCl electrodes on the motility of NIH
3T3 cells. Whereas NIH 3T3 fibroblasts aligned perpendicularly to the electric field and migrated
toward the cathode when they were unconfined, they aligned and migrated along microchannels
when confined, suggesting that topographical cues provide a stronger alignment cue than do
electric fields (46). When no electric field was present, cell migration in the microchannels was
significantly faster than that on 2D surfaces (46). In the presence of a 2.2 V/cm electric field, cells
migrated along the channels and toward the cathode, with a persistence significantly greater than
when in the absence of a voltage gradient (46).

2.1.4. Physical gradients and cell decision making. Modification of microchannel devices to
incorporate more complex channel geometries allows for testing of cells’ response to anisotropic
physical gradients or cues that cells encounter in the evolving tumor microenvironment (1). Cells
migrating in PDMS microchannels generally continue on their path when encountering an ob-
stacle, although the geometry of the microenvironment and the cell type influence the likelihood
of repolarization. MDA-MB-231 breast tumor cells migrating in 15-μm-wide microchannels that
constrict to a width of 3.3 μm go through a delay period prior to moving fully through the pores;
the delay period increases as the length of the 3.3-μm-wide pore increases (33). In general, some
fraction of cells encountering such a constriction reverses direction instead of moving through the
pore; this fraction varies between 14% and 88%, depending on the cell type and geometry of the
constriction (32). When the decision region is made more complex by incorporation of a 90◦ split
to 10- or 3.3-μm-wide channels, more than 90% of the cells choose the wider channel, a trend
that holds when actomyosin contractility is inhibited by application of blebbistatin (47). If the
3.3-μm-wide channel is placed in a path collinear to the original channel, the percentage of cells
choosing the wider path drops to 68% and, interestingly, to only 33% when cells are treated with
blebbistatin, suggesting that actomyosin contractility has a role in environmental sensing (47).
Thus, the geometry of the microchannel interacts with cell signaling and mechanosensing path-
ways to modulate cell decision making. Cells migrating through narrow microchannel “mazes”
may locally consume growth factors to create gradients that assist in finding the shortest migration
path (48), but this strategy may not hold at bifurcations that are asymmetric or larger than the cell
body (C.D. Paul & K. Konstantopoulos, unpublished data). In some cases, neutrophils migrating
through bifurcating microchannels push water to sense the hydraulic resistance of each channel
encountered and move into the channel with the lowest hydraulic resistance, in the presence or
absence of a gradient (35). If a chemical gradient is present, neutrophils’ choice to migrate into
the shorter channel may also be due to the presence of a steeper gradient in the shorter channel
(49). Whether such a mechanosensitive strategy dependent on hydraulic resistance can be adopted
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by tumor cells, which migrate more slowly and rely on the permeation of water through the cell
body for confined migration (4), is currently unknown.

2.2. Grooved Substrates

Micromachined and microimprinted substrates contain nanometer- to micrometer-scale topogra-
phies on otherwise planar substrates, typically in the form of parallel grooves (Figure 1). These
substrates are used to model the micro- to nanotopography of ECM fibers that serve as direc-
tional cues for migrating cells (50, 51). Grooves can be directly machined on silicon substrates
or molded on PDMS or polystyrene surfaces. The width, depth, and spacing of these grooves
determine whether cells migrate between grooves (52), analogous to along one side wall of a very
tall microchannel, or span grooves to integrate subcellular topographic cues (53–55). Cells plated
on grooved substrates typically align and migrate along the long axis of the grooves (54, 56). When
the groove spacing is less than the width of the cell, groove depth appears to play a larger role in
causing cell polarization than the distance between grooves. For example, corneal epithelial cells
more strongly align along 600-nm-deep versus 150-nm-deep grooves (53). Confluent monolayers
of both epithelial and fibroblast cells also respond to substrate topography, migrating along
1-μm-wide, 150-nm-deep PDMS grooves spaced 1 μm apart with greater persistence than on
flat surfaces (57). Interestingly, the topographical cues from the patterned region of the substrate
were propagated onto a neighboring flat region of the device to cause oriented migration over a
distance of approximately nine cell widths (57). Cell-to-cell propagation of these guidance cues
was unchanged when cell–cell adhesion was disrupted with a function-blocking antibody to E-
cadherin or when cell contractility was disrupted (57). Instead, propagation distances for aligned
migration decreased when cell density was reduced, indicating that cell crowding instead of bio-
chemical cell–cell interactions is required to transmit topographical cues through a cell sheet (57).
Interestingly, on micropatterned lines (see the next section), disruption of cell–cell adhesions dis-
rupts the propagation lengths of physical cues (58) and force transmission (59) in collective cell
migration. In summary, the use of microgroove assays has demonstrated that cells respond to a
wide range (nanometers to micrometers) of topographical cues.

