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Selecting the optimal cell migration assay: 
fundamentals and practical guidelines
 

Wenxuan Du    1,2, Praful R. Nair2, Andre Forjaz    1,2, Jude M. Phillip    1,2,3,4,5  , 
Pei-Hsun Wu    1,2   & Denis Wirtz    1,2,5,6 

Cell migration is a key cellular process that drives major developmental 
programs. To mimic and mechanistically understand cell migration in these 
different contexts, different assays have been developed. However, owing 
to the lack of practical guidelines, these different cell migration assays are 
often used interchangeably. This and the inherent dynamic nature of cell 
migration, which often requires sophisticated live-cell microscopy, may 
have caused cell migration to be notably less well understood than equally 
important cell functions, such as cell differentiation or proliferation. In this 
Review, we describe commonly used custom and commercial in vitro and 
in vivo cell migration assays and provide a comprehensive practical guide 
and decision tree outlining how to choose and implement an assay that best 
suits the biological question at hand. We hope this guidance spurs biological 
insights into this complex process and encourages future methods 
development.

Migration is a key cellular process that drives major developmental 
programs including gastrulation and blood vessel sprouting1,2, pro-
motes tissue repair and regeneration3 and catalyzes disease progres-
sion, including immune infiltration in tissues and metastatic spread 
in cancer4,5 (Supplementary Fig. 1). Depending on the microenviron-
mental context, cells can undergo distinct modes of migration. For 
instance, cells can migrate collectively, for which intercellular con-
tact is maintained, as small clusters or individual entities6,7, randomly 
or in a directed fashion5,8 (Supplementary Fig. 2). Cell migration can 
be directionally biased by the application of external biochemical5 
(chemotaxis), mechanical9,10 (durotaxis), electric11,12 (galvanotaxis) 
or magnetic field13 (magnetotaxis) gradients produced by neighbor-
ing cells or the extracellular matrix (ECM; Supplementary Fig. 3). 
Depending on the extracellular context, cells can also migrate along 
linear one-dimensional (1D) tracks (for example, confined migration 
guided by collagen fibers), on relatively flat (two-dimensional (2D)) 
surfaces (for example, collective migration of epithelial sheets), in 
three dimensions (for example, cancer cells migrating through the 

three-dimensional (3D) stromal matrix) and even in 2.5 dimensions 
(2.5D; for example, transformed cells of an epithelial sheet moving 
through the basement membrane; Supplementary Fig. 4).

The same cells can adopt different modes and molecular mecha-
nisms of migration, as they move through different types of micro-
environment. For instance, cancer cells in a 3D stromal collagen-rich 
matrix will typically adopt a mesenchymal mode of migration (for 
which the front edge grows and attaches to the ECM, while the rear 
edge detaches for net motion) driven by thin dendritic protrusions 
formed dynamically via actin filament assembly and myosin II-based 
contractility14–17. The same cells locally confined by collagen fibers may 
move as clusters and use dynamic water intake and propulsion to move 
forward18,19. By contrast, amoeboid cells such as T cells will dynami-
cally produce actin-rich pseudopods, hydrostatically generated blebs  
(a type of protrusion where the plasma membrane temporarily 
detaches from the underlying cytoskeleton) and a highly contrac-
tile protrusion at the rear (uropod) to migrate20,21. Cells, especially 
cancer cells, may switch dynamically between these different types 
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in vivo cell migration assays. The in vitro assays consist of the wound 
healing assay (scratch assay; Fig. 2), the Transwell assay (Boyden cham-
ber assay; Fig. 3), the 2D/3D cell migration assay (single-cell migration 
assay; Fig. 4), the spheroid/organoid invasion assay (Fig. 5), the µ-slide 
chemotaxis assay (Supplementary Fig. 6), the confined cell migra-
tion assay (Supplementary Fig. 7) and the micropatterned migration 
assay (Supplementary Fig. 8). Based on the different classification 
criteria summarized above, these in vitro assays can be further cat-
egorized by the dimensionality of the migration to be studied (1D 
versus 2D or 3D) and the type of data acquisition desired (live-cell 
versus end-point measurements; Fig. 1). The in vivo assays consist 
of multi-photon microscopy and light-sheet microscopy. For each 
in vitro assay, we provide an explanatory cartoon, as well as information 
about: (1) the dimensionality of the assay (Supplementary Fig. 4); (2) 
the ease/difficulty of implementation; (3) the cost; (4) a commercial 
source, if it exists; (5) the productive capacity, that is, the number of 
cell conditions that can be probed simultaneously; (6) the necessity of 
a live-cell microscope to run the assay; (7) the possibility to perform 
post-assay downstream molecular analysis, such as western blotting 
or single-cell RNA sequencing (RNA-seq); (8) the ability to simultane-
ously track different types of cell in the same milieu; (9) the ability 
to measure migration at single-cell resolution and take into account 
cell heterogeneity; (10) what in vivo situation or process the in vitro 
assay best mimics (Supplementary Fig. 1); and (11) the number of cells 
needed to run the assay and perform post-assay molecular analysis, 
if applicable. A summary of the above criteria of selection for a cell 
migration assay is provided in Table 1.

Owing to the lack of practical guidelines, these different cell migra-
tion assays are often used interchangeably. This is despite that these 
assays are designed to mimic and understand sometimes completely 
different migratory processes. This and the inherent dynamic nature 
of migration, which often requires sophisticated live-cell microscopy, 
may have caused cell migration to be notably less well understood 
than equally important cell functions, such as cell differentiation or 
proliferation, for which ‘black-box’ end points (for example, plate read-
ers and western blots) may be sufficient. Accordingly, in fixed tissues, 
there is often a poor correlation between apparent molecular markers 
of cell migration, such as those determined through pathway analysis29, 
and actual cell migration itself, which may have limited the translation 
of mechanistic insights of cell migration into clinical treatments and 
companion diagnostics.

