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Abstract

Cell migration is a mandatory aspect for wound healing. Creating artificial wounds on research animal models often results in costly and
complicated experimental procedures, while potentially lacking in precision. In vitro culture of epithelial cell lines provides a suitable platform
for researching the cell migratory behavior in wound healing and the impact of treatments on these cells. The physiology of epithelial cells is
often studied in non-confluent conditions; however, this approach may not resemble natural wound healing conditions. Disrupting the epithelium
integrity by mechanical means generates a realistic model, but may impede the application of molecular techniques. Consequently, microscopy
based techniques are optimal for studying epithelial cell migration in vitro. Here we detail two specific methods, the artificial wound scratch assay
and the artificial migration front assay, that can obtain quantitative and qualitative data, respectively, on the migratory performance of epithelial
cells.

Video Link

The video component of this article can be found at https://www.jove.com/video/56799/

Introduction

Cell migration is required for wound healing, as it is responsible for the final closure of the epithelial gap and restoration of the disrupted surface1.
Performing artificial wounds in animal models allows for the replication of this complex process in near physiological conditions2. However, this
approach often results in costly and complicated experimental procedures, that potentially lack precision for the study of distinct processes, due
to the intricate nature of the wound-healing process.

In vitro culture of epithelial cell lines provides a helpful alternative to animal models for researching the role that these cells play in wound
healing and the effects of treatment on cell migratory behavior. The physiology of epithelial cells is often studied by molecular techniques using
non-confluent cultures3,4,5,6; however, the disruption of the epithelium integrity is usually achieved by fine mechanical incisions. In cell culture,
this implies that negligible number of cells may be exposed to the wound gap, and they represent a too small sample for molecular biology
techniques. However, these lesions can be studied at the microscopic scale, taking advantage of the innate migratory properties of some
epithelial cell lines, such as the Mink Lung Epithelial cell (Mv1Lu) or the spontaneously immortalized human keratinocyte (HaCaT) cell lines.

Here we described a method for microscopy that is suitable to obtain quantitative data on the migration of epithelial cells in the context of wound
healing3,4,7,8. Moreover, we present additional methods that are helpful to study qualitatively molecular and morphological changes occurring
on epithelial monolayers during migration. Overall, these methods provide a framework to study both the dynamics and morphological changes
involved with epithelial cell behavior and response to treatments during wound healing.

Protocol

1. Artificial Wound Scratch Assay for Quantitative Studies

1. Cell monolayer preparation
1. Working under sterile conditions, seed and grow Mv1Lu or HaCaT epithelial cells in culture flasks using serum-supplemented medium.

Refresh medium once every 24-48 h. After cells reach 80% confluence, detach cells using an appropriate method, i.e., trypsinization9.
 

NOTE: Mv1Lu and HaCaT epithelial cell lines are cultured using EMEM and DEMEM culture medium, respectively, supplemented with
2 mM L-Glutamine, and incubated at 37 °C with a controlled atmosphere of 5% CO2. Every cell line must be assayed thoroughly to
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determine cell concentration and timing required to reach full confluency. Typically for Mv1Lu or HaCaT cells, 2-4 x 104 or 4-6 x 104

cells/well, respectively, are seeded in a 175 cm2 culture flask, and at 80% confluence yields up to 35 x 106 Mv1Lu or 1 x 107 HaCaT
cells.

2. In either a 12-well or 24-well culture plate, seed in each well 2 mL of cells. Refresh medium once every 24-48 h. Ensure cell numbers
are high enough to reach 100% confluence after 2 or 3 days.

3. After the cells reach confluence, remove the serum-supplemented medium and wash twice with fresh serum-free medium. Keep cells
in serum-free medium for 24 h before the scratching.
 

NOTE: Mv1Lu or HaCaT cells do not have special substrate requirements; however, for cell lines susceptible to detaching
spontaneously in serum-free conditions, pre-coating of the culture plate surface using a poly-L-lysine solution should be considered10.

