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ABSTRACT This article introduces two novel datasets for cell motility and wound healing research:
the wound healing assay dataset (WHAD) and the cell adhesion and motility assay dataset (CAMAD).
WHAD comprises time-lapse phase-contrast images of wound healing assays using genetically modified
MCF10A and MCF7 cells, while CAMAD includes MDA-MB-231 and RAW 264.7 cells cultured on
various substrates. These datasets offer diverse experimental conditions, comprehensive annotations, and
high-quality imaging data, addressing gaps in existing resources. The collection methods, experimental
designs, and annotation processes are detailed, emphasizing the reliability and utility of our datasets.
WHAD and CAMAD enable researchers to develop robust algorithms for cell tracking, segmentation, and
behavior analysis in phase-contrast microscopy images. The applications of these datasets span cancer
research, image processing technique development, and automated analysis of wound healing and cell
motility assays. By providing these resources, we aim to accelerate progress in biomedical image analysis
and cell biology research.
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BACKGROUND
Cell motility and wound healing are fundamental biological
processes crucial for embryonic development, tissue home-
ostasis, and disease progression [17]. Understanding these
processes is essential for advancing our knowledge in related
fields such as developmental biology, regenerative medicine,

and cancer research. The ability to accurately observe,
quantify, and analyze cell behavior in various contexts has
become increasingly important in biomedical research.

Phase-contrast microscopy (PCM) has emerged as a pow-
erful tool for studying cell dynamics, allowing researchers
to observe living cells without the need for staining or
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TABLE I. Summary Cell Lines and Genetic Modifications for WHAD

Cell Line Condition Modification Culture Medium Assay Medium

MCF10A

CC Control (No modification)
DMEM-F12 + 5% Horse Serum + 20 ng/mL EGF +
0.5µg/mL Hydrocortisone + 100 ng/mL Cholera Toxin +
10µg/mL Insulin + 1% Penicillin/Streptomycin

DMEM-F12 + 1% Penicillin/Streptomycin
NC NICD overexpression
C61 CYR61 shRNA expression
N61 NICD + CYR61 shRNA

MCF7
Control LacZ overexpression DMEM + 10% fetal bovine serum +

1% penicillin/streptomycin
DMEM + 1% FBS + 1% Penicillin/Streptomycin

SEMA6D SEMA6D overexpression

fluorescent labeling. However, the analysis of PCM data
presents unique challenges, including variability in image
quality, cell segmentation difficulties, and the need for robust
tracking algorithms [18].

To address these challenges and accelerate progress in
the field, there is a growing need for comprehensive, well-
annotated datasets that capture diverse cellular behaviors
under various experimental conditions. Such datasets are
essential for developing and validating advanced image anal-
ysis algorithms, machine learning models, and automated
cell tracking systems.

Overview of Datasets
This article introduces two novel datasets designed to ad-
vance research in cell motility and wound healing: the wound
healing assay dataset (WHAD) and the cell adhesion and
motility assay dataset (CAMAD). These datasets aim to
provide researchers with high-quality, diverse, and well-
annotated data for developing and validating algorithms in
cell biology and biomedical image analysis.

WHAD
WHAD consists of time-lapse PCM images capturing the
process of wound healing in cell monolayers. The dataset
features MCF10A (normal breast epithelial) and MCF7
(breast cancer) cell lines with various genetic modifications
as explained in Table I. Images are captured at regular
intervals over the course of wound closure, with manual
annotations providing precise delineation of wound areas and
detached cell boundaries.

CAMAD
CAMAD focuses on individual cell behavior in different
microenvironments, providing time-lapse videos of MDA-
MB-231 (breast cancer) and RAW 264.7 (macrophage) cells
on various substrates. The dataset includes 16 distinct ex-
perimental setups, each consisting of 600 frames captured
over 5 h. Detailed manual annotations include cell boundary
delineation and measurements of cell area, circularity, and
aspect ratio.

Both datasets are designed to complement existing re-
sources in the field by offering experimental diversity,
high-quality imaging, comprehensive annotations, and broad
applicability. They support a wide range of applications,
from basic research in cell biology to the development

of advanced image processing techniques and automated
analysis systems for wound healing and cell motility assays.

By providing these datasets, we aim to facilitate the
development of more robust and generalizable algorithms for
cell tracking, segmentation, and behavior analysis, ultimately
advancing our understanding of cellular behavior in health
and disease.

Related Datasets
Several datasets focusing on cell motility and tracking are
available in the scientific community [25]. However, our
dataset addresses some unique aspects and fills certain gaps
left by the existing data. Here, we review some of the
most relevant datasets and highlight how our contribution
complements the field.

Cell Tracking Datasets
The cell tracking challenge [19] provides two relevant
datasets: Glioblastoma-astrocytoma U373 cells on a poly-
acrylamide substrate and pancreatic stem cells on a
polystyrene substrate. Both datasets use PCM and are openly
accessible. The glioblastoma dataset consists of 230 frames
captured every 15 min, while the pancreatic stem cell dataset
comprises 600 frames with a 10-min interval. These datasets
offer valuable resources for algorithm development in cell
tracking. However, they are limited to single experiments,
specific cell types, and substrates.

Another significant contribution is [8]. This extensive
dataset includes 48 experiments with a total of 49 919
frames, providing a rich resource for cell-tracking algorithm
development and validation.