In this Review, we provide a comprehensive practical guide on 
how to choose, implement and use migration assays and how to best 
match that assay to the biological question at hand. We also provide a 
decision tree to help users decide the assay to use for their cell migra-
tion application (Supplementary Fig. 9). In a companion paper30, we 
provide a comprehensive review of how to analyze the raw data gener-
ated by these different migration assays. We hope these guidelines will 
help newcomers to the field of cell migration to select the best assay to 
help address their biological question. We note that ‘cell migration’ and 
‘cell motility’ are often used interchangeably in the literature to refer to 
cellular movement. For consistency, we will only use the word migra-
tion and reserve the word motility for the movement of subcellular 
organelles, such as endocytic vesicles31 and the nucleus32–34.

Assays to measure cell migration in vitro
Below, we describe ten standard (commercial) and advanced (custom) 
cell migration in vitro assays.

The wound healing assay (scratch assay)
The wound healing assay measures how a confluent monolayer of cells 
moves into a ‘wound’35,36 (Fig. 2). A ‘wound’ is introduced by scratching 
the confluent cell monolayer, which is then imaged frequently to study 
wound closure. Alternatively, commercially available obstacle stoppers 
can be used to exclude cells from a specific area, obviating the need 

of migration, as they face topologically and biochemically different 
milieus during metastatic spread22–24. Accordingly, cells may adopt dif-
ferent biophysical and biomolecular mechanisms of force generation 
and adhesion to adapt their migration phenotype to their extracellular 
environment (Supplementary Fig. 5).

The onset of migration of otherwise stationary cells can be 
prompted by extracellular triggers, such as a global change in the 
concentration of cytokines in the cellular milieu caused by other cells 
(for example, paracrine signaling-triggered onset of cell migration)5, 
a local change in local cell density induced by cell proliferation (for 
example, autocrine signaling-based onset of migration)25,26 or following 
genetic or epigenetic cell transformation (for example, epithelium–
mesenchymal transition in development and cancer)27,28.

To mimic and mechanistically understand cell migration in these 
different contexts, a plethora of custom and commercial in vitro assays 
have been developed (Fig. 1). Although they provide ease of use, most 
commercial assays (for example, the Transwell assay) only provide 
end-point measurements that are proxies of migration. This precludes 
single-cell analysis, as the identity of individual cells is lost during the 
experiments and renders impossible the computation of important 
migration parameters such as cell diffusivity and persistence of migra-
tion. Moreover, these commercial assays do not provide the versatil-
ity required to mimic the different architecture and composition of 
the local microenvironments encountered, for instance, by cancer 
cells along the metastatic cascade (Supplementary Fig. 1). Vice versa, 
although custom cell migration assays allow to more closely mimic cell 
migration in vivo and more sophisticated post-experimental analysis, 
they are harder to implement and are low throughput (Table 1).

Below, we describe ten commercial and custom cell migration 
in vitro assays and two in vivo assays. More assays have been described 
in the literature, but we focus on the more widely used cell migration 
assays. These assays are split into two major categories: in vitro versus 

End point

Live-cell tracking

3D1D

2D

Spheroid/organoid assayConfined migration assay

3D cell
migration assay

2D cell
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Fig. 1 | Commonly used commercial and custom in vitro cell migration assays. 
These assays are categorized according to the ‘dimensionality’ of the assays  
(1D, 2D or 3D) and the type of data acquisition (end-point measurement or live-cell 
tracking). Figure created in BioRender.com. Du, F. (2025) https://BioRender.com/
ih4u4w3.
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to create a wound. Cell migration is characterized by calculating the 
diminishing percentage of the cell-free area at different time points 
until wound closure is reached or by simply recording time-lapsed 
videos to analyze leading-edge migration speed (Fig. 2; see the com-
panion paper30 for analysis of data from the assay). Although often 
used for mesenchymal cells such as fibroblasts and immune cells, it 
is more physiologically suited for epithelial cells37,38, and is standard 
to investigate collective cell sheet migration39–41. The same principle 
can be used in the opposite manner, using fence assays42,43. Fence 
assays consist of restricting the initial seeding and adhesion of cells 

to a defined area, typically circular, before removing the restraint42–44. 
Outward cell migration into the cell-free region is then measured as with 
the scratch wound assay. In contrast to the traditional scratch assay, 
physical damage to the cells and the ECM is largely avoided.

Experimental setup. Cells are seeded on tissue culture plates and 
grown to confluency. A wound is introduced by making a scratch on 
the cell monolayer with a pipette tip45,46 or by seeding cells confined to 
a specific area covered by lab-made or commercially available obstacle 
stoppers, typically made of silicone, in a well47,48. Coating the plate 

Table 1 | Comparison of different in vitro migration assays

Wound 
healing

Transwell 2D cell migration 3D cell migration Spheroids/ 
organoids

Microslide 
chemotaxis

Confined 
migration

Micropattern 
migration

Dimensionality 2D 2.5D/3D 2D 3D 3D 2.5D 1D 1D

Throughputa

(duration of the 
assay)

5 conditions
8–18 h

96 multiwell
16–48 h 
(depending on 
coating, pore size)

4–64 multiwell 
(motorized stage)
2–24 h (slow, fast 
cells)

4–64 wells 
(motorized stage)
2–24 h (slow, fast 
cells)

96 multiwell
Multiple days

3 slots per 
assay
3–48 h (slow, 
fast cells)

10 conditions
min–hours

10 conditions
hours

Ease of 
implementation

Easy Easy (commercial) Easy Difficult Difficult Easy 
(commercial)

Difficult Difficult

Cost Low Medium  
(if use ECM)

Medium  
(if use ECM)

High (large 
amount of ECM)

High (large 
amount of ECM)

High (device) Medium 
(custom 
PDMS)

Medium 
(custom 
PDMS)

Commercial 
availability

✓ ✓ ✗ ✗ ✗ ✓ ✗ ✗

Productive 
capacity

High High Medium Medium Medium High High Low

Live-cell 
microscopy

Not needed Not needed Needed Needed Needed Needed Needed Needed

Post-assay 
downstream 
molecular 
analysis

✓ ✗ ✓ ✓ ✓ ✗ ✗ ✗

Tracking at 
single-cell 
resolution 
(measure cell 
heterogeneity)

