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Abstract

In vitro scratch wound healing assay, a simple and low-cost technique that works along with
other image analysis tools, is one of the most widely used 2D methods to determine the cel-
lular migration and proliferation in processes such as regeneration and disease. There are
open-source programs such as imaged to analyze images of in vitro scratch wound healing
assays, but these tools require manual tuning of various parameters, which is time-consum-
ing and limits image throughput. For that reason, we developed an optimized plugin for ima-
ged to automatically recognize the wound healing size, correct the average wound width by
considering its inclination, and quantify other important parameters such as: area, wound
area fraction, average wound width, and width deviation of the wound images obtained from
a scratch/ wound healing assay. Our plugin is easy to install and can be used with different
operating systems. It can be adapted to analyze both individual images and stacks. Addi-
tionally, it allows the analysis of images obtained from bright field, phase contrast, and fluo-
rescence microscopes. In conclusion, this new imaged plugin is a robust tool to
automatically standardize and facilitate quantification of different in vitro wound parameters
with high accuracy compared with other tools and manual identification.

Introduction

Cellular behavior regulates wound healing during the phases of proliferation, migration,
matrix formation, and contraction. Growth factors and matrix signals that determine the func-
tion of cells in regeneration processes orchestrate this behavior [1]. Some phases that occur
during wound healing have also been observed during cancer invasion [2, 3]. In order to
develop robust therapeutic approaches, it is imperative to study these processes in detail [4].

In this regard, the scratch or migration assay is a widely used tool for in vitro studies of the
rates of migration [5], angiogenesis [6], movement [7], proliferation [2], and healing in
response to different novel drug candidates. Some of these molecules include growth factors,
proteins, natural compounds, and small pharmacological principles, among many others [2, 8,
9]. This technique is suitable to study the paracrine signals (conditioned media) produced by
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stem [10] or other types of cells under either mechanical [7] or electrical stimuli [11]. Further-
more, it is possible to study the response of free cells and those seeded on scaffolds made of
both synthetic polymers and natural extracellular matrices [11, 12-14]. In this context, the in
vitro scratch wound healing assay is useful to evaluate the proliferation and migration process
when exposing cells to metabolites present in the conditioned media. This is because this
approach provides an environment that mimics that of a wound healing process in vivo [15-
17]. The most remarkable advantages of this assay are the low requirements of specialized
equipment or expensive reagents, which makes it adaptable to research groups with limited
budgets. Additionally, the produced data is relatively easy to analyze with an ample variety of
open access software packages.

This straightforward technique relies on adherent cells that could vary depending on the
particular cellular processes to study. Some adherent cell lines used for the assay are endothe-
lial, fibroblast and epithelial [4]. The first step is to create manually a “scratch” in a cell mono-
layer, using pipette tips, razors [17], cell scrapers [18], or any object with a sharp tip. Methods
that are more sophisticated include molds or cell inserts [19, 20], electric currents [21], lasers
[4] and magnets [20].

The next step is exposure to the treatment and image acquisition at the beginning and at
regular intervals during cell migration as the scratch closes. The last step is to monitor the
migration path of cells in the leading edge of the scratch by tracking it with the aid of time-
lapse microscopy (4) and image analysis software [4, 22].

Some of the most popular software packages for this application include the open source
imageJ/Fiji® and licensed ones such as Matlab®. These packages have been previously used
to manually count cells (selecting and tallying individual cells) and to assess wound closure
(tracing the wound perimeter and calculating the percentage of closure) [23, 24]. This
approach is however demanding, tedious, and time-consuming. As a result, a number of plu-
gins have been developed for these software platforms to accelerate the analysis process by
automatically quantifying cell number and wound area [22, 25]. Despite these efforts, existing
applications depend on human interaction and require manual measurements, which is prob-
lematic for inexperienced users. To overcome these limitations, we designed, implemented,
compared, and tested a user-friendly plugin for Image]/Fiji®). We tested the plugin in the task
of analyzing images derived from a scratch assay where Human skin keratinocytes HaCaT
were exposed to conditioned media of Human adipose-derived mesenchymal stem cells
(hAdMSCs). Our Wound_healing size_tool plugin facilitates a high throughput calculation of
a number of parameters from several images including scratch area, wound coverage of total
area, scratch width average, and standard deviation of the scratch width.