2. Monolayer scratching
1. Working in a sterile environment, scratch the culture monolayer by firmly dragging the narrow end of a 20 µL or 200 µL sterile

micropipette tip, depending on the desired scratch width. Keep the tip perpendicular to the culture surface to maximize gap
homogeneity.

1. Place the culture plates over a dark surface to clearly monitor the cell monolayer. If needed, perform two perpendicular scratches
(cross-shaped) on each well to study up to 4 migration areas.

2. Wash detached cells by gently removing culture medium and gently adding fresh serum-free medium. Repeat two times, or until most
unattached cells have been removed.

3. Experimental procedure and data collection
1. Take up to 4 pre-treatment reference images centered on the scratch gap from each well using an inverted phase-contrast microscope

incorporating a CCD camera. Select interest areas by aligning the edge of microscope field to the adjacent intersection of scratches.
 

NOTE: Typically, images are acquired using a 10x magnification and a 1,280 x 1,024 pixel image size. Selecting interest areas as
described above helps for easy localization and validation of up to 4 measurements per well.

2. Once all the images are acquired, designate treatment wells; exchange the medium in the wells with fresh medium that contains
selected treatments.
 

NOTE: Alternatively, for chemicals or compounds that do not disturb culture medium homogeneity, treatments can be inoculated
directly into the culture medium.

3. Incubate the scratched plate (37 °C with a controlled atmosphere containing 5% CO2) until the conditions under observation reach 90%
scratch gap closure. Avoid full closure.
 

NOTE: Total gap closure nullifies post-treatment picture collection as reference areas are not detectable and the time reference for gap
closing cannot be established. In the case of Mv1Lu or HaCaT cells, 16-19 h are required to reach 90% confluence.

4. Stop cell migration by fixing the cells; gently replace the experimental culture medium with 1 mL of 4% formalin in PBS. Incubate for 15
min at RT.

5. Wash the cells to remove excess formalin; gently replace the solution in the wells with fresh PBS. Repeat at least two times.
 

NOTE: At this stage, after sealing, plates can be stored at 4 °C indefinitely.
6. Take post-treatment reference images of each well from the original reference areas captured after scratching. Use the same

equipment (inverted optical phase-contrast microscope incorporating a CCD camera) and matching picture settings (magnification and
digital resolution/density).
 

NOTE: For cells that migrate individually and fill the gap independently of the formation of a coherent front (e.g., MDA-MB-231 breast
cancer human cells), the time-course images may allow the calculation of individual cell migration speeds.

4. Image analysis and quantification of migration
1. Using image processing software (e.g., ImageJ), define scratch gap limits and determine the gap surface for up to four measurements

in pre-treatment pictures. Record the data as "pre-treatment gap surface" (PREGAP). Repeat the same procedure for post-treatment
pictures. Record the data as "post-treatment gap surface" (POSTGAP).

1. Open the recorded image using ImageJ. In the "image" menu, set image type to 8 bit. In the "process" menu, go to "filters"
submenu and apply "variance" filtering.

2. In the "image" menu, enter "adjust" submenu and set threshold to black and white (B&W), make sure "Dark background" is not
selected. In the "process" menu, go to "binary" submenu,  and select "fill holes".

3. In the "analyze" menu, select "set measurements" and activate "area". Then draw the measurable area following the migrating
edge contour thus delimiting the gap.

4. In the "analyze" menu, select "analyze particles" and record "total area" values for the drawn area surface.

2. Introduce PREGAP and POSTGAP total area values in a spreadsheet to quantify absolute migration for each set of individual samples
as the difference of gap surface measurements: PREGAP − POSTGAP [Arbitrary units]. Additionally, normalize absolute migration data
of each condition to control samples: (SAMPLE / CONTROL) * 100 [%].
 

NOTE: For cells that migrate individually and fill the gap independently of the formation of a coherent front, (e.g., MDA-MB-231 breast
cancer human cells), the absolute migration can be calculated by counting cells invading a central strip either in the control or the
treated samples.

3. Plot quantification outputs (see Figure 1). Perform statistical analysis if necessary. Consider Student's t-test when comparing two
conditions or Analysis of Variance test for greater number of conditions.