2.3. Micropatterned Lines and Islands

Microcontact printing and its variants are used to laterally constrain cells on a 2D substrate
(Figure 1). By controlling available spreading area, microcontact printing can be used to impose
different shapes on either stationary (60) or migrating (61) cells. Microcontact printing is tradi-
tionally performed by “inking” an elastomeric stamp with a protein and transferring that protein
to a substrate (62). Nonstamped regions are then backfilled with a polymer that is nonadhesive to
cells (63). Recently, other methods have been developed. “Stamp-off ” approaches allow printing of
adjacent, multiple-component patterns on the microscale (64). Optical ablation of a nonadhesive
polymer followed by backfilling with a cell-adhesive protein enables fabrication of feature sizes
down to ∼1 μm in width (65). Selective cross-linking of polymers through photolithography masks
also can be used to generate islands of different stiffness or composition on a hydrogel background
(66). Microcontact printed lines are often used to model ECM fibers, along which cells migrate
in vivo (67, 68).

2.3.1. Micropatterned one-dimensional lines to study cell migration. Lateral confinement
to constrain cell migration along a single axis is a useful tool for studying persistent cell migration,
the effects of confinement on cell morphology, and intracellular signaling. The resulting migration
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has been termed one-dimensional (1D) migration, as cells are constrained to move back and forth
in one direction when the width of the line is less than the width of the cell body. Doyle et al.
(65) studied cell migration on 1D patterned fibronectin lines ranging in concentration from 0.5 to
1,000 μg/mL. Cells constrained to linear migration paths moved with significantly greater speed
than cells in two dimensions, and speed was independent of ligand density (65). Uniaxial migration
was lost if the ECM line width exceeded 5 μm, and migration speed decreased (65). On very wide
lines, the speed of fibroblasts migrating collectively decreased as the cells’ distance from the edge
of the line increased (69).

Microcontact printing techniques have also been used to show (a) that the Golgi apparatus and
the microtubule-organizing center localize to the rear of the cells during persistent epithelial cell
migration, with repositioning to the new trailing edge upon a change in cell direction (70), and
(b) that the migration speed of MTLn3E tumor cells increases on 1D lines when the cells are
cultured with bone marrow–derived macrophages (67). [Notably, rapid and directional tumor cell
migration often occurs in vivo upon coupling of tumor cells and macrophages (67).] Furthermore,
these assays provide lateral confinement to impose cell shape and enable studies of how the cy-
toskeleton and its links to the nucleus regulate nuclear shape (71), thereby allowing investigation
into the relationship among nuclear shape, nuclear translocation, and cell migration (72). 1D mi-
gration assays have recently been used to demonstrate an exponential coupling between cell speed
and persistence, in which persistence time increased as the actin retrograde flow rate increased (73).
Microcontact printing migration assays can be further integrated with traction force microscopy
to probe cell force exertion during lateral confinement (74). For example, NIH 3T3 fibroblasts
exert lower traction stresses on 10-μm-wide printed lines than on 50-μm-wide printed lines (74).
Note that although 1D migration on microprinted lines relies on cell adhesion to the substrate,
alternatives to adhesion-based migration may be available in other microenvironments (15, 36).

2.3.2. Microcontact printed islands. The effects of confined geometry on cell polarization have
been extensively studied through the use of microcontact printed “islands” on which cells adhere.
Théry et al. (75) used microcontact printing to show that distinct directions of cell polarity could
be established in cells with the same overall shape but differing underlying patterns of adhesion.
Polarization is likely an initial cue for cell migration. When 3T3 fibroblasts are confined and
forced to assume elongated morphologies via microcontact printing, cells migrate in the direction
defined by the long axis of the cell when released (76). Changes in cell spreading area driven by the
size of microcontact printed islands can also direct mesenchymal stem cell differentiation; human
mesenchymal stem cells (hMSCs) differentiate to osteoblasts when plated on large printed islands
but become adipocytes when seeded on small printed regions (77). Furthermore, microcontact
printing can be extended to the printing of patterns on polyacrylamide (PA) gels (78) or micropost
arrays (79) to study the effects of confinement on traction force exertion. In these assays, the traction
forces exerted by a cell are related to either the displacement of fluorescent beads embedded in
the gel (80) or the deflection of narrow pillars (81) on which the cells are seeded. Patterning of an
ECM protein in a defined size and shape on these substrates enables decoupling of the effects of
cell shape and substrate rigidity on force exertion.