Materials and methods

Reagents

Dulbecco’s Eagle’s medium modified high glucose medium (DMEM) Penicillin/streptomycin
(P/S), Fetal bovine serum (FBS), Trypsin-EDTA (1X) were purchased from Biowest (Nuaillé,
France) and PBS (1X) pH 7.4 was acquired from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

The HaCaT [26] cell line was provided by the Basic Medical Sciences Laboratory of the Faculty
of Medicine of the Universidad de los Andes. We grew cells in DMEM supplemented with
10% FBS, 1% P/S at 37° C, 5% CO2 and 75% of humidity. We changed the medium three
times per week until the cells reached 70% of confluence.
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We obtained the hAdMSCs of abdominoplasties realized at Santa Barbara Surgical Center
by Dr. Santiago Merchan with previous approval and signing of informed consent and with
the approval of the ethics committee of the Vice-presidency of research at the Universidad de
Los Andes (Act No 942, 2018). The cells were isolated following the protocol by Linero et al.
[27].

Design of mold for scratching wounds on 2D cultures

We performed mold design using Autodesk Inventor Professional 2020 (Autodesk, Inc., San
Rafael, California, USA, www.autodesk.com) to guarantee a completely closed piece with the
dimensions of the real object and optimized for laser cutting. The mold was laser cut using a
Trotec Speedy 100 CO, (Marchtrenk, Austria). Red lines of 0.1 mm represent the edges cut by
the laser cutter, while Blacklines of 0.1 mm delineate regions for engraving. The S1 File and S1
Fig show molds for wound scratching for 6, 24, 48 and 96-well plates. We created the sche-
matic representation of the use of the mold for scratching wounds on 2D cultures using (www.
biorender.com). Moreover, to compare the scratches made using the molds or using only a
200 L sterile pipette tip, we evaluated the width homogeneity of the gap with our plugin by
the coefficient of variation (CV = SD/mean) and standard deviation with respect to a straight
line.

Wound healing assay

We seeded the HaCaT cells in a 24-well plate at a concentration of 1x10° cells /well and we left
them until they reached 80% of confluence [10]. We scratched cell cultures with a 200 pL ster-
ile pipette tip [7, 22] using the designed mold (see above for details) (SI File). We then washed
away detached cells with PBS (1X). Then, we added 1 mL of hAdMSCs conditioned medium,
which was obtained from cells in the 4-6th passage according to the protocol established by
Qazi et al. [7]. We made horizontal reference lines on the bottom of the plate with an ultrafine
tip marker to have a grid for alignment to obtain the same field for each image acquisition run.
Once we made the reference lines (approximately 3000 um of distance), the plate was placed
under a phase-contrast microscope using as guide the reference marks. We analyzed selected
regions of interest using a Zeiss inverted microscope on a 10X objective with NA/0.25 every 2
hours for 28 hours. We determined the scratch area, wound coverage of total area, and average
and standard deviation of the scratch width with the aid of our plugin. We calculated the rate
of cell migration (Ry;) and the percentage of wound closure according to (Eq 1) and (Eq 2),
respectively [28]:

R, = ——; (Eql)

A_ —A
Wound Closure% = <[0AtAt) x100% (Eq2)
t=0

Where W, is the average of the initial wound width, Wy is the average of the final wound
width both in pm and t is the time span of the assay in hours. Additionally, A, _  is the initial
wound area, A, _ 4, is the wound area after n hours of the initial scratch, both in pmz.

