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In vitro wound-healing assay also known as the scratch assay

The wound-healing assay, also known as the scratch assay, is an established two-dimensional (2D)
technique that can be used to investigate collective migration and wound healing in vitro [1], [2]. This method was
one of the first to be developed for the study of cell migration and measures the rate at which cells, in a cell
monolayer, migrate to fill a cell-free gap [1], [3]. Three-dimensional (3D) wound healing assays are beyond the
scope of this article and have been succinctly covered by Stamm et al. 2016 [2].

The wound healing assay is a simple and inexpensive method. While this assay does not recapitulate the exact
conditions of a wound, it can be successfully applied to model and investigate cell movement in a controlled in
vitro environment. The technique reproduces wounding by creating a gap in a confluent cell monolayer and
consists of four main steps that will be elaborated upon below (see Figure 1 for an overview) [1].

Figure 1 | Wound healing assay overview.

Wound healing assay protocol

Culture preparation

The first step of the assay is to culture a confluent cell monolayer. This monolayer represents the in
vivo conditions of the tissue before wounding such as, an intact epithelium. Most often, epithelial and endothelial
cells are used to produce the monolayer, and in particular, cell types capable of sheet migration [4]. Studies have
also examined the migration of vascular smooth muscle cells [5], [6].

Depending on the cell type used in the assay, cell proliferation can be a confounding factor. Cell proliferation
can compete with cell migration to fill the gap made during the assay. If this occurs, the cell medium can be
optimized to reduce cell proliferation. Decreasing the concentration of serum (serum starvation) is the most
common change. Proliferation inhibitors, such as mitomycin C, can also be added to the medium. Careful
optimization is necessary as any changes to the medium can result in unpredictable time- and
cell-type-dependent effects that can interfere in the assay [1].



Scratch-making

After the cells have become confluent, the next step is to make a cell-free gap in the monolayer. The most
frequently used method is to wound the monolayer by mechanical scratching (scratch wound) or stamping.
Alternatives to mechanical damage can include thermal, electrical, and optical wounding [2], [7]. In microfluidic
wound healing assays, chemical and enzymatic treatments have been used to clear cells from fluid channels
[5], [6], [8], [9]. Methods that avoid cell damage altogether, such as physical exclusion, have also been
described [4], [10].

The preparation of gaps can be performed manually or be automated. Drawbacks with the manual method of
wounding include low throughput and well-to-well variation of the gap width [1], [11]. This reproducibility can be
improved with the use of commercial tools for making uniform gaps [1]. Modifications to the wound healing assay
that make use of automation can increase both throughput and improve reproducibility [2], [7]. Ensuring
reproducibility is important for the following data acquisition step.

Data acquisition – scratch images for time-lapse

With a cell-free gap prepared, optical microscopy can be used to observe cells migrating into the wound area.
Cell migration is best viewed using phase-contrast imaging rather than fluorescence, and the wound area in the
field-of-view should be maximized using the objective lens [12], [13].

Once the microscope is set up, a series of time-lapse images (snapshot method) can be acquired as cells
migrate into the cell-free gap [1]. These time points should be collected within 24 hours of the experiment being
started to minimize the confounding effects of cell replication on gap closure. The migration images can then be
used to collect measurements or be visually scored [4]. Accurate measurements can be manually acquired using
a digital camera fitted to the microscope; however, this process is time-consuming, and maintaining the same
field-of-view along each gap can be difficult [4].

The disadvantages experienced with manual acquisition can largely be overcome using automation that allows
for live-cell imaging. Aspects of acquisition that can be automated include image capturing, point visiting, and
environmental control [2], [4]. Automation also has greater functionality; for example, it can be used to determine
the experimental endpoints and generate kinetic, functional, and quantitative measurements of living cells
(see Figure 2) [1].

Figure 2 | The advantages of automating the wound healing assay.



--------------

Whole-well imaging systems can be applied to the wound-healing assay. For researchers interested in such a
functionality see the CytomSMART Omni landing page. This live-cell imaging system operates from within cell
culture incubators and is fully automated, to easily create time-lapse videos of gap closure.

---------------

Data analysis - scratch closure

Once images of the gap closing have been acquired, several methods of analysis can be used to quantify the
rate of cell migration. The first method measures the change in the wound width (nanometres) over time. This
width is the average distance between the two margins of the scratch. The second method calculates the change
in wound area over time as a percentage of wound closure. These two methods can be time-consuming when
performed manually. The final method measures the relative wound density over time expressed as a
percentage and is most often applied in live-cell imaging software [1], [12]. This method calculates the ratio of the
occupied area in the gap to the total area of the initial gap. The relative wound density method can be further
refined to factor in cell proliferation or pharmacological effects. This can be achieved by counting cells in
subregions found inside and outside the wound area to determine relative cell density [12]. Total cell count within
the wound area can also be used to assess cell migration and wound healing [2].

In addition to measuring changes in the wound area, the wound healing assay can also be applied to tracking
the movement of individual cells at the leading edge of the wound. This allows researchers the opportunity to
understand the role of genes in the regulation of cell migration [3].

Most wound healing assays still use manual data acquisition and analysis in part. The manual extraction of data
is very time-consuming, subjective, and prone to error. Therefore, the analysis of large datasets remains a
bottleneck with many assays. In addition, the multitude of assays available makes comparison between
experiments difficult [2]. Automated data analysis software, such as TScratch and ImageJ, has been developed
that can significantly accelerate analysis and overcome limitations associated with image quality [14], [15].