2.3.3. Micropatterned stiffness islands. Microprinting and micropatterning have also been
employed to define rigid islands (consisting of a cross-linked photoresist) in various configurations
on a nonadhesive PA hydrogel of a given stiffness (66, 82). NIH 3T3 fibroblasts bridge gaps
between adhesive regions on stiff (13-kPa) but not soft (0.8-kPa) gels; adhesions matured when
the micropatterned island was not deflected toward the spreading cell (66). Confinement itself
decreased the focal adhesion area (66), as has also been observed in narrow microchannels (14)

www.annualreviews.org • Models of Confined Cell Migration 165

A
nn

u.
 R

ev
. B

io
m

ed
. E

ng
. 2

01
6.

18
:1

59
-1

80
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

Jo
hn

s 
H

op
ki

ns
 U

ni
ve

rs
ity

 o
n 

11
/2

0/
20

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



BE18CH07-Konstantopoulos ARI 23 May 2016 19:26

and on microcontact printed lines (65). Cell spreading across rigid substrates depended on Rac1
and Arp 2/3, and the probing rate decreased upon inhibition of Cdc42 or formin homology 2
domain (66). Myosin II–mediated contractility was involved in both rigidity sensing (as determined
by pulling on nascent adhesions to test the stiffness of the underlying substrate) and protrusion
retraction (66). Indeed, when myosin II was inhibited by blebbistatin treatment, cells were not
sensitive to rigidity and spread to occupy islands on soft substrates (66).

2.4. Vertical Confinement

As an alternative to inducing cells to migrate into confining microchannels or seeding cells on
microcontact printed lines or grooved substrates, compressive forces can be dynamically and ex-
ternally applied on cells via vertical confinement. Vertical confinement can simulate migration
spaces observed between opposing surfaces in the body, such as in the space between peritoneal
layers covering organs (1), and can induce blebbing migration observed in vivo through the peri-
tumoral ECM (15, 83). Vertical confinement assays made possible by microfabrication techniques
enable cell confinement to heights down to 3 μm, with an accuracy of 100 nm over large areas
(square centimeters) (Figure 1) (84). In this technique, a pillared PDMS array is lowered over a
bed of cells, and cells dispersed between the pillars are vertically confined to a height defined by
the height of the pillars (84). This is a very high throughput technique if true 3D confinement is
deemed unnecessary and vertical or so-called sandwich confinement is sufficient, and it is readily
adapted to multiwall plates (84). Application of this technique has demonstrated how confinement
can lead to rupture of the nuclear lamina and modulate gene expression pathways (85) and how
mesenchymal cells can spontaneously switch to a rapid amoeboid migration mode when vertically
confined (15). Aspects of vertical confinement assays can be recapitulated using compliant gels
overlaid on cells or different materials on the basal and apical surfaces of cells (86), but this method
sacrifices precise control of cell height.

2.5. Patterned Gels

Recent research has extended confinement assays to orthogonally probe the effects of substrate
stiffness, ligand density, and microchannel size through patterning of mechanically tunable hydro-
gels (Figure 1). These studies are important complements to traditional 3D gel migration studies
because they assay migration through defined microtracks, some of which are nondegradable.
Migration tracks patterned in hydrogels mimic similar in vivo physiologies as PDMS microchan-
nels but have more physiologically relevant stiffnesses, with the caveat that they are more difficult to
fabricate. Both optical and micromolding techniques make fabrication of such structures possible.

2.5.1. Variable pore sizes via controlled polymerization. 3D hydrogels with relatively homo-
geneous distribution of pores have been extensively used to model cell migration through fibrillar
ECM. For example, both loosely and densely packed collagen matrices exist in the dermis and
in mammary and interstitial tissues (87). One can vary pore sizes and fiber alignment in collagen
gels by controlling polymerization conditions or using collagen stock with varying telopeptide
content. For example, polymerizing rat tail collagen (1.7 mg/mL) at 9◦C generates heterogeneous
pore sizes (with a median pore cross section of 30 μm2), whereas polymerization at 37◦C results
in matrices with a median pore size of only 5 μm2 (88). Use of bovine dermal collagen with re-
duced telopeptide content results in approximately fivefold-larger pore sizes and a reduced matrix
elastic modulus at the same overall collagen concentration (88). These techniques generate large
pores that cells can navigate independently of matrix metalloproteinase (MMP) activity (88, 89).
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However, the dynamic range of pore sizes in 3D collagen gels is narrow, and the pores created
are still often smaller than pores found in vivo (87). Cell-derived matrices (CDMs) demonstrate
local orientation of fibers left by the cells depositing the matrix (90), but the spatial organization
of the fibers is not controlled. CDMs are linearly elastic, and their use has been important in
demonstrating pressure-based lobopodial migration (16, 17). However, because these techniques
do not allow for control of track length and width, other methods have been developed.