2. Artificial Migration Front Assay for Topographical Studies

1. Cell monolayer preparation
1. Working in sterile conditions, place one layer of sterilized round coverslips in empty culture plates until the plate's surface is completely

covered.
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NOTE: Up to 12 and 33 coverslips fit on 5 cm and 10 cm diameter plates, respectively.
2. On the culture plate, gently seed an adequate volume of cells at a concentration that allows 100% confluence after 2 or 3 days. Make

sure no coverslip overlaps neighboring coverslips and prevent coverslips from floating by applying gentle pressure with a sterile
micropipette tip. Refresh the medium every 24-48 h.
 

NOTE: Every cell line must be assayed thoroughly to determine cell concentration and timing required to reach full confluency.
Typically for Mv1Lu or HaCaT cells, 2-3 x 106 or 2.5-4 x 106 cells/10 cm-diameter plate, respectively, are seeded. For smaller plates,
cell numbers must be scaled down.

3. After the cells reach confluence, remove the serum-supplemented medium and replace with fresh serum-free medium. Keep the cells
in serum-free medium for 24 h before the artificial wound is performed.
 

NOTE: Mv1Lu or HaCaT cells do not have special substrate requirements; however, for cell lines susceptible of detaching
spontaneously in serum-free conditions, pre-coating of the culture surface using a poly-L-lysine solution should be considered10.

2. Monolayer wounding
1. Using sterile tweezers, gently move a coverslip to a clean 10 cm plate containing fresh serum-free medium. Avoid damaging the

monolayer by holding the coverslip at the periphery with tweezers. Avoid excessive pressure that could result in coverslip breakage.
2. Create artificial wounds by dragging a sterilized razor blade in a transverse line over the center of the coverslips. Drag 3-4 mm back-

and-forth, in order to completely remove the central monolayer strip. Make sure no cell debris remains attached to the wounded edges.
 

NOTE: On a 12-mm diameter round coverslip, the incision is made at the mid of the coverslip. Make sure to leave a streak of cells
opposite the main front large enough (at least 2 mm wide) to avoid tilting of the coverslip in the following steps.

3. Transfer wounded coverslips with cells facing up, to a clean 6-well plate containing at least 2 mL fresh serum-free medium. Fit up to 4
wounded coverslips/well.

4. Gently wash two times using fresh serum-free medium to remove detached cells.

3. Experimental procedure and sampling
1. Gently exchange the medium in the wells with fresh medium that contains selected treatments.

 

NOTE: Alternatively, for chemicals or compounds that do not disturb culture medium homogeneity, treatments can be inoculated
directly into the culture medium. Proceed with caution to avoid any potential cell detachment.

2. Keep the plate inside a cell incubator (37 °C, 5% CO2) for the desired experimental timing.
3. Stop cell migration by fixing the cells; gently replace the experimental culture medium with 1 mL of 4% formalin in PBS. Incubate for 15

min at RT.
 

NOTE: For time course experiments, remove the samples from the culture plate and fix them in a separate plate to avoid formalin
fumes affecting the other, ongoing experimental conditions.

4. Wash the cells to remove excess formalin; gently replace the solution in the wells with fresh PBS. Repeat at least two times.
 

NOTE: At this stage, after sealing, plates can be stored at 4 °C indefinitely.

4. Immunofluorescence (IF) and topological analysis
1. Perform IF staining and imaging on individual coverslips as described elsewhere3,4,11.

1. Permeabilize for 10 min by immersing coverslips in a 0.3% Triton X-100 solution in PBS.
2. Block for 30 min using the following blocking solution: 0.3% Bovine Serum Albumin; 10% Fetal Bovine Serum; 5% skim milk;

0.3% Triton X-100 solution in PBS.
 

NOTE: Blocking solution without milk can be prepared in advance and stored at -20 °C.
3. Incubate for 1 h at room temperature inside a moist chamber, with primary antibody diluted in milk-free blocking solution. Place

the coverslips upside-down in the 15 µL antibody solution to ensure proper distribution.
 