Wound healing size plugin for Image] ®

Inspired by the Wound Healing Tool by Montpellier Resources Imagerie, we designed Wound
Healing Size Tool, an Image]/Fiji® plugin that allows the quantification of wound area,
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wound coverage of total area, average wound width and width standard deviation in images
obtained from a wound-healing assay.

To discriminate adequately between cell monolayer and open wound area, we developed a
classic computer vision segmentation algorithm focused on assessing neighboring pixel inten-
sity variance (i.e., the morphology and visual characteristics). With careful inspection of the
gray-scaled images obtained from the wound healing assay, we noticed that the pixels in open
wound regions had very similar intensity values, while cell monolayer regions had higher vari-
ation due to cell presence. Accordingly, analyzing the variance within different neighborhoods
in the image could be helpful for discriminating between cell monolayer and open wound
regions. To do this, we initially enhanced the contrast of the image to increase the variance
within the cell monolayer and facilitate its posterior binarization. Subsequently, we applied a
variance filter (by making use of Image J built-in macros Enhance Contrast and Variance fil-
ter), which calculates the intensity variance in the immediate neighborhood of each pixel, and
labels it with its corresponding neighborhood variance. This creates a new image with high
intensity pixels within the cell monolayer and low intensity pixels within the open wound area.
Therefore, we can apply a simple threshold to the processed image in order to obtain binary
segments with a user-defined input. However, since the open wound area usually contains sin-
gle cells or cell islets, the obtained binary image will not include these regions as part of the
wound. To remove these structures, we perform a morphological reconstruction by erosion,
also known as hole filling, on the area binary labeled as open wound. This operator detects all
connected components enclosed by the wound area and it includes them as part of the wound.
Moreover, since there can be small regions within the cell monolayer with low variance, this
algorithm can yield more than one region labeled as open wound. To eliminate the regions
falsely detected as wounds, we select the largest connected component within the detected
open wound regions as the true wound area. Fig 1 presents an overview of our image-process-
ing algorithm.

After segmenting the open wound, its area and the coverage with respect to the whole image
are easily determined with the region’s metadata using the ROI manager. However, for wound
width analysis, we quantify the distance between the lateral wound edges at every y-coordinate.
Accordingly, we identify edge pixels within the segmented region, and we pair them according
to their y-coordinate. We calculate the Euclidean distance between paired pixels, and we deter-
mine their average to describe wound width. Moreover, we also consider the standard deviation
of the calculated widths to assess the homogeneity of the scratch and subsequently its closure.

The plugin features an interface window with two options to adjust the values of all parame-
ters (Fig 2A). The first one applies when the user has multiple images with the same calibration
scale. The second one considers that if the scratch is diagonal, with fixed width measurement
according to the inclination angle, derived by fitting the selected ROI to an ellipse. The plugin
presents all results for each image, area of the wound, wound coverage of total area, and aver-
age of the width and its standard deviation in a table with the set scale (Fig 2B and 2C). This is
for both Individual image analysis and Stack analysis. The plugin and detailed information
and user manual can be found in the S2 File and in https://github.com/AlejandraArnedo/
Wound-healing-size-tool/wiki as an open source wiki.

This plugin is useful for analyzing wound images since it relies on user-defined input values
for the neighborhood radius of the variance filter, the threshold value for binarization, and the
saturation percentage in the contrast enhancement, which can vary depending on the analyzed
image. The variance window radius represents the radius of the variance filter, which we estab-
lish to determine the empty or the occupied zones. The radius must be big enough, so that the
noise variance has no impact on tissue variance. A numerical example of the variance window
radius value is shown in S2 Fig and S3A Fig. The percentage of saturated pixels allows
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1. Original image

B

4. Binarization 5. Hole filling

Fig 1. Overall process of the image segmentation algorithm. We show images from each of the main steps to illustrate how the wound area is separated from the cell
monolayer area.