✗ ✗ ✓ ✓ ✓ ✓ ✓ ✓

Incorporate 
different 
types of cell 
simultaneously

✗ ✗ Cell tagging 
necessary

Cell tagging 
necessary

Cell tagging 
necessary

✗ ✗ ✗

Best mimic of 
in vivo scenario

Collective cell 
migration of 
epithelial or 
cancer cell 
sheets

Chemotactic 
or invasive cell 
migration through 
ECM fiber pores

Single-cell 
migration on flat 
substrates

Migration of 
individual cells in 
3D matrix

Collective 
migration of cells 
in physiological 
3D tumor 
microenvironment

Chemotaxis 
of individual 
cells

Confined 
migration

Migration 
of cells 
exposed to 
environmental 
geometries

Suitable cell 
types

Adherent Adherent and 
suspension

Adherent Adherent and 
suspension

Adherent and 
suspension

Adherent and 
suspension

Adherent and 
suspension

Adherent

Number of cells 
needed

Cells grow 
into desired 
confluency

~105 per cm2 
depending on 
insert size

~103–105 per 
well depending 
on well size, 
tech repeats are 
needed

~103–105 per gel 
depending on 
well size, tech 
repeats are 
needed

~104–105 per 
spheroid for 
cancer cells or 
stromal cells

~104 per 
channel (seed 
in observation 
area), tech 
repeats are 
needed

~105 per 
cell-seeding 
inlet

~104 per cm2 
depending on 
micropattern 
area

Advantages Easy and 
cost-effective

Easy and 
cost-effective

Permits deeper 
analysis of 
migration via 
assessment 
of multiple 
migration 
parameters

Permits deeper 
analysis of 
migration, more 
physiologically 
relevant

Permits deeper 
analysis of 
migration, more 
physiologically 
relevant

Permits 
studying 
chemotaxis

Permits 
studying 
confined 
migration

Permits 
studying 
migration on 
custom-made 
patterns

Drawbacks Affected by 
proliferation

Affected by 
proliferation

Requires live-cell 
tracking setup

Requires live-cell 
tracking setup 
and 3D culture 
ECM and reagents

Requires 3D 
culture ECM and 
reagents

Requires 
special 
chemotaxis 
slides

Requires 
specially 
fabricated 
slides

Requires 
specially 
fabricated 
slides

aThroughput is per experimental run.
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surface with an ECM-like collagen I, fibronectin or basal membrane 
extracts (Matrigel) makes it possible to study collective cell migration 
on substrates of different ECM compositions. Cells can also be cul-
tured on engineered ECM-coated substrates of different stiffness (for 
example, polyacrylamide gels) to study the role of mechanosensing on 
collective cell migration5. Thanks to the 2D nature of the wound heal-
ing assay, it can be mounted on a light microscope for high-resolution 
imaging using high-magnification lenses (>×40) and glass coverslips. 
Standard phase-contrast or differential interference contrast micros-
copy can be used to track the leading edge of the cell monolayer moving 
into the wound (Table 1 and Fig. 2).

Advantages and limitations. The wound healing assay is convenient as 
it requires standard tissue culture plates, is the most technically straight-
forward among cell migration assays and is relatively cheap. A wound 
healing assay conducted over long periods of time—on the order of a day 
or more—cannot distinguish the contributions of cell proliferation and 
cell migration to wound closure and, with increased cell density result-
ing from proliferation, it becomes difficult to efficiently track individual 
cells. Another limitation is that the ECM coating can be inadvertently 
scraped off while making the wound, leading to uneven ECM coating, 
which can introduce artifacts (Table 1). This limitation can be overcome 
using the obstacle stoppers mentioned above47,48. The wound healing 

Gap width (µm):
average distance 
between the 
edges of the gap

Gap area (µm2):
measurement of 
cell-free area

Gap closure (%):
ratio of occupied 
area in the gap to 
total area of the 
initial gap
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Fig. 2 | The wound healing assay. Tip scratching on the cell monolayer and 
applying obstacle stopper while seeding are the two common methods to 
introduce a cell-free ‘wounded’ field onto the tissue culture surface. In a fence 
assay, cells confined initially within a silicone insert can move into a cell-free 
‘empty’ field after removal of the insert. For the scratch assay, from the scratch 
time T0 to healing time point T1, collective cell migration (and cell proliferation) 
contributes to the closure of the ‘wounded’ gap, which can be quantitatively 

assessed via measuring gap width or area and percentage of gap closure. Data 
analysis can be carried out either in the form of an end point, where gap areas 
from different conditions are measured at the same time point, or in a time-
dependent manner, where gap closure is monitored and plotted against time for 
different conditions (see companion paper30). Figure created in BioRender.com. 
Du, F. (2025) https://BioRender.com/32bqvj0.

Transwell 
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Fig. 3 | The Transwell assay (Boyden chamber assay). In a Transwell assay, cells 
are seeded into the insert chamber, which contains a porous membrane, while 
chemoattractant or conditioned medium is introduced in the bottom chamber, 
prompting the cells to migrate through the membrane. Modifications include 
different membrane pore size (for example, smaller-pore-sized membranes 
are more suitable for immune cells), ECM coating (for example, collagen or 

fibronectin coating for suspension cells expressing different types of adhesion 
molecule) and harvesting time point. Data acquisition can be carried out by 
cell counting in the bottom chamber (direct counting of the cells in the bottom 
chamber/indirect fluorescence-based cell lysis) or membrane staining via 
hematoxylin or specific antibodies (see companion paper30). Figure created in 
BioRender.com. Du, F. (2025) https://BioRender.com/2wjfz7j.
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High-throughput assay with plate reader2

