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Research Techniques Made Simple: Analysis
of Collective Cell Migration Using the Wound
Healing Assay
Ayman Grada1, Marta Otero-Vinas1,2, Francisco Prieto-Castrillo3, Zaidal Obagi4 and Vincent Falanga1,5
Collective cell migration is a hallmark of wound repair, cancer invasion and metastasis, immune responses,
angiogenesis, and embryonic morphogenesis. Wound healing is a complex cellular and biochemical process
necessary to restore structurally damaged tissue. It involves dynamic interactions and crosstalk between
various cell types, interaction with extracellular matrix molecules, and regulated production of soluble mediators and cytokines. In cutaneous wound healing, skin cells migrate from the wound edges into the wound to
restore skin integrity. Analysis of cell migration in vitro is a useful assay to quantify alterations in cell migratory
capacity in response to experimental manipulations. Although several methods exist to study cell migration
(such as Boyden chamber assay, barrier assays, and microfluidics-based assays), in this short report we will
explain the wound healing assay, also known as the “in vitro scratch assay” as a simple, versatile, and costeffective method to study collective cell migration and wound healing.
Journal of Investigative Dermatology (2017) 137, e11ee16; doi:10.1016/j.jid.2016.11.020

CME Activity Dates: January 19, 2017
Expiration Date: January 19, 2018
Estimated Time to Complete: 1 hour
Planning Committee/Speaker Disclosure: All authors, planning committee members, CME committee members and
staff involved with this activity as content validation reviewers have no ﬁnancial relationship(s) with commercial
interests to disclose relative to the content of this CME
activity.
Commercial Support Acknowledgment: This CME activity is
supported by an educational grant from Lilly USA, LLC.
Description: This article, designed for dermatologists, residents, fellows, and related healthcare providers, seeks to
reduce the growing divide between dermatology clinical
practice and the basic science/current research methodologies on which many diagnostic and therapeutic advances are
built.
Objectives: At the conclusion of this activity, learners should
be better able to:
 Recognize the newest techniques in biomedical research.
 Describe how these techniques can be utilized and their
limitations.
 Describe the potential impact of these techniques.

1

Department of Dermatology, Boston University School of Medicine, Boston,
Massachusetts, USA; 2Department of Systems Biology, The Tissue Repair and
Regeneration Laboratory, Universitat de Vic—Universitat Central de
Catalunya, Vic, Spain; 3MIT Media Lab, Massachusetts Institute of
Technology, Cambridge, Massachusetts, USA; 4College of Medicine and Life
Sciences, University of Toledo, Toledo, Ohio, USA; and 5Department of
Biochemistry, Boston University School of Medicine, Boston, Massachusetts,
USA
Correspondence: Ayman Grada, Department of Dermatology, Boston
University School of Medicine, 609 Albany Street, A600, Boston,
Massachusetts 02118, USA. E-mail: Grada@bu.edu
Abbreviation: RWD, relative wound density

CME Accreditation and Credit Designation: This activity has
been planned and implemented in accordance with the
accreditation requirements and policies of the Accreditation
Council for Continuing Medical Education through the joint
providership of William Beaumont Hospital and the Society
for Investigative Dermatology. William Beaumont Hospital is
accredited by the ACCME to provide continuing medical
education for physicians.
William Beaumont Hospital designates this enduring material
for a maximum of 1.0 AMA PRA Category 1 Credit(s).
Physicians should claim only the credit commensurate with
the extent of their participation in the activity.
Method of Physician Participation in Learning Process: The
content can be read from the Journal of Investigative
Dermatology website: http://www.jidonline.org/current. Tests
for CME credits may only be submitted online at https://
beaumont.cloud-cme.com/RTMS-Feb17 e click ‘CME on
Demand’ and locate the article to complete the test. Fax or
other copies will not be accepted. To receive credits, learners
must review the CME accreditation information; view the
entire article, complete the post-test with a minimum performance level of 60%; and complete the online evaluation form
in order to claim CME credit. The CME credit code for this
activity is: 21310. For questions about CME credit email
cme@beaumont.edu.