https://doi.org/10.1371/journal.pone.0232565.9001

enhancing the contrast of the image by determining the number of pixels that could saturate
in the image. By increasing this value, we expect an increase in the contrast. This value should
always be greater than zero. Additionally, we convert the image resulting from the variance fil-
ter to a mask by applying the given threshold. Finally, the algorithm also considers cases in

A [ Wound healing size options X B [ Results
File Edit Font Results
[Lavel [Area pixels*2 [Area % |Lengnt pixels |Standard deviation pixels
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.
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Fig 2. Wound healing size tool. A. Interface window to adjust parameters B. Snapshot of the results in table format in pixels show area of the wound, wound coverage

of total area, and average of the width and its standard deviation. C. Snapshot of the results in table format in um show area of the wound, wound coverage of total area,
and average of the width and its standard deviation.

https://doi.org/10.1371/journal.pone.0232565.9g002
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which the wound is not vertical but made at a specific angle. In such cases, it determines the
inclination angle and adjusts each calculated width with trigonometric relations (54 Fig).

To validate the quality and efficiency of Wound_healing_size_tool, we compared it with
other Image] plugins, including MRI_Wound_Healing Tool (http://dev.mri.cnrs.fr/projects/
imagejmacros/wiki/Wound_Healing Tool) (MRI), the ScratchAssayAnalyzer tool from A
microscope image analysis toolbox (MiToBo) (https://mitobo.informatik.uni-halle.de/index.
php/Applications/ScratchAssayAnalyzer) [29], as well as manually drawn edges of the scratch
(Manual) in 30 different images. We quantified the differences between existing methods
regarding our plugin using Eq 3:

A —A
Area difference% = (w) x100% (Eq3)

AWHST

Where A, is the area in pixels calculate using the other Image]J plugins (MRI, MiToBo) and
the manual method, Where Ayygr is the area in pixels calculate using our plugin Wound_hea-
ling size_tool (WHST).

Statistical analysis

We performed Paired t-tests to compare the difference between the area and the average length
obtained with the Wound_healing_size_tool with respect to the manual measurement and the
other available macros for Image]J/Fiji®), considering as significant p-values of less than 0.05.
Furthermore, to analyze the results of the Wound healing size tool test we used Two-Way
ANOVA and the Bonferroni tests to perform multiple comparisons. We analyzed and plotted
The results using GraphPad Prism software 7 (GraphPad Software, San Diego, California,
USA, www.graphpad.com).

Results
Validation of wound formation mold

The manually raised hand induced scratch is highly variable with respect to the width, and this
variability affects the cell migration rate and the reproducibility of the assay [17, 20, 28]. To
address this issue, we designed an acrylic (polymethyl methacrylate) mold that fits 6, 24, 48,
and 96 well plates (S1 File) (Fig 3A). The results of the width homogeneity of the scratch (Fig
3B), using the mold, show a reduction in variability of approximately 50% when compared
with manually made scratches using a pipette tip. Although both methods require the use of a
pipette tip, the mold gives the advantage of limited tip movement and fixed inclination for
more uniform scratch edges. The variation was only of about 5% (Fig 3C).

Wound healing size plugin evaluation

Before running the analysis in all the stack of collected images, we selected three images ran-
domly at different time points to set the right parameters for wound identification. We evalu-
ated the performance of our plugin by analyzing 60 wound images. Then, we completed the
stack analysis and, with the resulting data, we obtained other parameters such as the closure
area percentages, and the rate of cell migration at each time point (Fig 4).