1

3

2

1

Fig. 5 | The spheroid/organoid invasion assay. In a multilayered spheroid 
setup, tumor cells are embedded in an inner core consisting of basement 
membrane extracts such as Matrigel to mimic the solid tumor core. An additional 
outer stromal layer made from common ECM proteins such as collagen I is 
wrapped around the tumor core to provide an invasion and migration space for 
investigating tumor proliferation and following metastasis, respectively. Tuning 
the collagen concentration in the outer layer results in modifications of porosity 
and visco-elasticity. The initial seeding density of tumor cells in the inner core can 
be chosen to reflect different tumor progression stages, either early-stage hyper-

proliferation or later initialization of tumor invasion. Stromal cells that actively 
remodel the tumor microenvironment, including fibroblasts and immune 
cells, can be added into the outer layer. Similarly to tumor tissues, spheroids/
organoids can be frozen or formalin fixed and paraffin embedded and sectioned 
to investigate cell migration at a single-cell spatial resolution. Mid-throughput 
analysis based on fluorescence using a plate reader is also feasible (Table 1).  
IF, immunofluorescence. Figure created in BioRender.com. Du, F. (2025)  
https://BioRender.com/w7xwlmc.
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Fig. 4 | The 3D cell migration assay. Cells are embedded in an ECM matrix. 
Different ECM proteins (collagen, fibronectin, gelatin) are chosen according 
to the biological question. For setting up time-lapsed microscopy, live-cell 
conditions of 37 °C with 5% CO2 are required. A traditional inverted microscope 
with phase-contrast or differential interference contrast lenses can be used to 
record videos for the characterization of migration parameters such as speed, 
diffusivity and persistence. If a high-resolution tracking video is required for a 

migration dynamics study, lattice light-sheet microscopy should be chosen for 
fast (sub-second) tracking. Cells embedded in 3D gels can be fixed and stained for 
immunofluorescence or used for post-assay downstream molecular analysis. For 
western blot, flow cytometry and bulk/single-cell RNA-seq, cells need to be lysed 
out from the gel and purifed (Table 1). Cell trajectories (middle) are reproduced 
from ref. 61, PNAS. Figure created in BioRender.com. Du, F. (2025) https://
BioRender.com/yt2m0b6.
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assay is relatively low throughout, which limits its use for genetic or 
pharmacological screens (Table 1; see also the perspective below).

The Transwell assay (Boyden chamber assay)
In a Transwell assay, also known as the Boyden chamber assay, cells 
are plated on one side of a porous membrane while a chemoattract-
ant is introduced on the other side, prompting the cells to migrate 
through the membrane via chemotaxis36,49,50 (Fig. 3). The essential 
principle of a Transwell assay lies in the capability of cells placed in 
the upper chamber to squeeze through this porous membrane made 
of polycarbonate/polyester under the influence of a chemoattractive 
gradient. Pores of different sizes and different incubation times can 
be tuned for different cell types, including cells of different size or 
different migratory potential44. Under most circumstances, smaller 
pore sizes (3–5 µm) are adopted for assessing the transmigration of 
lymphocytes and leukocytes51,52, which allows for relative easy pas-
sage of small, adhesion-independent, amoeboid-like immune cells 
without overestimation of their migration rates due to passive diffu-
sion driven by gravity, while larger pore size of 8–12 µm are used for 
adherent cancer and epithelial cells53. Large pores may be beneficial 
in reducing mechanical stress and thus ensuring better cell viability 
but they allow nonspecific migration, leading to false-positive results. 
Small pores introduce more confinement that requires more effort 
from cells to deform or degrade the ECM, reflecting more accurate 
invasive and migratory potential. Transwell assays can also be used 
to study molecular mechanisms of constricted/confined migration 
by having the cells squeeze through membranes with small pores54–56.

Experimental setup. The setup is prepared by placing the Transwell 
inserts into the wells and adding culture medium containing cytokines 
to the outer compartment. Cells are detached (if adherent), counted 
and seeded by adding the cell suspension to the cell culture inserts. This 
setup is then placed in the incubator until the determined end point. At 
the end point, the membrane is fixed and nonmigratory cells remain-
ing on the top side of the membrane can be wiped out using a cotton 
swab. The cells that have migrated onto the bottom side are stained 
with cytological dyes such as hematoxylin/crystal violet for counting 
purposes53,57,58 or antibodies for immunofluorescence imaging59,60 
(see more details in the companion paper30). Control experiments 
consist of placing chemokines/cytokines in both the upper and bot-
tom chambers or adding no cytokines. Other versions of the basic 
Transwell assay include coating the porous membrane with Matrigel 
to study mechanisms of cancer cell invasion or immune cell infiltration 
or placing a monolayer of endothelial cells to mimic cell extravasation 
or intravasation53. Cells seeded in the upper cell reservoir sink onto the 
Matrigel-coated porous membrane and the endothelial cell monolayer 
to form adhesion, where they then sense the higher concentration of 
chemokines/cytokines in the lower conditioned medium chamber to 
initiate chemotactic migration via ECM degradation together with 
paracellular/transcellular diapedesis (Table 1 and Fig. 3).

Advantages and limitations. The relative ease of use—there is no need 
for time-lapsed microscopy—and commercial availability from multiple 
suppliers (Corning, Thermo Fisher Scientific, BD), as well as the ability 
to study confined migration and the possibility to incorporate different 
ECMs, all account for the popularity of the Transwell assay. Neverthe-
less, the lack of easy post-assay molecular assessment due to the low 
number of migrated cells along with the non-negligible gravity-driven 
migration constitute major limitations of this assay. Similarly to the 
wound healing assay, proliferation can complicate the interpretation 
of the Transwell assay results (Table 1).

2D/3D single-cell migration assay
Even non-diseased clonal cells can have highly heterogeneous migra-
tory properties, which are not recognized by the above assays (Table 1). 