COLLECTIVE CELL MIGRATION

Cell migration is deﬁned as the actual movement of individual
cells, cell sheets, and clusters from one location to another. The
term “cell motility” is often used interchangeably, but may
technically imply a less coordinated and purposeful movement
of cells. Two principal types of cell migration have been identiﬁed: single cell migration and collective cell migration.
Depending on the cell type, cytoskeletal structure, and the
context in which it is migrating, the cell can migrate in different
morphological variants such as mesenchymal, amoeboid
motility modes (Friedl and Wolf, 2003). Collective migration is
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SUMMARY
Advantages:
 Relatively inexpensive and easy to perform.
 Allows observation of cell movement and
morphology throughout the experiment.
 Testing conditions can be easily adjusted for
different purposes.
 Creates a strong directional migratory response.
 Ability to coat assay surface with an appropriate
extracellular matrix.
 Amenable to high throughput screening
platforms.
Limitations:
 May not be suitable for studying specialized
primary cells because a relatively large number
of cells are required for the assay.
 Not suitable for chemotaxis studies or for
nonadherent cells.
 Lack of standardization in its application makes it
difﬁcult to reproduce experiments.
 Scratching introduces mechanical injury to the
cells, leading to release of cellular contents into
the surroundings and potentially inﬂuencing the
migration process.
 Cell proliferation may interfere with the
measurement of cell migration. Therefore,
suppression of proliferation is a recommended
intervention.

the coordinated movement of a group of cells that maintain their
intercellular connections and collective polarity. Depending on
the anatomical and physiological context, collective migration
can manifest as (i) two-dimensional locomotion across a tissue
surface (also known as sheet migration) where cells migrate as
ﬂat monolayer sheets, such as epidermal keratinocytes during
wound healing, or (ii) three-dimensional locomotion across a
tissue scaffold where cells are organized as a network of
multicellular strands (Friedl and Gilmour, 2009).
WOUND HEALING

There are four main phases in wound healing: coagulation,
inﬂammation, migration-proliferation (including matrix deposition), and remodeling (Falanga, 2005). These phases do not
represent distinct events, but rather overlap and are continuous. After tissue injury and under the inﬂuence of various
growth factors and cytokines, keratinocytes at the rear of the
wound margins may display a high proliferative activity. These
cells then migrate forward onto the wound bed and help restore
the epidermal barrier structure and function. This overall process involves cell migration, proliferation, and differentiation.
In smaller wounds, the critical event is keratinocyte migration
rather than proliferation (Falanga, 2005). Cell migration begins
several hours after injury. Epidermal cells adjacent to the
wound margin become polarized (driven by the actin
e12
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cytoskeleton) and develop pseudopodium-like projections
preferentially oriented outward, into the free space, and within
24 hours, the cells detach from the basal lamina and are ready
for migration. Lamellipodial crawling refers to the pattern of
motion that epidermal cells exhibit during migration (Ridley
et al., 2003). Although we have predominantly referred to
keratinocytes, one must recognize that studies of cell migration
in skin processes and disease also involve other resident skin
cells, including ﬁbroblasts, microvascular endothelial cells,
and melanocytes, among others.
IN VITRO WOUND HEALING ASSAY

Studying the collective migration of cells in a two-dimensional
conﬂuent monolayer in highly controlled in vitro conditions
allows investigators to simulate and explore critical mechanisms of action involved in the process. A variation of this
method that tracks the migration of individual cells has been
described in the literature (Rodriguez et al., 2005). There is
argument about whether the assay can be equated to an actual
wound, which is obviously more complex, but the assay does
allow modeling and testing of cell movement under welldeﬁned conditions. This assay is suitable for cell types such
as keratinocytes and skin ﬁbroblasts that exhibit collective
migration, also known as “sheet migration” (Bindschadler and
McGrath, 2007). The technique involves making a linear thin
scratch “wound” (creating a gap) in a conﬂuent cell monolayer
(Figure 1) and subsequently capturing at regular time intervals
images of the cells ﬁlling the gap (Cory, 2011). One can then
analyze the images to quantify migration. Live cell imaging
using time-lapse microscopy allows recording of spatial and
temporal information and allows for investigation of dynamic
processes in living cells (Supplementary Movie S1 online). The
measurements are generally taken for 24 hours in an attempt to
limit the study to migration and minimize the contribution of
cell proliferation to gap ﬁlling. However, the time frame should
be adjusted according to the particular cell type to be studied.
To further reduce the risk of cell proliferation confounding the
study of migration, a low dose of the proliferation inhibitor
mitomycin C can be used. Mitomycin C is an antitumor antibiotic that inhibits DNA synthesis. The dose needs to be
carefully optimized to avoid toxic effects that may affect cell
migration. Using low serum concentrations in cell medium
(serum starvation) is the most common method to suppress cell
proliferation in wound healing assays. However, the duration
of serum starvation and the required serum concentrations
need to be rigorously determined for each studied cell line.
Serum starvation can elicit complex, unpredictable timedependent, and cell-type-dependent effects (Pirkmajer and
Chibalin, 2011).
APPLICATIONS OF THE WOUND HEALING ASSAY