For in-depth wound healing assay guidelines on parameters to ensure quantitative and reproducible results,
please see the review by Jonkman et al. (2014) [4].

Figure 3 | Methods to quantify cell migration in the wound healing assay.

Cell migration assay
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The wound healing assay is used to investigate cell migration and wound healing. Cell migration is the
movement of individual cells, cell sheets, and clusters from one location to another, and two main types have
been identified, namely single-cell migration and collective cell migration. The latter is defined by Grada et al.
(2016) as the coordinated movement of a group of cells that maintains their intercellular connections and
collective polarity [1].

Collective migration can take on two different forms depending on the extracellular matrix. Three-dimensional
collective migration takes place on a tissue scaffold, and it is the movement of cells organized in a multicellular
network of strands. Two-dimensional (2D) collective migration (sheet migration) takes place across a tissue
surface, and it is the movement of flat monolayer sheets. Wound healing is an example of sheet migration [1].

Wound healing

Four processes occur during wound healing, namely haemostasis, inflammation, migration-proliferation, and
maturation-remodeling [1], [2]. Upon injury and under the influence of growth factors and cytokines, keratinocytes
at the rear of the wound margin begin to proliferate and migrate onto the wound bed. This process involves cell
migration, proliferation, and differentiation [1].

Migration is considered the rate-limiting process during healing, and therefore migration assays are a key part
of investigating wound healing [2].

Applications of the wound healing assay

The wound healing assay is a convenient and economical method to investigate collective cell migration under
different experimental conditions. As collective cell migration is linked to many physiological and pathological
processes related to embryogenesis, wound repair, and cancer metastasis, the wound healing assay is broadly
applicable [4], [8]. The assay can be used to investigate the effects of the cell-matrix and cell-cell interaction on
cell migration and be combined with transfection to determine the effect of the expression of exogenous genes on
the migration of individual cells [1], [3].

The assay is also scalable allowing for high-throughput screening of genes involved in cancer cell migration,
small molecule discovery, and drug discovery [1], [2], [16]. Examples of some of these applications are presented
below.

A microfluidic wound healing assay was developed by Wei et al. (2015) to investigate vascular smooth muscle
cell (VSMC) migration. The migration of these cells after endothelial injury is an inherent factor in the progression
of atherosclerosis and the complications associated with intimal hyperplasia [6]. Both of these diseases are a
major cause of morbidity and mortality globally [17]. Understanding the processes involved in this migration can
provide potential targets for inhibition. This modified wound healing assay is a closer representation of the
microenvironment present in the vasculature. In the study microfluidic wound healing assay uses five types of
VSMCs [6].

The wound healing assay can be used in the study of wound dressings. Alves et al. (2020) used the assay to
investigate novel hydrogel blends as a potential wound dressing. The effect of the hydrogel on wound closure was
assessed by incorporating it into the cell medium. The authors demonstrated that hydrogels could be used to
improve the wound healing process by promoting fibroblast migration, adhesion, and proliferation [18].

Inhibitors of cell invasion and metastasis can be effectively screened using the wound healing assay. Wang et
al. successfully screened cytotoxic alkaloids for the ability to inhibit biological processes related to cell migration
and cytoskeleton dynamics. The study was able to identify certain cytotoxic alkaloids as anti-migrating agents that
could be investigated further [19].
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The Endothelial Cell Transwell Migration and Invasion Assay

Angiogenesis is a tightly regulated cellular event that is balanced by pro- and antiangiogenic signals including
integrins, chemokines, angiopoietins, oxygen sensing agents, junctional molecules and endogenous
inhibitors.4 While physiological angiogenesis is highly organized, pathological angiogenesis is less well controlled,
with vessels rarely maturing, remodeling or regressing in response to disease.5 Since endothelial cell migration and
invasion are essential to angiogenesis, the so-called transwell cell migration and invasion assays are helpful tools
for studying the underlying mechanisms of angiogenic events. Cell migration can simply be defined as the process
by which cells move from one location to the other directed by extrinsic biochemical signals. Cell invasion, on the
other hand, measures the ability of endothelial cells to move through a 3D matrix (such as basement membranes). It
is a complex multistep process that involves adhesion, proteolysis of ECM components, reorganization of the
microenvironment, and migration through the matrix.
The in vitro transmigration assay, also known as the Boyden chamber assay, is used to measure the migration of

endothelial cells along a cytokine gradient (chemotaxis) and to measure the chemotactic capability of test
substances in vitro. It involves two medium-filled compartments separated by a microporous membrane. As a rule,
cells are placed in the upper compartment and allowed to migrate through the pores of the membrane into the lower
compartment, where chemotactic agents are present. After an appropriate incubation time, the membrane between
the two compartments is fixed and the number of cells that have migrated to the lower side is determined.
The in vitro invasion assay measures cell migration of endotheial cells through an extracellular matrix. Invasive

migration is a major process in angiogenesis but also plays a significant role in pathological events such as cancer
development and metastasis.

Like the transwell migration assay, the cell invasion assay involves two compartments separated by a membrane
with a precisely defined pore size. The membrane is covered by a matrix that mimics the basement membrane of
blood vessels. A potential chemotactic factor is placed in one compartment and a gradient develops across the
membrane. Endothelial cells introduced to the other compartment degrade the matrix and then migrate along this
gradient. After a suitable incubation time, the cells that have migrated through the membrane can be counted after
fixing the membrane and staining them.9

https://www.sigmaaldrich.com/IT/it/technical-documents/protocol/cell-culture-and-cell-culture-analysis/cell-based-assays/endothelial-migration-invasion-assays
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