2.5.2. Photopatterned gels. Photopatterning relies on the use of light to change or remove
defined regions of a hydrogel. Controlling the delivery of light to hydrogels by using photolithog-
raphy masks or focused laser light allows exquisite spatial and temporal control of light-based
reactions, with ∼1-μm resolution in the x–y plane and ∼3–5-μm resolution in the z plane (91, 92).
For example, ECM proteins and growth factors can be patterned within a 3D matrix to direct cell
migration (93). Additionally, photodegradation reactions can be used either to degrade portions
of the surface of a gel, resulting in microwells (94) or grooves (95), or to ablate regions within a
collagen gel, leading to 3D tracks within the matrix that are bordered by degradable collagen (96).
Such a scheme was used to study the invasion of multicellular spheroids of mouse mammary tumor
cells embedded within dense fibrillar collagen (96). These cells invaded tracks with cross-sectional
areas of 9, 25, 100, 400, and 900 μm2 in the absence of MMP activity and enlarged narrow tracks
over time by an outward pushing mechanism. Orthogonal techniques for controlling ligand con-
centration and microtrack geometry enable “competition” assays to be performed. For example,
3T3 fibroblasts migrate through microchannels created around a fibrin clot, and when presented
with a choice between channels functionalized with RGD peptide and those without, cells migrate
only into channels with the peptide (91). Such approaches can also be used to temporally and spa-
tially release cells or groups of cells from certain regions of a 3D gel for subpopulation sampling
(91).

2.5.3. Micromolded collagen and polyacrylamide hydrogels. Polymers other than PDMS can
be used to mold from a patterned master. This process enables orthogonal control of substrate
stiffness and microchannel geometry (97) and can be performed with either degradable (31, 98) or
nondegradable (97) polymers. Microtracks (10 μm wide, 20 μm tall, and 300 μm long) formed in
collagen polymerized against a PDMS mold can be fabricated in 1.5, 2, 3, and 5 mg/mL collagen
type I (31). The presence of microtracks increases the migration speed of MCF10A and MDA-
MB-231 cells compared with unpatterned 3 mg/mL collagen gels (31). Interestingly, migration
speed is not a function of collagen concentration in these tracks (98). PA troughs that confine cells
on three sides can also be molded from microfabricated masters. The migration speed of U373-
MG human glioma cells through microchannels with a width of 10, 20, or 40 μm and a stiffness
ranging from 0.4 to 120 kPa is biphasic in wide (20–40-μm) channels but increases monotonically
with stiffness in 10-μm-wide troughs (97).

2.6. Micropipette Aspiration Assay

Several engineering methods can impose well-defined forces on the cell membrane. These meth-
ods include magnetic beads (99), stretching devices (100–102), and micropipette aspiration assays
(103, 104). Micropipettes are used to generate negative pressures on the cell membrane, result-
ing in local deformation into the micropipette. The magnitude of the aspiration force is usually
controlled by a micromanipulator mounted on a microscopy stage. The applied force commonly
ranges from 0.01 to 0.6 nN/μm2, maintaining the integrity of the cell membrane and avoiding
cell wounding (103, 104). Micropipette aspiration is used to investigate recruitment or activation
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of cortical molecules, such as myosin II, cortexillin, and other related cross-linker molecules, fol-
lowing deformation of the cell membrane (103, 104). This assay can also be employed to study
the deformation of the nucleus upon applied force (105).

3. CONFINEMENT AND MECHANICAL FORCE INDUCE
MOLECULAR CHANGES

The bioengineering tools described above have been used to explore how confinement and me-
chanical forces influence the biomolecular properties of cells. In particular, physical confinement
modulates intracellular molecules responsible for cell morphology, adhesion, contractility, and
gene expression.

3.1. Cytoskeletal Architecture Is Reorganized upon Physical Confinement

Physical confinement causes changes in cytoskeletal architecture, typically characterized by the
orientation of cytoskeletal components along the axis of cell migration (Figure 2). Confinement
inside narrow microchannels tends to cause actin accumulation around the cell cortex, suppression
of stress fibers, and orientation of phosphorylated myosin light chain (MLC) along the axis of
migration, regardless of substrate stiffness (14, 31, 97, 98). Similarly, on narrow fibronectin printed
lines, actin and microtubules are oriented parallel to the printed lines, with stabilized microtubules
accumulating in an anterior bundle (65). Vertical confinement in sandwich assays causes a similar
reduction of stress fibers, and myosin II tends to concentrate at the cell rear (15). Interestingly,
microtubule dynamics appear to be particularly important in confined migration. Inhibition of
microtubule polymerization in either narrow microchannels (4, 14, 106) or 1D printed lines (65)
significantly reduces migration speed and directionality. In contrast, microtubule polymerization
is not required for lobopodia-based migration in 3D CDMs (17).