These cellular heterogeneities are reflected in differences in migration 
parameters, including speed, diffusivity, persistence and anisotropy61,62 
(see Fig. 2 in the companion paper30). Cell speed measures the migra-
tory capacity of a cell; it can only be computed if the movements of cells 
can be well fitted by a model of migration, such as the random-walk 
model61. Diffusivity is a parameter that also measures the migratory 
potential of cells but is model independent. The displacement of cells 
will also depend on how often cells change direction, which is measured 
by the cell persistence and anisotropy61. These parameters provide 
a more in-depth view of any change in cell migration caused by cell 
manipulations or changing microenvironments (see more details in 
the companion paper30). Computing these cell migration parameters 
requires the establishment of migration assays that track individual 
cells without the confounding effect of cell proliferation.

Experimental setup. Cells can be either seeded on an ECM-coated 
plate to analyze 2D migration or embedded inside a 3D ECM matrix and 
subjected to live-cell microscopy (Table 1 and Supplementary Fig. 4). 
To compute migration parameters in both geometries, cells need 
to be seeded at a sufficiently low density to minimize cellular colli-
sions, and the duration of video recording needs to be approximately 
shorter than the cell doubling time61,62 (see the companion paper30 for 
details). While preparing gels, it is essential to solidify the gels as soon 
as possible to prevent cells from sinking to the bottom due to gravity, 
which makes cell distribution in the gel non-uniform. The robustness 
of the results is increased by tracking a sufficiently large number of 
cells63 (Table 1).

Tracking can be automated by the assistance of open-source 
tracking algorithms64,65 (see the companion paper30). Users should 
use resolutions and lenses of magnifications that fit their purpose, 
for instance, using a low-magnification lens (for example, ×10 or even 
lower) allows to record videos of migrating cells over a larger field of 
view. This boosts the number of tracked cells and reduces issues of 
cells coming in and out of the plane of focus during video capture, 
but at the expense of losing cell morphological details. Using lenses of 
higher magnification reduces the number of tracked cells, but allows to 
simultaneously extract migration and morphological information such 
as protrusion and nucleus dynamics from videos. Users should also use 
a frame rate based on the speed of the cells (Supplementary Table 1) 
and the number of conditions (that is, number of wells used in a mul-
tiwell device) to be probed. This choice is a compromise between a 
sufficiently high sampling rate based on cell speed to obtain enough 
statistics to properly extract migration parameters from model fits 
(see the companion paper30) and a sufficiently low sampling rate to 
be able to monitor cell migration in many wells at the same time and 
produce multiple videos simultaneously. Additionally, while analyz-
ing overnight tracking videos, dividing cells must be excluded, which 
can be done manually or automatically via tracking software. Cells 
undergoing division will typically display lower migration, while cells 
finishing cytokinesis may display enhanced migration when they com-
plete division, which may hinder analysis of pure migratory potential 
of the cells under study (Table 1).

Choosing between 2D and 3D. Although the 2D cell migration assay 
can mimic epithelial cell sheet migration on ECM substrates, in many 
cases cell migration across rigid and planar substrates cannot match 
the physiological context to be studied, such as the 3D architecture of 
the ECM and associated local fiber alignment and pore size of the tumor 
stromal matrix17,66,67. Consequently, higher biological significance 
has been attached to 3D cell migration assays where cells either are 
embedded in or invade an ECM gel mixture20,68,69. The most abundant 
ECM protein in the biological process or structure to be studied—for 
instance collagen I to study cancer cell migration in the tumor stro-
mal matrix—should be chosen as the main component for the 3D gel. 
The effect of pharmacological treatments or conditioned medium 
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harvested from another cell culture can be introduced via addition on 
top of the gel. Unlike chemotaxis assays, the 3D cell migration assay 
focuses on the random (basal) migration of cells5. Video-based fluores-
cence microscopy of fluorescently labeled cells offers ease of tracking, 
while phase-contrast microscopy allows to record and analyze cell 
migration without cell labeling61,70. ECM fiber network remodeling and 
stress fields caused by cell movements and local MMP-based diges-
tion and more detailed cellular dynamics can be assessed by reflec-
tion confocal microscopy71–73 and lattice light-sheet microscopy74,75, 
respectively. If the movements of the cells are isotropic (which is true 
if the mean displacements of the cells along the main orthogonal axes 
of the plane of focus are equal), then one can omit the measurements 
of the cells in the vertical direction. This circumvents the need for a 
computer-controlled microscope stage and cuts down on the size of 
the videos (Table 1 and Fig. 4).

Limitations. Although single-cell migration assays provide a lot more 
information about cell migration than end-point assessments, such as 
wound healing and Boyden chamber assays, they necessitate expensive 
environmental chambers to maintain cells at physiological tempera-
ture and CO2 content. Additionally, imaging cells fully embedded in a 
3D gel far from the walls of the cell culture well at high magnification 
or high resolution is difficult, if not impossible. Finally, post-assay 
molecular assessments such as western blots and RNA-seq require an 
additional gel digesting step to collect the cells (for example, using col-
lagenase for collagen I matrices), as opposed to simple cell detachment 
from 2D plates (Table 1). For many types of cell such as stromal cells (for 
example, fibroblasts and immune cells), studying 3D cell migration is 
more physiologically relevant than 2D migration. However, the higher 
complexity and associated challenges with implementation—such as 
the large amount and associated higher cost of ECM required to make 
3D gels—have hindered its popularity.

The spheroid/organoid invasion assay
Unlike stromal cells such as fibroblasts and immune cells, most solid 
tumors contain highly packed cancer cells. Three-dimensional sphe-
roids/organoids can help measure and develop treatments to target 
cancer cell migration and invasion in 3D settings76–79 (Fig. 5). Upon 
seeding onto an ultralow-adhesion surface followed by embedding 
into a 3D scaffolding matrix dome such as Matrigel, tissue-derived 
human tumor cells can grow into self-organizing organotypic struc-
tures called organoids80, which are widely used in cancer research, 
including biomarker discovery81, identifying molecular pathways driv-
ing tumor progression and guiding the development of anti-metastatic 
drugs82. Conventional tumor organoid cultures can only incorporate 
one ECM protein at a time, typically Matrigel83,84, collagen85 or synthetic 
hydrogels86,87. However, under most circumstances, the proliferation 
and invasion of cancer cells occurs in different ECM compartments—
predominantly proliferation with little invasion/migration inside the 
basement membrane (Matrigel) and predominantly invasion with little 
proliferation in the collagen-rich stroma area.