NOTE: The antibody working dilution is variable and will depend on the antibody in use. For example, the Rabbit anti-c-Jun
antibody requires a 1/100 dilution.

4. Wash three times by dipping the coverslips in a in 0.1% Triton X-100 solution in PBS.
5. Incubate the coverslips in secondary antibody diluted in milk-free blocking buffer for 30 min.

 

NOTE: The antibody working dilution is variable and will depend on the antibody in use. For example, the Goat-anti-Rabbit (488)
requires a 1/400 dilution for optimal resolution. Other labeling reagents such as phalloidin and Hoechst-33258 can be added to
the incubation buffer at this stage.

6. Wash three times by dipping the coverslips in 0.1% Triton X-100 solution in PBS.
7. Mount the coverslips upside-down in a 10 µL mounting media drop (e.g., Vectashield) placed on a microscope slide. Leave

the slides in the dark at room temperature overnight for the mounting medium hardening. Afterwards, store at 4 °C in the dark
indefinitely.

2. Obtain either epifluorescence or confocal microscopy images of structural changes occurring at the migrating front edge.
 

NOTE: Topological studies can be performed by tiling pictures from the migrating front to the inner monolayer. Semi-quantitative
studies are possible by software based analysis on local fluorescence intensities.
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Representative Results

Artificial Wound Scratch Assay for Quantitative Studies: Assessing Epidermal Growth Factor (EGF) Promotion of Migration:

EGF is a well-known inducer of epithelial cells proliferation and migration, and thus a positive control for quantifying migration promotion. Mv1Lu
and HaCaT cell monolayers were used in the wound scratch assays and pre-treatment pictures were obtained. After inoculation with 10 ng/
mL EGF, cells were incubated for 19 h before fixation and post-treatment pictures. Proliferation was kept to a minimum by maintaining serum
starvation conditions. Both pre- and post-treatment sets of pictures were analyzed using ImageJ and the central gap areas were determined.
The experiment was run in duplicate, registering four measurements for each well. Quantification of the absolute migration was calculated as the
difference of surfaces: (PREGAP − POSTGAP). There was a greater migratory potential in the stimulated Mv1Lu cells (Figure 1A) compared to
the stimulated HaCaT cells (Figure 1B). The differences are explained by the cell sources, being mucosa epithelial cells and skin keratinocytes,
respectively.

Artificial Migration Front Assay for Topographical Studies: Variations in Cytoskeletal Conformation and Spatial Expression of C-Jun:

Cell migration involves continuous and deep changes of the cytoskeleton structure in order to sustain cell displacement. HaCaT cell monolayers
were used in the migration front assays under control and stimulation conditions. Treatment with EGF potentiates the cytoskeletal dynamics,
which are observed by IF and laser scanning microscopy (LSM; Figure 2A). EGF treatment also results in robust Mitogen-Activated Protein
(MAP) kinases signaling and c-JUN overexpression. Tiling LSM images allows for the configuration of spatial patterns. Increased expression of
c-JUN at cells adjacent to the migrating front can be easily revealed by software image analysis; here, we implemented a rainbow scale for the
green channel, which correspond to c-JUN labeling (Figure 2B).

 