Although intracellular signaling pathways likely play a role in the reorganization of cytoskeletal
structure upon confinement, cytoskeletal components can themselves respond to physical forces.
For example, experimental and in silico results suggest that extensional but not compressional
force promotes Arp2/3-mediated actin filament branching, indicating that confinement drives the
direction of cell protrusions (107). Acellular solutions containing actin filaments can also form
an actin ring that orients in the plane perpendicular to compressive forces generated by two
silicone-coated coverslips spaced approximately 4.5 μm apart (108). This finding suggests that
actin spontaneously responds to mechanical force.

3.2. Cellular Adhesion Size Is Reduced upon Physical Confinement

In two dimensions, cells sense and interact with their environment through adhesions with the
substrate. Confinement alters the type and morphology of these adhesions. While MDA-MB-
231 cells form distinct focal adhesions in 50-μm-wide PDMS microchannels, suppression of
focal adhesions and homogeneous expression of phosphorylated focal adhesion kinase (pY-FAK)
and pY-paxillin along the cell body occur in 3-μm-wide microchannels (14). Similarly, when
fibroblasts migrate on 1D microcontact printed fibronectin lines, α5-integrin, FAK, vinculin, and
paxillin are dispersed along the body of the cell instead of being localized at distinct adhesions
(65). Vinculin is also homogeneously distributed across the cell body in vertically confined cells
(15). Cells moving from narrow to wide microcontact printed lines form larger adhesions upon
exiting confining spaces (74). On grooved silicon oxide substrates spaced 70–1,900 nm apart, focal
adhesions were also smaller than those seen on 2D surfaces, with focal adhesion width generally
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Confined migration
Homogeneous distribution of

focal adhesion proteins
Suppression of stress fibers

Actin accumulation around cell cortex
Orientation of cytoskeletal components

Elongated nuclear shape

Direction of
migration

Myosin II–mediated
mechanosensing

Unconfined (2D) migration
Distinct focal adhesions

Large stress fibers
Rounded nuclear shape

Focal
adhesion

protein

Direction of
migration Cytoskeletal polymers

(F-actin, microtubules)

Nucleus

Figure 2
Schematics of cell morphology in unconfined versus confined microenvironments. Cells migrating on
planar, two-dimensional (2D) surfaces form large focal adhesions and stress fibers, have rounded nuclei, and
often migrate with a broad leading edge containing branching F-actin structures. Conversely, cells in
confinement are characterized by a suppression of large focal adhesions and stress fibers. Instead, focal
adhesion proteins are often distributed homogeneously around the cell body. Confined cells typically display
alignment of cytoskeletal structures and nuclear elongation along the confining axis.

increasing as the width of the ridges between the grooves increased (53). Cells migrate efficiently
in these environments upon suppression of large focal adhesions, and the reduced dependence of
cell speed on ligand density during confinement (65, 98) may be due to the reduced adhesion size
observed in confined migration. Taken together, these observations show that confinement causes
marked alterations in the cellular cytoskeleton and the pattern of cellular adhesions, suggesting
that cells sense and respond to physical confinement.

3.3. Intracellular Signaling via Mechanotransduction Pathways
Modulates Cell Response to Confinement

Cells identify and respond to their environment in a process called mechanotransduction (109). Be-
cause myosin II is both a sensor and a regulator of cell shape (110, 111), its activity and recruitment
are likely to mediate cell response to confinement. The activity of myosin II is regulated by the
phosphorylation of MLC (13), which in turn is phosphorylated by MLC kinase (MLCK) and/or
Rho kinase (ROCK) (13). ROCK is activated by Rho GTPases, whereas MLCK is regulated by
both intracellular calcium and several kinases (13). ROCK and MLCK do not act entirely indepen-
dently; ROCK can also promote MLC phosphorylation by downregulating myosin phosphatase
(112). Myosin II activity and localization are regulated by forces that occur upon cell confine-
ment. For example, compression imposed by vertical confinement induces myosin II activity and
localization of actin and myosin II at the rear of the cell cortex, which is critical to mediate the
mesenchymal–amoeboid transition (15). Mechanical tension caused by aspiration through a mi-
cropipette promotes cortical myosin II recruitment and redistribution in Drosophila embryo cells
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(103, 113) and in Dictyostelium (114). This recruiting mechanism involves interactive regulation
of cortexillin, IQ motif–containing GTPase-activating protein 1 (IQGAP), and myosin II (104,
115, 116). When actin–myosin interactions are interrupted by treatment with blebbistatin, cells
exhibit a greatly reduced response to topography (74, 117, 118).