Experimental setup. If cells are adherent, they are gently detached 
and centrifuged to pellet them88, then resuspended in Matrigel on ice 
at a predetermined density. A small volume (~50 μl) of the resulting mix 
is added to the center of the well to make Matrigel ‘domes’; the plate 
is placed in an incubator at 37 °C to solidify the Matrigel. Appropriate 
medium is added and the plate is returned to the incubator. Over time, 
the cells will proliferate to form organoids, which are imaged regularly 
to study cell migration and invasion.

Multilayered spheroids. Recently, oil-in-water droplet microtech-
nology has been utilized to produce multilayered co-culture sphe-
roids with great structural consistency89,90. The inner spheroid core 
is made by suspending tumor cells in cold (liquid) Matrigel followed 

by incubation at 37 °C to solidify the Matrigel. This step allows to tune 
the seeding density of tumor cells in the core to study different sce-
narios, such as early hyper-proliferation or later-stage metastasis. 
This core is embedded in an outer collagen layer (corona) in which 
cancer-associated fibroblasts91,92 and immune cells can be incorporated 
to study their roles in tumor progression. This multilayered organoid/
spheroid system allows for high levels of consistency, versatility and 
correlation with in vivo models, while being high throughput (Table 1 
and Fig. 5).

Limitations. Although commercially available low-adhesion plates 
greatly facilitate the ‘streamlined’ production of organoids/spheroids, 
the high cost of ECM proteins and relatively challenging protocols have 
prevented many from utilizing this 3D cell migration assay.

The microslide chemotaxis assay
Since the Transwell assay presents limitations, the horizontal 
double-chamber setting of microslides (µ-slides) has become more 
widely adopted to study chemotactic cell migration93–95, especially 
for immune cells96–98 (Supplementary Fig. 6). Examples of immune cell 
types studied using the µ-slide chemotaxis assay and their associated 
migration speed are provided in Supplementary Table 1.

Experimental setup. In a µ-slide, two large reservoirs are connected 
by a capillary, which also serves as the observation area. Cells are first 
seeded into the capillary on a 2D ECM-coated surface or in 3D ECM 
matrices99,100 by pipetting cell suspensions in injection ports on either 
side of the observation area101. Fresh medium is added in one reservoir 
and conditioned medium containing potential chemokines (such as 
epidermal growth factor for cancer cells and macrophages, vascular 
endothelial growth factor for endothelial cells, CCL2 for monocytes 
and memory T cells, CCL17 for type 2 helper T cells and CXCL8 for 
neutrophils) in the other through the corresponding injection ports. 
A stable concentration gradient develops in the middle capillary area 
after incubation and time-lapse microscopy collects single-cell trajec-
tories for directionality analysis (Supplementary Fig. 6). This gradient 
persists for up to 48 h101.

Advantages and limitations. µ-Slides are commercially available from 
manufacturers such as ibidi and are well suited for screening chemotac-
tic soluble factors or drugs. In addition to its simple setup, advantages 
include the low cell number requirement for seeding the observation 
area and the ability to perform up to three conditions simultaneously 
in one slide. However, other assays such as 2D/3D single-cell migration, 
scratch wound and Transwell assays are better fits for high-throughput 
screening compared to µ-slides (Table 1).

The confined migration assay
Besides the biochemical properties of the stromal matrix, its physical 
properties—such as pore size102,103, visco-elasticity104,105, viscosity18 and 
osmotic pressure106—are also critical in influencing cell migration, both 
in vitro and in vivo104,107. Even for in vitro systems such as collagen and 
Matrigel gels, which are widely used as simplified models for 3D cell 
migration, it is challenging to control their physical properties so that 
the contribution of each parameter to cell migration can be estimated.

Experimental setup. To assess migration through a set pore size, 
microfabricated polydimethylsiloxane (PDMS) channel/micropattern 
devices with ECM-coated walls or ECM gel embedded are designed 
as a 1D confined migration assay19,108 (Supplementary Fig. 7). Cells 
are seeded at a predetermined cell density and imaged. Owing to the 
confined nature of the cell migration behavior in these devices, lead-
ing and trailing edges of cells are more easily defined, enabling live 
tracking of dynamic actin assembly and other essential cytoskeleton 
networks109,110.
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Advantages and limitations. Simplified 1D cell tracking has facili-
tated the discovery of new mechanisms of cell migration, such as the 
water osmotic engine model111,112. Dedicated micropattern designs of 
these devices provide platforms for either high-throughput screening 
of potent chemotactic factors identified from conditioned media113 
or discovering decision-making cellular behaviors under intricated 
environments incorporated with multiple intersections for different 
paths114,115. The ability to study these properties/mechanisms is unique 
to these microfluidic devices. However, these devices are more expen-
sive than the abovementioned assays (Table 1).

Migration on 2D micropatterns
Cells can also acquire a directional migration phenotype and bias their 
motion in response to geometric cues116,117. Two-dimensional micropat-
tern systems are designed to impose asymmetric microgeometries as 
a guide for cell polarization and thus work as an alternative method to 
study directional cell migration118 (Supplementary Fig. 8). Micropat-
terns can provide a dynamic, complex and micrometer-scale habitat for 
cell migration induced by different protein substrate shapes. The most 
common micropattern formation protocol was originally introduced 
by Bernard et al. in 1998 as microcontact printing technique119, in which 
adhesive proteins such as fibronectin or laminin are equilibrated on the 
surface of micropattern mold (for most of the cases PDMS) and trans-
ferred with high efficiency to substrates such as plastic and glass120,121. 
With advancement in biomedical device microfabrication, newer meth-
ods such as extrusion-based 3D printing122 and meniscus-dragging 
deposition plus photolithography123 have also been developed for 
more complicated micropattern designs.