 Quantitative and qualitative analysis of collective cell
migration under different experimental conditions.
 Studying the effects of cell-matrix and cell-cell interactions
on cell migration.
 High-throughput screening for genes involved in cancer
cell migration (Simpson et al., 2008), small molecule
screening (Yarrow et al., 2005), and drug discovery
(Hulkower and Herber, 2011).
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Figure 1. The in vitro wound healing assay. (a) Human skin ﬁbroblasts forming a conﬂuent monolayer. (b) In vitro “wound” was created by a straight line scratch
across the ﬁbroblast monolayer. Black arrows are pointed toward wound edges.

METRICS TO QUANTIFY CELL MIGRATION

The rate of cell migration can be quantﬁed using a single
metric or a combination of metrics. The following are the
most commonly used metrics:
1. Wound width can be calculated as the average distance
between the edges of the scratch. Manual quantiﬁcation
can be time consuming. The wound width should
decrease as cell migration progresses over time. Migration
rate can be quantiﬁed by dividing the change in wound
width by the time spent in migration:
Wi  Wf
t
¼ Rate of cell migration ðnm=hÞ

3. Relative wound density (RWD) can also be used to measure cell migration. This metric is employed in live cell
imaging platforms such as the IncuCyte system (Essen
BioScience, Ann Arbor, MI), and is the percentage of
spatial cell density in the wound area relative to the spatial
cell density outside of the wound area at each time point
(Johnston et al., 2015). Under normal conditions, RWD
will increase as cells migrate over time. This metric has the
advantage of allowing normalization for changes in cell
density caused by proliferation and pharmacological
effects.
% RWD ðtÞ ¼

RM ¼

RM

Wi ¼ initial wound width ðnmÞ

wt  w0
 100
ct  w0

wt ¼ Density of the wound area at time t
ct ¼ Density of the cell area at time t

Wf ¼ final wound width ðnmÞ
t ¼ duration of migration ðhourÞ

2. Wound area can be calculated by manually tracing the
cell-free area in captured images using the ImageJ public
domain software (NIH, Bethesda, MD). Under normal
conditions, the wound area will decrease over time. The
migration rate can be expressed as the change in the
wound area over time. Rotzer et al. (2016) showed how
the scratch wound assay can be used to assess the
migration capacity of keratinocytes under different experimental conditions (Figure 2). Alternatively, the migration
rate can be expressed as the percentage of area reduction
or wound closure. The closure percentage will increase as
cells migrate over time:
Wound Closure % ¼



At¼0h  At¼Dh
100%
At¼0h

At¼0h is the area of the wound measured immediately
after scratching ðt ¼ 0hÞ
At¼Dh is the area of the wound measured h hours after
the scratch is performed

MATERIALS AND EQUIPMENT
 Standard cell culture protocols are available for most cell lines and
can be obtained from the online literature.
 Plastic-bottomed multiwell tissue culture plates, 10 ml pipette tips,
razor or extra ﬁne permanent marker, cell culture incubator, CO2
supply, and, in the case of testing hypoxic conditions, a nitrogen
supply.
 Imaging equipment: bright-ﬁeld microscope connected to a digital
camera. Recently, an automated live cell content imaging platform
has become available that allows time-lapse microscopy
(including of green ﬂuorescent protein [GFPþ] cells) and quantitative image analysis. In this system, the entire unit is placed on a
tray in the tissue culture incubator connected to an external
dedicated computer.

PROCEDURE

Protocols will of course vary according to the cell type being
studied. However, there are some basic fundamental steps
(Figure 3) that are applicable for almost all cell types: (i) cell
culture preparation, (ii) scratch-making, (iii) data acquisition,
and (iv) data analysis.