Forces imposed on cells by the external microenvironment may translate to increased myosin
activity either through activation of the Rho/ROCK contractility pathway or by calcium influx.
Cardiac myocytes, endothelial cells, and NIH-3T3 cells experiencing stretching stress generated
by deformable substrates demonstrate increased RhoA/ROCK activation and MLC phosphory-
lation (102, 119, 120). Magnetic beads bound to integrins can also be used to generate force to
stretch the cell membrane, leading to RhoA activation through guanine nucleotide exchange fac-
tors (GEFs), GEF-H1, and leukemia-associated Rho GEF (LARG) (99). Conversely, application
of 1–5-nN stretching forces on magnetic beads bound to integrins induces rapid calcium influx, in
turn modulating cellular function via the calcium–calmodulin pathway (121). Compressive forces
regulate calcium influx and oscillation in chondrocytes and myocytes by deforming the cell mem-
brane (122, 123). The calcium–calmodulin complex directly phosphorylates MLCK, leading to
myosin II activation in a wide variety of cells (124, 125). Evidence suggests that compensatory
mechanisms for myosin II activation exist if either RhoA/ROCK- or MLCK-mediated signaling is
inhibited. For example, mechanical compression generated by a weighted piston increases the rate
of wound closure in 67NR breast cancer cells (126). Interestingly, cell response to compression
is intact upon inhibition of ROCK or MLCK but is lost if contractility is inhibited entirely by
treatment with blebbistatin (126), indicating that myosin II can be activated through either of
these pathways but must be intact for a mechanosensitive response. However, myosin isoforms
may have differential roles in confined migration, as knockdown of myosin IIA but not myosin
IIB reduces the migration speed of fibroblasts migrating on 1D printed lines (127) and of Chinese
hamster ovary (CHO) cells migrating in narrow microchannels (2).

Although myosin II activity is vital for cell mechanosensitivity, cells in confinement can mi-
grate using a range of mechanisms with varying reliance on cell contractility. On one hand, an
amoeboidal migration mode depends strongly on cortical contractility (2, 15). On the other hand,
protrusion-based migration modes do not rely on cell contractility in confinement. Some tumor
cell lines migrate with the same (or greater) speed as control cells upon inhibition of cell contrac-
tility in both stiff and compliant microchannels (14, 97, 98), and force exertion in highly confining
PDMS microchannels is not modulated by activation or inhibition of the actomyosin pathway (36).
Supporting the notion that contractility and migration speed can be decoupled in confinement is
the observation that the phosphorylation level of MLC does not correlate with migration speed
in 10-μm-wide, 20-μm-tall microtracks patterned in 3.0 mg/mL collagen gels (98). Evidence sug-
gests that cells can switch between these migration modes, depending on constraints imposed by
the microenvironment and modulators of actomyosin contractility. Indeed, highly confined cells
in low-adhesion environments can migrate rapidly upon ROCK inhibition in a manner that is
dependent on fast actin retrograde flow in a small protrusive region at the cell front, whereas
these cells adopt a blebbing mechanism dependent on actomyosin contractility when the contrac-
tile pathway is intact (15). Similarly, in 3D CDMs, knockdown of RhoA or inhibition of ROCK
switches the adhesion-dependent migration of fibroblasts from lobopodia based to lamellipodia
based without affecting migration speed (16). In highly confining microchannels, cells migrate in
the absence of actin polymerization by a process dependent on transmembrane water intake at the
leading edge and expulsion at the trailing edge (4).

In summary, confinement triggers a series of signaling cascades via mechanotransduction,
sequentially regulating cellular behaviors. Our data (W.C. Hung & K. Konstantopoulos, unpub-
lished data) and the fact that both calcium (through MLCK) and RhoA (through ROCK) can
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independently or cooperatively regulate phosphorylation of MLCK indicate that forces imposed
on migratory cells by confinement likely regulate calcium influx, RhoA, and myosin II activities
in a complex, intertwined network.

3.4. Gene Expression and Proliferation Are Altered
by Mechanical Forces During Confinement

Cell geometry determines the topography of the nucleus, which is critical for the regulation of
gene expression through the coupling of histone acetylation and cytoskeleton contractility (128,
129). In confinement, the nucleus assumes a cylindrical shape (Figure 2) through both compressive
forces imparted by the microenvironment and stretching forces from the cytoskeleton (2). For
example, the nucleus elongates and aligns along microgrooves in fibroblasts plated on 12.5-μm-
wide, 2-μm-deep grooves etched in quartz slides (130). On microcontact printed lines, the linker of
nucleoskeleton and cytoskeleton (LINC) complex connects the cytoskeleton and the nucleus and,
along with actomyosin contractility and a perinuclear actin cap, shapes the nucleus in response to
mechanical cues (71, 72). Interestingly, the actin cap maintains nuclear elongation and suppresses
nuclear rotation to promote directional cell migration (72).