Experimental setup. Seeded cells attached to functionalized 2D adhe-
sive regions are tracked via light microscopy and video recording to 
characterize the directional migration of cells on either single-cell or 
collective levels124.

Limitations. Considering the limited paths that cells can choose for 
migration, the 2D micropattern migration assay of cells is more akin 
to 1D confined migration with limited readouts of cell migration such 
as speed and probability of entry. The relatively small amount of ECM 
proteins printed on the micropattern surface is prone to alterations 
by cell-mediated degradation and cells secreting their own ECM. The 
printed patterns also limit throughput because only very few cells can 
be tracked and thus limiting downstream molecular assessments such 
as transcriptomics or proteomics (Table 1).

Assays to measure cell migration in vivo
Although major advances have been achieved in the development of 
various in vitro and ex vivo methods, to investigate cell migration and 
decipher the corresponding downstream signaling pathways, even 
the most advanced 3D matrix cell migration and multi-compartment 
spheroid systems often fail to mimic the full complexity and dynamics 
of the cellular microenvironment encountered in living tissues, such as 
anatomical compartmentalization and hydrodynamic forces of fluid 
flow. Intravital microscopy (IVM) is now playing an indispensable role in 
in vivo cell migration measurements125, among which multi-photon126–128 
and light-sheet microscopies are the most widely adopted. With accu-
mulated progress in fluorescence labeling and light microscopy, IVM 
has expanded the field of in vivo live-cell tracking by enabling greater 
depths, extended observation windows, larger tissue areas and more 
refined subcellular resolutions.

Live-cell tracking via multi-photon microscopy
Conventional confocal microscopy can generate volumetric images of 
3D samples by separating signals of planes of interest from the noise 
coming from out-of-focus signals129. Nevertheless, limited penetration 
capability to excite fluorescence in the tissue of interest restricts the 

application of confocal microscopy to intravital cell migration assay. 
Deep sectioning is made possible by taking advantage of the underlying 
principle that excitation in multi-photon microscopy arises from the 
simultaneous absorption of two or three photons in a single quantized 
event130. Owing to the longer wavelength required for multi-photon 
microscopy, red and infrared lasers are used, which reduce scattering 
compared to conventional microscopy.

In general, techniques that are more advanced come at the expense 
of higher complexity and cost of setup. Surprisingly, this is not the case 
for multi-photon microscopy, as setting it up is not much different than 
conventional microscopy. However, IVM requires suitable mouse mod-
els and associated complex surgeries131. In vivo endogenous tagging of 
specific cell types (for example, different immune cells) can be achieved 
by cross-breeding commercially available transgenic reporter mouse 
stains132. Ex vivo cell staining (live-cell tracker dye such as CFDA-SE, 
green; CMTPX, red) before adoptive transfer can also be incorporated 
together with tagged fluorescent proteins to provide great contrast 
in the observation window area133. Genetically encoded fluorescent 
proteins coupled with different labeling probes enable the tracking 
of more than one cell population, and cellular heterogeneity is taken 
into account via single-cell tracking.

Phototoxicity is a crucial challenge in multi-photon IVM owing to 
the need for high laser intensity to penetrate deep into live tissues134,135. 
Even with increased laser intensity, visualization depths using the widely 
adopted skin window chamber model or the skull bone marrow model 
remains limited to 100–300 μm136. High peak power laser pulses can gen-
erate reactive oxygen species, leading to oxidative stress, cell damage 
and tissue inflammation, together with localized heating, which alters 
cell physiology137. To mitigate photocytotoxicity, high signal-to-noise 
ratio and photostable imaging probes for cell labeling such as quantum 
dots and carbon dots probes138,139 that do not require high excitation 
levels and are excited at longer wavelengths should be used, together 
with supplementation of antioxidants (reactive oxygen species scav-
engers) such as ascorbic acid140, trolox141,142 and flavonoids143. For imag-
ing, pulse modulation including the pulse gating implementation144 
and dispersion compensation145 could be applied to deliver excitation 
energy more efficiently without elongating exposure, which can further 
be coupled with recently developed deep-learning-based denoising 
methods to maintain imaging resolution and quality with a minimal dose 
of radiation146,147. Live-cell tracking at organ level can be set up via surgi-
cal procedures in which organs are exteriorized and superfused with 
saline solution, at a risk of inflammatory reactions. The high difficulty 
of implementation makes it impossible to reach higher throughput like 
more convenient in vitro counterparts.

Cell tracking in whole organisms via light-sheet microscopy
Light-sheet microscopy allows to visualize and quantitatively moni-
tor dynamic biological processes in vivo at high spatiotemporal 
resolution148, from the movements of single molecules in a cell to 
the movements of cells in whole organisms74,149–154. Unlike widefield 
and confocal microscopy, which both illuminate the entire thick-
ness of the specimen, light-sheet microscopy uses a separate exci-
tation lens perpendicular to the detection lens so that illumination 
is confined to the focal plane148. Whereas conventional light sheets 
are created with Gaussian beams that are too thick for subcellular 
dimensions, lattice light-sheet microscopy using updated 2D optical 
lattices as the illumination source has been developed more recently 
for hyper-speed (sub-second) 4D live-cell tracking of intercellular or 
cell–matrix interaction74,75.

Similarly to multi-photon microscopy, light-sheet microscopy 
requires appropriate labeling for different target cell types to track 
more than one cell population, which increases the difficulty of imple-
mentation. Additionally, its application is still relatively limited to 
embryogenesis of transparent organisms for living imaging, leaving 
its capability for organ-level deep sectioning yet to be shown.
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How to select a cell migration assay
The selection of a migration assay requires the consideration of sev-
eral factors, such as the type of migration to be studied (Supplemen-
tary Figs. 1–5), the equipment available and its cost (Table 1 and Fig. 1), 
the importance of potential confounding effects of cell proliferation 
(Table 1) and the type of downstream molecular assays to be performed 
(Table 1). In general, it is better to assess migration and validate results 
via two separate techniques, especially if those techniques have com-
plementary strengths, for example, Transwell + organoids, which 
together permit migration assessments in 2D and 3D systems, or a 
single-cell migration assay + organoids, which allow for single-cell track-
ing and end-point analysis.