www.jidonline.org
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Figure 2. Migration is increased in desmoglein 3 (Dsg3)-depleted keratinocytes in a p38MAPK-dependent manner. (a) Representative bright-ﬁeld images show
that silencing of Dsg3 resulted in signiﬁcantly increased migration speed compared with nontarget siRNA controls. This acceleration of gap closure was also
prevented by p38MAPK inhibition using SB20. (b) Wound closure expressed as the remaining area uncovered by the cells. The scratch area at time point 0 hours
was set to 1 (n ¼ 4e6; *P < 0.05, #P < 0.05 vs. respective DMSO condition). (c, d) Scratch-wound closure monitored over time in cells isolated from Dsg3þ/þ
and Dsg3/ mice. Bar is 150 mm (n ¼ 10e15 from four independent isolation procedures; *P < 0.05 vs. Dsg3þ/þ DMSO, #P < 0.05 vs. respective DMSO
condition). The black bar at the right lower corner is 150 mm. MAPK, mitogen-activated protein kinase; siRNA, small interfering RNA. Reprinted from Rotzer
et al. (2016), with permission from Elsevier.
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1. Cell culture preparation:
a. The required number of cells to form a conﬂuent
monolayer need to be determined according to the
particular cell type and the size of wells.
b. Place the culture dishes inside the incubator until a
conﬂuent monolayer is formed (Figure 1).
c. To inhibit cell proliferation, add an optimized (nontoxic)
dose of mitomycin C for a few hours after cells reach
conﬂuence and then removing mitomycin-C by washing
before making the scratch (Chen et al., 2013).

at 4 or 10 magniﬁcation. It is important to angle the
pipette correctly and apply consistent pressure to create
a consistent gap width. The gap should have relatively
smooth edges and little cellular debris. A ﬁne permanent marker tip can be used to draw several reference
points close to the scratch. Manual scratching may
reduce reproducibility due to well-to-well variation in
gap width. Commercially available “wound maker”
allows for uniform scratch-making (Supplementary
Teaching Slides online).

2. Scratch-making:
a. A sterile plastic micropipette tip or razor blade can be
used to simulate an in vivo wound by creating a
straight-edged, cell-free zone across the cell monolayer
in each well. A gap width of 0.5 mm allows observation

b. After creating the scratch, the monolayer is washed with
basal medium to remove cell debris, and complete medium is added. Most experiments are performed with cells
in a tissue culture incubator set at 37  C, 5% CO2, and 95%
air. These conditions can be altered, for example, to study
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Figure 3. Graphical abstract summarizing the workﬂow of the in vitro wound healing assay. The technique involves basic steps applicable to almost all cell
types: 1) cell seeding and preparation; 2) making a linear thin scratch “wound” (creating a gap) in a conﬂuent cell monolayer; 3) data acquisition through
microscopic image capturing and gap measurement at each time point; and 4) data analysis.

the effects of hypoxia on migration, whereby nitrogen is
infused to decrease the air/oxygen concentration. The time
needed for incubation should be determined empirically
for the particular cell type to be investigated. Each experimental condition is typically evaluated in a triplicate.

should be performed to compare the mean of two groups; a
two-tailed unpaired t-test (if the samples are independent), or
a two-tailed paired t-test (if the samples are related) can be
performed. If the data fail the normality test, then nonparametric tests such as the Wilcoxon-Mann-Whitney test may be
used or Kruskal-Wallis nonparametric when comparing more
than two groups. One drawback of nonparametric tests is that
they have less power than conventional tests such as Student’s
t-test and analysis of variance. To mitigate this issue, a smaller
P-value can be used to deﬁne signiﬁcance (P < 0.01). To help
users perform statistical analysis, we provided instructions
and R code in the Supplementary Materials (online). Recent
advances in network science, machine learning, and
computational modeling can be utilized to model and simulate collective cell migration and “learn” patterns of complex
cellular behavior on a large scale, and perhaps predict responses to perturbations. Such in silico models can complement traditional experimental research and help in narrowing
research questions (Masuzzo et al., 2016).

3. Data acquisition:
a. Snapshot method: Migration progress can be documented by taking sequential digital photographs of the
gap using bright-ﬁeld microscopy. A reasonable
approach is to captures three images per well per time
point. Wound area can be calculated using the ImageJ
public domain software.
b. Live cell imaging: Automated live-cell imaging platforms are well suited for long-term monitoring of cell
behavior because the microscope can be placed inside
the incubator itself. Cells are therefore imaged under
optimal physiological conditions for the duration of the
experiment. The system allows the end-point readout of
cellular events and exploration of kinetic, functional,
and quantitative measurement of living cells’ behavior.