Cell confinement causes quantifiable changes in gene expression. Cells plated on microgrooves
have a number of genes that are upregulated 24 h after plating, including genes involved in Rho
GTPase signaling and microtubule organization (130). A large body of evidence suggests that
mechanotransduction regulates cell signaling through direct modulation of GTPases, which in
turn regulate other cell responses such as survival, division, and proliferation. For example, it is
well established that the Rho GTPase family is critical to the regulation of proliferation through
its effectors ROCK and mDia, which modulate cell contractility and actin polymerization, respec-
tively (131). Conversely, Rac1 may modulate proliferation through p21-activated protein kinase
in the NF-κB pathway (132). Additionally, RhoA activation sequesters the transcription factor
YAP/TAZ, a proliferative regulator of the Hippo pathway, in the nucleus to promote prolifera-
tion (133). Cells confined to microcontact printed islands designed to cause nuclear elongation
also synthesize more collagen I and express higher levels of osteocalcin mRNA than do cells of
similar spread area but without nuclear elongation (134). Thus, the physical microenvironment
can itself drive changes in gene expression, likely through the action of mechanotransductive
signaling pathways.

3.5. Key Differences in Confined Migration Assays

Although 1D microcontact printing assays, microgroove assays, microchannel assays, and verti-
cal confinement assays generate similar cell morphology, there are differences in the migration
modes enabled by each type of confinement. First, confinement enables cells to push against
their environment and apply forces in the absence of integrin-mediated adhesions (15). Forces
in the absence of integrin-mediated adhesion are physiologically important. Blebbing migration
of A375M2 melanoma cells occurs in vivo, even when β1-integrin is knocked down (83), and
leukocyte migration speed within lymph nodes is not reduced upon knockdown of integrins (135).
Although 1D confinement assays recapitulate morphological characteristics of microchannel and
3D migration assays (namely reduced adhesion size and suppression of stress fibers), they depend
on adhesion to the substrate. Cells can de-adhere from patterned lines under conditions of high
contractility (65). Thus, although these assays provide confinement, they lack important mecha-
nisms of cell motility, such as blebbing, which requires high contractility and low levels of adhesion
to the substrate (15).
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Second, vertical confinement in sandwich-type assays lacks the full 3D confinement possible
in PDMS microchannels or patterned hydrogels. It is currently unknown whether cell migra-
tion in microchannels is equivalent to “chimneying” between parallel planes, or whether cells in
microchannels actually can exert outward forces on all four walls of a microchannel. Expansion
of channel size in patterned hydrogels suggests that force exertion occurs around the entire cell
periphery (96), as does evidence that forces exerted by cells confined within PDMS microchan-
nels are oriented toward the microchannel walls (36). It is possible that in very wide but short
or very tall but narrow microchannels, only two parallel channel walls are “used” by the cell to
move, generating results similar to those observed in vertical confinement assays. However, when
confinement increases, cells may adopt alternative migration strategies, such as osmotically driven
migration (4). Figure 1 summarizes several of these differences.

In general, the adaptability of migration mechanisms across microenvironments is not fully
understood. For example, whereas both lobopodia-based migration and blebbing migration de-
pend on cytoplasmic pressure to move the cell membrane, they differ in that lobopodia-based
migration relies on adhesion to the substrate (16). Even among microchannel assays, the use of
degradable versus nondegradable polymers to create microtracks for cell migration may yield im-
portant differences in cell motility. For example, treatment with blebbistatin does not affect the
migration speed of tumor cells in nondegradable PDMS (14) or PA (97) channels, but it decreases
migration speed in collagen microtracks (98). It will be important to test migration mechanisms
under different types of confinement to discover their generality and elucidate how cells switch
between migration modes.