As shown in Fig 4, conditioned medium from hAdMSCs promoted healing in an in vitro
epidermal model. According to Fig 4B and 4C, the wound closure proceeds at a constant rate,
without significant changes over the period evaluated (R* = 0.9851), reaching almost 95% of
closure after 28 hours. Moreover, these figures show that the exposure to hAdMSCs condi-
tioned medium significantly reduced the scratch area of the wound (Fig 4B) after 4 hours
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Fig 3. Scratch validation using mold. A Schematic of the use of mold for scratching wounds on 2D cultures. B. Percentage of coefficient of variation between scratch
made with pipette tip of 200 pL with or without using the mold [n = 4 images per method]. C. Percentage of deviation from the straight line of each scratch made with
pipette tip of 200 uL with or without using the mold [n = 4 images per method] p_value<0.05*.

https://doi.org/10.1371/journal.pone.0232565.9003

compared with control medium. Similarly, we can observe that after 6 hours the scratch width
in Fig 4D was also significantly reduced in the presence of the hAdMSCs conditioned medium.
Also, both treatments were fitted to linear regressions that show (from the slope) higher
wound closure rates in the presence of the conditioned medium. Fig 4E shows the standard
deviation of the scratch width, which is likely an indicative of the heterogeneity of the scratch
width at each time point and it suggests differences into how the cells migrate. As it was
expected, deviation of the width appears not a function of the evaluated times or used medium.
Finally, we can observe in Fig 4F that, after 12 hours, the rate of cell migration of cells exposed
to hAdMSCs conditioned medium decreases and approaches an average value of 1 4.3 um
/hour until the end of the experiment. In contrast, after the same time, the rate of cell migra-
tion for the control cells slightly increases and approaches an average value of 7.9 um/hour
until the end of the experiment.

Discussion
Validation of wound formation mold

Two of the principal attributes to be found in a standardized assay are reproducibility and
repeatability. Reproducibility in the scratches is imperative, as it has been reported to signifi-
cantly affect cell migration rates [17, 28]. Nonetheless, the implementation of the wound

PLOS ONE | https://doi.org/10.1371/journal.pone.0232565  July 28, 2020 7/14


https://doi.org/10.1371/journal.pone.0232565.g003
https://doi.org/10.1371/journal.pone.0232565

PLOS ONE

High throughput analysis of scratch assays

300000 - ol c 120 - F kKK
240000 § £ 100 1 il
- 3 y = -4766,7x + 230157 ¢ goJ o
] 2= 0.9711 5 y =3,1518x + 5,7631
£ 180000 R 2 R? = 0,9851 et B
- B 2 - 5 60 Lo 3 et
£ 120000 | S, S I S
< Tsuis Baof{ e e
i i 11 3 4 e & B Y
G000 1 K ‘I'“--‘, 2 209 . y = 2,1864x - 5,5672
. e 1 R?=0,9711
0 . . . . ———— 0 v T "
0 5 10 15 20 25 30 0 20 25 30
Time (h) Time (h)
o hAdMSCs Conditioned medium  « Control * hAdMSCs Conditioned medium  « Control
% %k k E
600 o 200 -
e
£ 500 5
= 3
= y =-9,5567x + 461,35 b3
g 400 R?=0,9735 5
2 300 %- ----- ‘o 5 E 100 | =
£ g .., 8T
< - — =
£ 200 "E Ty H £ {
i o s
y = -13,587x + 430,92 o T3
%100 R*=0,984 H I} ° { f 3 i g H ¥ i § i .
0l . . : . . - — . .
0 5 10 15 20 25 30 8 0 10 20 30
Time (h) » Time (h)
* hAdMSCs Conditioned medium e Control * hAdMSCs Conditioned medium e Control
F 40 .
s
8 30t ok
=2 * %
ES $
- O
g0 i
2E EEEFEES!
g 10 R EE
5] 3 @
4 p o O e @
0 10 20 30
Time (h)

* hAdMSCs Conditioned medium e Control

Fig 4. Wound healing size tool test comparing HaCaT exposed to hAdMSCs conditioned medium and HaCaT cultured only with basic medium (DMEM +1%P/S)
as control of the assay. A. Time lapse (0, 12, 18 and 24 hours. Scale bar = 27550 pm) images of wound healing closure in HaCaT exposed to hAdMSCs conditioned
medium. B. Scratch area in um*-C. Percentage of closure area. D. Scratch width in pm. E. Standard deviation of the scratch width in um. F. Rate of cell migration

in um/hour. All the measurements and parameters were taken for 28 hours [n = 4 replicas per time for HaCaT exposed to hAdMSCs conditioned medium and n =2
replicas per time for HaCaT exposed to control medium]. p-value<0.0001****, p-value<0.001***, p-value<0.01** Some error bars are shorter than the size of the

symbols.