Use of Table 1, which lists many possible considerations, could 
suffice for the selection of the most appropriate assay for a given 
cell migration study. An alternative is the use of decision trees. 
Supplementary Fig. 9 shows a decision tree to select the most appropri-
ate cell migration assay when the requirement for live-cell microscopy 
is the primary consideration. Other decision trees are possible when 
the primary consideration is instead dimensionality (say 1D versus 2D 
versus 3D), commercial availability, throughput or the need to measure 
cell migration heterogeneity. In the present case, the first consideration 
is whether live-cell tracking is necessary. Live-cell tracking allows for 
deeper analysis of cell migration by allowing for the computation of 
migration parameters such as velocity, diffusivity, persistence time and 
persistence speed, as well as quantify the heterogeneity of migration. 
Assays that allow for live-cell imaging also allow for live mechanism 
tracking/temporal analysis if the protein of interest is fluorescently 
tagged. However, live-cell tracking requires equipment such as live-cell 
boxes and microscopes capable of automated overnight imaging. 
Live-cell imaging can also be applied to the nonrandom walk types 
of migration described above such as chemotaxis, confined migra-
tion and migration on micropatterned substrates. In the absence of 
live-cell imaging equipment, end-point analysis will have to suffice. 
However, the absence of live-cell tracking makes it difficult to dis-
sociate proliferation from migration. Differences in proliferation can 
influence results of wound healing or Transwell assays, whereas with 
live-cell tracking, dividing cells are easily excluded from analysis. In 
our example (Supplementary Fig. 9), the second consideration is the 
dimensionality of the assay (Supplementary Fig. 4) and the type of 
ECM to be used, with 3D assays being preferable to 2D assays owing 
to their greater physiological relevance. Each assay can use a differ-
ent ECM to better mimic different biological processes, for example, 
migration through a stromal matrix or invasion through a basement 
membrane. Following the previous two decision-making steps, the 
third consideration finalizes the choice of selected migration assay on 
the basis of whether information about cellular heterogeneity should 
be provided or not.

The above considerations (for example, the use of microfluidics, 
necessity for live-cell tracking, ECM coatings) lead to a more com-
prehensive analysis of migration and/or better mimicking of in vivo 
systems. However, their incorporation leads to more expensive and 
labor-intensive experimental setups. Hence, assays such as wound 
healing and Transwell can provide an easy, quick and inexpensive 
assessment of cell migration. All assays mentioned are well suited for 
adherent cells. Some 2D assays, for example, scratch wound assay 
and 2D live-cell tracking, may need ECM coating to study migration 
of suspension cells, such as T cells and B cells. Other factors can be 
tuned for each assay such as the incorporation of multiple cell types in 
a single assay (for example, Figs. 3 and 5) and the type of mechanistic 
assays to be conducted downstream. The incorporation of multiple 
cell types allows us to study the influence of other cell types, such as 
immune cells and cancer-associated fibroblasts, on cancer cells and 
vice versa. To track multiple cell types, each type of cell type must be 
labeled either by endogenous expression of fluorescent proteins or 
by staining with dyes mentioned in the section (Table 1). For situations 

where the cells of interest cannot be labeled, conditioned medium 
from the other cells can be used as a preliminary and approximate 
way to mimic the presence of those cells. The assays mentioned above 
(except for microfluidics-based assays and assays requiring fixation 
such as Transwell) are also conducive to downstream mechanistic 
analysis at the DNA/epigenetic, RNA and protein levels via standard 
techniques such as PCR, RNA-seq, western blotting, immunofluores-
cence and flow cytometry. The assays need to be scaled up accordingly 
to yield the number of cells required for the downstream analysis of 
interest. For assays in which it is difficult to harvest enough cells for 
downstream analysis, it is recommended to plate cells for both sets 
of experiments simultaneously. This reduces errors that arise from 
batch-to-batch variations (biological replicates) and ensures that any 
mechanisms determined would be done in cells whose migration have 
been simultaneously investigated.

The companion paper30 provides an in-depth review of the analyti-
cal and computational methods required to analyze the data generated 
by the above cell migration assays.

Outlook
Despite the central role that cell migration has in health and disease, cell 
migration assays are still a long way from being widely adopted owing 
to their (sometimes necessary) complexity, cost and low throughput. 
We anticipate that cell migration assays will see the following techno-
logical advances in the next few years:

	1.	 As none of the above cell migration assays is truly high through-
put, throughput needs to be increased to test, for instance, 
1,000–10,000s of candidate inhibitors/activators of cell migra-
tion per run. This would require technological advances in de-
vice automation and new AI-based software for the reliable and 
automatic tracking of millions of cells. Such high-throughput 
assays would open the door to much larger short hairpin RNA/
small interfering RNA/CRISPR/drug screens to gain new mecha-
nistic insights and discover new regulators of cell migration.

	2.	 To identify molecular determinants of migratory heterogenei-
ties, new methods need to be developed to functionally connect 
single-cell migration measurements to single-cell transcriptom-
ic/proteomic profiles in the same combined assay. This would 
identify putative molecular drivers of migratory behaviors 
across biological contexts. For instance, the confined migration 
assay could be extended to collect individual cells from each 
channel for downstream molecular characterization.

	3.	 Considerably larger in vitro and in vivo cell migration datasets 
tightly connected to transcriptomic data are needed to produce 
more reliable gene signatures of different modes of cell migra-
tion. Robust cell migration signatures would greatly help distin-
guish, for instance, migratory versus nonmigratory cells in tissue 
sections via spatial transcriptomic mapping. These large datasets 
would require high temporal resolution and long recording times 
to evaluate the effect of temporal resolution on the magnitude 
of cell migration features. These datasets would be used to build 
models to harmonize datasets across different laboratories and 
identify the ideal temporal resolution given experimental con-
straints, such as the number of conditions, cell types, and so on.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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