Figure 1. Promotion of migration by EGF in Mv1Lu and HaCaT cells. Phase-contrast microscopy images of the wounded area of Mv1Lu (A)
and HaCaT (B) cells were taken under control conditions and compared to images of the cells treated with 10 ng/mL EGF for 19 h in serum-
free conditions. Representative micrographs show the extent of scratch gap and closure obtained after wounding with a 20 µL micropipette tip.
Magnification = 10x; Scale bar = 100 µm. Cell migration was quantified and represented as variation of the area differences between treatments
and control samples for each assay (arbitrary units; AU). The plot is representative of eight independent measurements for each condition.
Please click here to view a larger version of this figure.
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Figure 2. Actin filaments and c-JUN expression changes promoted by EGF in migrating HaCaT cells. (A) Overnight 10 ng/mL EGF
treatment promotes profound changes in the conformation of actin filaments in migrating HaCaT cells. Cells at the migration front of control
conditions portray a tightly structured actin filaments cytoskeleton, while cells treated with EGF show poor actin filaments organization at the
migration front. Magnification = 63x; Scale bar = 20 µm. F-Actin is color-coded red, and Hoechst is represented by a blue color. (B) When
immuno-fluorescence is used in combination with LSM imaging to study c-JUN expression after 10 ng/mL EGF treatment on migrating HaCaT
cells, tiling compositions reveal spatial expression patterns. Images of c-Jun fluorescence (green) were converted into pseudo-color to show the
intensity of c-Jun staining. The color rainbow scale represents fluorescence intensity for c-Jun, corresponding to colormaps on the right panels
for EGF and Control. Co-staining with phalloidin (red) and Hoechst-33258 (blue) was used to show cell structure and nuclei, respectively. Images
were taken by a confocal microscope. Note the increasing expression levels of nuclear c-Jun in areas nearing the migrating front. Scale bar = 40
µm. Please click here to view a larger version of this figure.

Discussion

Upon skin or mucous membrane disruption, barrier function is restored by the actions of numerous cell types, including fibroblasts or epithelial
and immune cells. Conjointly, these cells undergo a complex process involving apoptosis, proliferation, differentiation, and importantly, fibroblast
and epithelial cell migration, which is the ultimate mechanism responsible for restoration of the disrupted tissue and the closure of the superficial
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epithelial gap1,12 Thus, studying cell migration helps precisely describe the physiological behavior of epithelial cells, while also determining the
modulatory potential of treatments for wound healing.

Performing artificial wounds on different research animal models allows for the replication of this complex process in near physiological
conditions2, and thus the assessment of some pathological conditions or the effects of pharmaceutical treatments13. However, this approach
often results in costly and complicated logistics, as well as burdensome experimental procedures that may generate data in a delayed fashion13.
On the contrary, in vitro cell culture provides a more convenient framework for researching the behavior of cells involved in the wound healing
process. While primary cell culture of epithelial cells constitutes a viable option, it can be difficult to obtain and handle the cells, which can
complicate data collection. For instance, in addition to the typical low-passage restriction of primary cultures, primary human keratinocytes
need a fibroblast feeding layer for growth in vitro3. On the contrary, well-established epithelial cell culture lines, like Mv1Lu or HaCaT, constitute
an obstacle-free research model that features behavior and characteristics like those in primary culture cells3,4,14,15. Precisely, for the study of
wound healing, these two cell lines retain critical traits in their ability to migrate and stop proliferation due to cell-to-cell contact inhibition upon
confluence16,17.

Scratch assays are a reliable and versatile method for quantifying the migratory capabilities of different cell types, especially epithelial and
cancer cells. For the case of cancer cells, the scratch method has been proposed for assessment of invasive potential. However, this approach
falls short as an indicator for invasiveness when compared to more specific methods relying on the expression of metalloproteases needed
for penetrating the extracellular matrix18,19. On the contrary, scratch assays are reliable for assessing the migratory performance of epithelial
cells and the effect of different treatments on this trait. In contrast to cancer cells lines, which frequently show poor cohesion and the ability to
grow on several layers, Mv1Lu, HaCaT, and other epithelial cell lines form tightly associated "growth islands", which expand their margins in a
process depending on both proliferation, but more importantly on cell migration. Consequently, sparse or sub-confluent cell density conditions are
conventionally used for studying the effects of different treatments on the migratory physiology; especially when subsequent molecular biology
techniques are applied, as this cell environment minimizes contact inhibition while maximizing the ratio of actively migrating cells. However, for
epithelial cells, non-confluent conditions pose the risk of excluding important pre-existing contact inhibition influences, for instance in the form of
epigenetic regulation. Thus, to study wound healing, confluent conditions confer increased fidelity of the model.