https://doi.org/10.1371/journal.pone.0232565.9g004

healing assay is generally challenging due to the impact of multiple variables such as the

tool used to make the scratch, the pressure, the velocity of the scratching, and the experience
of the researcher [19, 20, 30]. For these reasons, we designed a polymethyl methacrylate
mold for a 24-well plate. This mold is reusable and can be sterilized using different strategies
such as supercritical carbon dioxide, hydrogen peroxide gas plasma, ethylene oxide, and
even Yy-irradiation [31, 32]. Furthermore, the mold produced more reproducible and
homogeneous scratches in contrast with gaps made using only a pipette tip. This is possible
due to the reduced movement of the pipette tip enabled by the mold, which prevented
inclination and helped to control the velocity and the pressure applied to make the scratch.
Additionally, our plugin allowed us to compare easily the two methods evaluated to make the
wounds.
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Wound healing size plugin evaluation

As shown in Fig 4, the exposure of keratinocytes to the conditioned medium from hAdMSCs
promotes the migration and wound healing in a 2D layer of such cells. These results are consis-
tent with previous studies that have established the potential of mesenchymal stem cells secre-
tome in cell regeneration and migration [7, 10, 27, 33, 34]. This has been attributed to the
components of the medium, which include multiple growth factors such as Transforming
growth factor-beta one (TGF-B1), Epidermal growth factor (EGF), Fibroblast growth factor
(FGF), Hepatocyte growth factor (HGF), Interleukin 6 and 8 (IL-6 and IL8), as well as compo-
nents of the extracellular matrix such as type I collagen and fibronectin [10]. All these biomole-
cules activate signaling cascades that enhance the migratory and proliferative potential of
various cell types [7, 10, 35]. Even though not comparable with our study, similar results for
wound closure were found by Walter et al. after 28 hours (closer to 95%) [10]. This result is
most likely due to the high rate of cellular migration (aprox. 18 um/hour) during the first 12
hours of the experiment. Nonetheless, after this time, we reduced the migration rate to

14.3 um/hour (Fig 4F). These changes in the migration rate of keratinocytes exposed to both
media at 12 hours point to the interplay of additional variables such as the intrinsic growth
rate of the cells (proliferation) and complex effects elicit by serum starvation [28]. We esti-
mated these migration times with the data analysis provided by our plugin. Besides analyzing
specific points in time, the plugin can be useful for time-lapse analysis and even the variability
and heterogeneity of the cellular migration. Importantly, the time for analysis for 60 images
was only 5 to 8 min, which represents less than 10% of the time it takes to do it manually.