CONCLUSIONS

4. Data analysis:
Summary statistics can be calculated, and a line chart can be
used to plot the mean migration rate versus time. To test a
hypothesis or compare migration rates of different cell populations, Student’s t-test is used to compare two samples and
analysis of variance with multiple testing corrections should
be performed for comparing three or more groups of data. A Pvalue < 0.05 is used to deﬁne statistical signiﬁcance. If the
data satisfy tests for normality and equal variance, then a t-test

The in vitro wound healing assay is a convenient and
economical method to assess and quantify collective cell
migration under different experimental conditions. Collective
cell migration is a hallmark of many physiological and
pathological processes pertaining to skin such as wound
repair and cancer metastasis. One can enhance accuracy and
reproducibility of the assay by creating cell monolayers with
the same degree of conﬂuence and making uniform in vitro
“wounds” in terms of size and geometry.
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MULTIPLE CHOICE QUESTIONS
1. Which of the following treatments can be used
to suppress cell proliferation so that it does not
interfere with in vitro measurement of cell
migration?
A. Mitomycin C
B. Paclitaxel
C. Serum starvation
D. Vinblastine
E. A and C
2. The wound healing assay is performed in the
following sequence:
A. Cell culture, image collection, scratch-making,
sequencing
B. Cell culture, scratch-making, data acquisition,
data analysis
C. Scratch-making, cell culture, freezing, image
collection
D. Cell coating, DNA sequencing, alignment to
a reference genome
E. Data acquisition, culture preparation,
scratch-making, data analysis
3. Advantages of the wound healing assay include
all of the following except:
A. Affordable and easy to set up
B. High reproducibility
C. It does not require the use of speciﬁc
chemoattractants or gradient chambers
D. Suitable for chemotaxis studies
E. B and D
4. Applications of the wound healing assay may
include:
A. Helping to identify therapies to promote cell
migration in wound healing
B. Evaluation of the effects of inhibitors/
enhancers on the migratory capacity of a
particular cell population
C. Investigating the mechanisms regulating
cancer cell migration and evaluating the
efﬁcacy of potential therapeutic drugs
D. Studying regulation of actin cytoskeletal
structures and cell polarity
E. All of the above
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5. Which of the following measures can enhance
reproducibility of results when performing the
in vitro wound healing assay?
A. Always seed cells at the same density and
start the assay at the same degree of
conﬂuence.
B. If a manual scratch must be made, use
consistent pressure and pipette tip angle
to create uniform scratch sizes and shapes.
C. Incubate cells for no more than 24 hours.
D. Increase the sample number.
E. A and B
CONFLICT OF INTEREST
The authors state no conﬂict of interest.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to this paper. Teaching slides and R Code
ﬁles are available as supplementary material.

REFERENCES
Bindschadler M, McGrath JL. Sheet migration by wounded monolayers as an
emergent property of single-cell dynamics. J Cell Sci 2007;120(Pt 5):876e84.
Chen L, Guo S, Ranzer MJ, DiPietro LA. Toll-like receptor 4 has an essential
role in early skin wound healing. J Invest Dermatol 2013;133:258e67.
Cory G. Scratch-wound assay. Methods Mol Biol 2011;769:25e30.
Falanga V. Wound healing and its impairment in the diabetic foot. Lancet
2005;366:1736e43.
Friedl P, Gilmour D. Collective cell migration in morphogenesis, regeneration
and cancer. Nat Rev Mol Cell Biol 2009;10:445e57.
Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape
mechanisms. Nat Rev Cancer 2003;3:362e74.
Hulkower KI, Herber RL. Cell migration and invasion assays as tools for drug
discovery. Pharmaceutics 2011;3:107e24.
Johnston ST, Shah ET, Chopin LK, McElwain DS, Simpson MJ. Estimating cell
diffusivity and cell proliferation rate by interpreting IncuCyte ZOOM
assay data using the Fisher-Kolmogorov model. BMC Syst Biol 2015;9:1.
Masuzzo P, Van Troys M, Ampe C, Martens L. Taking aim at moving targets in
computational cell migration. Trends Cell Biol 2016;26:88e110.
Pirkmajer S, Chibalin AV. Serum starvation: caveat emptor. Am J Physiol Cell
Physiol 2011;301:C272e9.
Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et al.
Cell migration: integrating signals from front to back. Science 2003;302:
1704e9.
Rodriguez LG, Wu X, Guan J-L. Wound-healing assay. Methods Mol Biol
2005;294:23e9.
Rotzer V, Hartlieb E, Winkler J, Walter E, Schlipp A, Sardy M, et al.
Desmoglein 3-dependent signaling regulates keratinocyte migration and
wound healing. J Invest Dermatol 2016;136:301e10.
Simpson KJ, Selfors LM, Bui J, Reynolds A, Leake D, Khvorova A, et al.
Identiﬁcation of genes that regulate epithelial cell migration using an
siRNA screening approach. Nat Cell Biol 2008;10:1027e38.
Yarrow JC, Totsukawa G, Charras GT, Mitchison TJ. Screening for cell
migration inhibitors via automated microscopy reveals a Rho-kinase
inhibitor. Chem Biol 2005;12:385e95.