To obtain precise estimates, concomitant factors affecting the conformation of the epithelial cell layer or contributing to migration should be
addressed. While confluence is desired, it is important to avoid excessive cell density or multilayered cultures, since these conditions may affect
negatively. Therefore, proliferation is commonly controlled by starvation in serum-free media or by the addition of chemicals like Mitomycin
C, which irreversibly arrest cell proliferation by DNA crosslinking3,20,21. The use of one or the other relies on the behavior of specific cell lines;
Mitomycin C is especially indicated when reduced serum supplementation is required to avoid massive cell detachment. That is the case for
HEK-293T cells, where pre-coating the culture surface using poly-L-lysine is a good option to avoid Mytomycin C treatment. The release of
inflammatory factors that could alter migration also needs to be addressed. Different strategies have been used, mainly based on silicone
inserts to mimic the disruption of the epithelial surface achieved with the scratch assay22. While inserts generate pre-existing gaps that allow
cell migration after removing the silicone piece, the scratch method relies directly on removing some of the epithelial monolayer to generate
the gap. Preference on how to generate the gap relies on the ability of inserts to protect the culture surface coating (i.e., culture plate or poly-
L-lysine) from damage during scratching, while also minimizing the release of factors from damaged cells that may compromise the cell culture
behavior23. Although these characteristics might be useful for some experimental settings, i.e., assessing the ability of cancer cells to migrate,
in our experience we found significant drawbacks for using inserts in wound healing studies. Mv1Lu cells are capable of attaching to the silicone
insert outer surface, which results in unintentionally tearing of the cell monolayer upon removal of the silicone pieces. Also, although HaCaT
cells do not attach to silicone, we found a diminished ability for these cells to migrate into insert-generated gaps. To that extent, inflammation and
migration are tightly associated responses, and these appear to be critical together in the context of wound healing in HaCaT cells. Moreover,
since applying a plastic tip for scratching the culture surface has no apparent consequence on the ability of cells to repopulate the gap, in the
case of HaCaT cells, such behavior suggests that extracellular matrix remnants in the gap may guide migration in a similar fashion as dermis in a
natural wound. However, the main source of variation remains the scratching procedure itself, as the use of a plastic tip to make the wound does
not always render the same size gap. We have observed variations up to 20% among different samples, due to inconsistency of pressure and
position of the tip at the time of scratch. These variations can be addressed by wounding the monolayer with a more rigid object; however, any
scratch on the plastic surface would jeopardize the free movement of the cells. So, variations in the initial scratch must be taken into account to
calculate migration; typically, by increasing the number of measurement per condition.

In addition to quantification, applying wounding procedures together with classic IF techniques can qualitatively assess the molecular processes
of cell migration. The capability of epithelial cells to grow on coverslips is well-know; in the past, variations of the scratch assays involved cells
migrating on coverslips exposed to different conditions followed by fixing and staining for comparison within the wound-scratch experimental
setup24. Here, we found that creating wide gaps in monolayers growing on coverslips allows for extending the experimental time courses3,4,7.
Moreover, in these experiments, IF increases the detection capabilities of the procedure to potentially study any precise cellular and subcellular
mechanisms involved, and it is only limited by the availability of antibodies suitable for this technique and the cells of interest. Samples on the
coverslips used for IF are mounted on microscope slides, which allow for extended preservation. This aids the application of experimental
setups that require long study periods, like the "tiling" approaches showcased here and elsewhere3,4,7. While the "tiling" strategy integrates
spatial patterns with temporal data for reconstructing the mechanisms involved in migration, the implementation of software analysis tools
can provide semi-quantitative assessments based on local fluorescence intensity, and further enrich the quality of the information obtained. In
our experience, tiling also offers the possibility of studying cell-positional information for the expression of proteins in this type of assay. This
positional information has been shown to be crucial to understand and better translate the effects of different agents on cell migration, especially
in setups where the position of epithelial cells is very important to determine its migratory behavior3,4,14,15.

Both procedures described demonstrate great convenience by uncomplicated implementation, as well as producing quality data. Thus, these
approaches that are based on microscopy studies, offer a unique and powerful framework to study both the dynamics and morphological
changes involved in epithelial cell behavior and response to treatments during wound healing.
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