Comparison with other image] plugins and the manual analysis

To validate the accuracy of our plugin to locate the scratch in each image, 30 images were ana-
lyzed and compared with the MRI wound healing tool, the ScratchAssayAnalyzer in MiToBo
and with manually drawing the scratch. The area obtained with our plugin led to no significant
differences with respect to the other methods (Fig 5). Fig 5A shows how all evaluated methods
distinguish gaps with regular shape similarly. Moreover, in some regions, the detected edges of
the scratch area overlapped between methods. In contrast, Fig 5B shows that for gaps with an
irregular shape, even though we used the same parameters of the MRI method, our plugin
determined an area that is closer to that of MiToBo. This last tool avoids setting up parameters
manually because it is a user-trainable plugin based on a support vector machine (SVM) algo-
rithm [29]. The difference between MRI method and our plugin can be explained by the image
enhancement used as pre-processing. In this regard, although the MRI method and our plugin
are based on a variance-based method, the preliminary step of contrast enhancement in our
plugin helps to identify the edges of the scratch more precisely. Nonetheless, it is important to
clarify that in our tool it is necessary to adjust, the input parameters to fit accurately the
detected area (S3 Fig). The wrong parameter selection can significantly alter the resulting anal-
yses, for example, a low variance window radius can limit the recognition of the scratch while
a higher value leads to underestimation of the area (S3A Fig). An increase in the threshold
value increases the determined area (S3B Fig). while a higher percentage of saturated pixels
value leads to detecting smaller areas (S3C Fig). Accordingly, it is advisable to test two or three
images with different combinations of the parameters before starting the analysis in order to
localize an appropriate area of analysis such that the scratch can be fitted appropriately. In this
regard, in S5 Fig we performed wound area measurements of images taken under different
conditions (i.e., light, contrast, type of microscope), to find the range in which each of the
parameters should be varied to identify the proper scratch area. Our results indicate that accu-
rate analyses are likely to be found for variance window radii is between 3 to 25, threshold
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values in the range of 50 to 150 and percentages of saturated pixels between 0.001 to 0.4. The
image analysis allowed us to validate that the plugin can be useful in images collected in a wide
variety of instruments in contrast to some macros that only work to identify the scratch from
images collected with a limited number of instruments [25].

With respect to Fig 5C, after enhancing image contrast, our plugin (variance-based
method), estimated an area similar to that obtained with the ScratchAssayAnalyzer in MiToBo
(only -0.51%+2.8 of difference). The small difference found between the area estimated with
the MiToBo plugin and our plugin validates the robustness of our approach. This is because
the MiToBo tool is a highly reliable plugin based on histogram features and support vector
machines (SVMs) [29]. Both the MRI wound healing tool (which is also based on a variance-
based method [19] and the manual method overestimate the area values found with the
MiToBo tool. This is also the case with respect to our plugin where overestimations
approached 6.5%+ 4.4 and 10.33%= 6.9, respectively. These differences are most likely due to
the presence of free cells such as those shown in Fig 5B, which might interfere with the scratch
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area identification. The average runtime per image is another plugin feature we evaluated. In
this regard, our plugin is comparable to the MRI wound healing tool as they both take between
6 to 13 seconds to perform the image analysis. In contrast, since the average execution time of
the ScratchAssayAnalyzer in MiToBo is about 2 minutes our plugin is 94% faster. Further-
more, our plugin is 6 times faster than the manual method.

None of the available plugins for Image] calculates the width of the wound, and therefore
the comparison was only made with respect to the manual method. According to Fig 6, there
is no significant difference between the average width calculated with our plugin or calculated
manually. Nonetheless, there is a significant difference (of about 36%) in the standard devia-
tion between the two methods. This is most likely because, as described by Liang et al. [17], at
least 100 measurements of width are required to have a proper standard deviation estimate.

The measures of the wound’s width is likely to be impacted by its inclination. For this rea-
son, we included a function in the plugin that allows correction with respect to an inclination
angle. An analysis of the same wound but with different inclination showed an average width
difference of only 1.35 + -0.59% with respect to the original measurement, which was perpen-
dicular to the x-plane of the image (S4 Fig). This proves the effectiveness of our plugin to calcu-
late the wound’s width for different imaging conditions.

Conclusion

The wound healing size tool provides an automatic method of processing images obtained
from a scratch/ wound healing assay. This plugin facilitates the quantification of wound char-
acteristics and circumvents their manual acquisition in many images obtained during each
experiment. The wound healing size tool has the following advantages:

« It quantifies the area, wound coverage of total area, average wound width and width stan-
dard deviation.

« Itis easy to use and can be adapted to analyze both individual images and stacks.
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o It saves analysis time.
o It can be used with different operating systems and it is easy to install.

« It corrects the average wound width by considering its inclination.

It allows the analysis of bright field, phase contrast, and fluorescence images.
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