4. TRANSLATIONAL APPLICATIONS OF STUDYING
CELL BEHAVIOR IN CONFINEMENT

4.1. Antimetastatic Effects of Modulating the Tumor Microenvironment

The response of tumor cells to the physical microenvironment, which is mediated by the pathways
described above, may be exploitable for the treatment of cancer and other diseases. For example,
glioblastoma multiforme (GBM) cells preferentially migrate along white matter tracts and blood
vessels to invade the brain, making surgical resection difficult (29). Jain et al. (136) exploited
GBM cell invasion along topographical cues to draw cells away from a GBM tumor established in
a mouse model. An axon guide was filled with an aligned nanofiber membrane and implanted
adjacent to a GBM tumor, and U87-MG-eGFP cells preferentially migrated through the guide
to significantly reduce the tumor volume in the brain (136). Importantly, the aligned topography
of the nanofiber membrane was crucial for this result, as empty axon guides or conduits filled with
a smooth (instead of topographically patterned) film did not lead to the same degree of tumor
reduction (136). The conduit was paired with a cyclopamine-conjugated collagen hydrogel to
selectively cause apoptosis in cells migrating into the conduit and expressing the sonic hedgehog
(Shh) pathway, which is overexpressed in most high-grade brain tumors (136).

Along these lines, the mechanosensitive pathways used by cells to sense the physical microen-
vironment may target cells in regions of dysplasia. A recent study found that patient-derived
GBM cells lack the sensitivity to substrate stiffness (e.g., cell rounding and impaired migration
on soft substrates) that is observed in the U373-MG GBM cell line, making these cells highly
migratory across the stiffness range observed in the brain (137). When these patient-derived cells
were transfected with constitutively active RhoA, ROCK, or MLCK, contractility increased and
cells regained stiffness sensitivity, presumably due to an increased ability to deform the matrix
and sense its stiffness (137). When cells expressing constitutively active RhoA were orthotopically
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implanted in a mouse xenograft model, survival significantly increased compared with the control
case, with a reduction in tumor cell invasion in the brain and tumor size (137). In summary, the use
of tumor mechanosensitive pathways and topography-mediated functional behaviors represents
an underexplored therapeutic pathway.

4.2. Point-of-Care Microfluidic Devices Using Whole Blood from Patients

The small number of cells used in microfluidic devices makes them especially promising for
point-of-care applications. Thus far, these applications, at least in the context of cell migra-
tion, have been explored using immune cells. Such devices can handle unprocessed blood at very
small volumes (∼2 μL) and have been used to demonstrate decreased neutrophil migration up
an N-formyl–methionine–leucine–phenylalanine (fMLP) gradient after burn injuries (138, 139).
A similar device can distinguish between burn patients developing sepsis and those not develop-
ing sepsis on the basis of the paths taken by neutrophils migrating in a microfluidic device with
mazelike microchannels; specifically, the device noted spontaneous migration in the absence of a
chemoattractant gradient in patients developing sepsis (140). Importantly, the “score” generated
by this device distinguished between patients developing sepsis and those not developing sepsis
up to 2 days before clinical diagnosis, suggesting that it can be used as an early aid in determining
antibiotic dosing (140).

Such devices may also help discover treatments that rapidly recover proper neutrophil function
and migration after burns. For example, the migration efficiency of neutrophils in a microfluidic
device correlates with survival in a rat burn model, with neutrophil function in vitro and in vivo
largely restored by treatment with resolvin RvD2 following the burn (141). Resolvin treatment
also made burned rats less susceptible to microbial insult (141). Similar studies with microfluidic
channels have suggested aberrant migration of fibroblasts with a mutation in the TOR1A gene,
which underlies early-onset generalized torsion dystonia (142); examined microglial chemotaxis
up a soluble amyloid-β gradient in an Alzheimer’s model (143); and elucidated how neutrophil
retrotaxis prevents detrimental neutrophil accumulation at sites eliciting an immune response
(144).

5. CONCLUSION

The importance of the physical microenvironment in regulating cell signaling and motility has
gained increasing recognition in recent years (145). The wide variety of confinement models
available to researchers will allow orthogonal control of physical inputs to determine the effect of
the microenvironment on cell behavior and fate. Bioengineering models disentangle physical and
chemical inputs to determine key regulators and effectors of cell migration and mechanotransduc-
tion. Recapitulation of the key aspects of the microenvironment using these models may lead to
high-throughput assays that deliver the same conclusions as in vivo studies at a much faster pace.
Translation of these findings to the clinic offers the potential of both faster and more accurate
tests and treatments for human disease.

In the future, elucidating the precise effects of physical forces on cell behavior will be crucial to
delineating the key underlying modes of motility. For example, differential effects of compressive
forces and stretching forces on cell proliferation have been reported (146). It will be very important
to determine the differential roles of compressive and stretching force in mechanotransduction,
as well as the interplay among GTPases, gene regulation, and other mechanosensing mechanisms
in confinement. Furthermore, these forces should be defined among various types of confinement
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assays. Finally, key mechanisms should be tested in various well-characterized assays to determine
the features of the microenvironment driving a given result.
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