Mitosis Detection Datasets
Liu et al. [3] presented 7180 frames from five experiments,
Huh et al. [2] used 1013 frames from a single experiment,
and Su et al. [15] compiled 16 208 frames from 16 experi-
ments, all with a 5-min interval.

These datasets provide valuable resources for developing
and bench-marking mitosis detection algorithms. However,
they are often limited in their scope, focusing on specific
cell types or experimental conditions.

Wound Healing Assay Datasets
In the context of wound healing assays, Zaritsky et al. [6]
introduced a dataset with raw live time-lapse in vitro data,
investigating the impact of growth factors on wound heal-
ing. This dataset encompasses two cell lines under various
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conditions, with six unique experimental setups repeated
four to six times. It consists of 1024× 1024 pixel grayscale
images and corresponding binary mask files.

Kauanova et al. [13] showcased a pipeline for analyzing
cell motility metrics using their wound healing assay dataset,
acquired through transmitted light microscopy. The open
wound regions are manually annotated, and they plan to
release the raw data.

Bobadilla et al. [9] developed a novel wound front migra-
tion quantification metric using a publicly available dataset
of 24 wound healing assays, each containing 48 frames of
1000× 1000 pixel grayscale images.

Suarez-Arnedo et al. [12] created a dataset of 30 manually
annotated images from a 28-h wound healing assay using
phase-contrast microscopy to validate their analysis tool.

Our Dataset Contribution
WHAD and CAMAD complement these existing resources
in several ways.

1) Experimental Diversity: We provide datasets that en-
compass 11 experiments with a total of 5490 frames
for WHAD and 16 experiments with a total of
9600 frames for CAMAD, under various experimental
conditions.

2) Temporal Resolution: Our datasets have consistent
time intervals between frames adjusted during data
acquisition. This feature allows for the study of cell be-
havior under selected temporal resolutions during data
processing. This is particularly useful for developing
adaptive algorithms that can handle diverse time-lapse
conditions.

3) Open Access: Like some of the mentioned datasets,
ours is freely available to the research community
[22], [23], promoting reproducibility and collaborative
advancement in the field.

4) Comprehensive Ground Truth: We provide detailed
annotations for cell segmentation, which is often a
crucial preprocessing step for both cell tracking and
mitosis detection.

5) Broader Applicability: While many existing datasets
focus on specific cell types or experimental conditions,
our dataset aims to capture a wider range of cellular
behaviors, making it more generally applicable for
algorithm development and testing.

By providing this dataset, we aim to fill the gap between
highly specific, single-condition datasets and the need for
more diverse, multiexperiment data in the field of cell motil-
ity analysis. Our dataset can serve as a valuable resource
for researchers developing robust, adaptable algorithms for
cell segmentation, tracking, and behavior analysis in phase-
contrast microscopy images.

Applications and Impact of WHAD & CAMAD
Our newly introduced datasets have been instrumental in
advancing various areas of biomedical research. Here, we

highlight some significant studies that demonstrate the broad
impact and applications of these datasets in the fields of cell
motility and wound healing.

Cell–Cell Interactions and Cancer Research
Onal et al. [14] utilized our dataset to investigate the interac-
tion between breast cancer cells (BCCs) and macrophages.
Their study, employing cell-on-a-chip devices, revealed that
macrophages exhibit chemotaxis toward BCC due to the
secretion of colony-stimulating factor-1 (CSF-1) by BCC.
Conversely, BCC requires direct contact with macrophages
for interaction with macrophage-derived epidermal growth
factor (EGF). This work elucidates the paracrine-juxtacrine
loop between BCC and macrophages, highlighting the role
of EGF and CSF-1 in cancer cell motility and adhesion.

Part of MCF10A WHAD was utilized to investigate
whether CYR61 gene functions downstream of oncogenic
Notch1 signaling. The data demonstrated that CYR61 is a
mediator of Notch1-induced pro-metastatic migration phe-
notype in normal breast epithelial cells [10]. The MCF7
WHAD was utilized to investigate the role of the SEMA6D
gene in noninvasive BCC lines. WHAD analysis showed that
SEMA6D overexpression induced the migration of MCF7
cells while shifting the migratory behavior toward a more
detached phenotype [16].

Image Processing and Analysis Techniques
Advancements in image processing have been crucial for
maximizing the utility of cell motility and wound healing
datasets. Ucar et al. [24] introduced a preprocessing pipeline
to detect and correct distortions in phase-contrast microscopy
time-lapse images. In addition to our dataset, this study
included 15 395 frames from 27 experiments and 830 frames
from the cell tracking challenge. The proposed pipeline
effectively addresses blank frames and intensity variations,
significantly enhancing the accuracy of subsequent image
analysis processes. In another innovative approach, Erdem
et al. [20] proposed a data synthesis method using neural
style transfer to generate realistic wound healing assay
images. This method supports the training of deep learning
models by providing synthetic data that closely resemble
real PCM images, which is particularly beneficial when
labeled data are scarce. The effectiveness of this approach
was validated using images from the WHAD.

Automated Analysis of Wound Healing and Cell Motility
The complexity and time demands of manual analysis have
driven the development of automated techniques for analyz-
ing PCM images. Erdem et al. [18] discussed a comprehen-
sive workflow for the automated analysis of wound healing
and cell motility assays. Their work, using time-lapse images
of MDA-MB-231 BCCs and MCF10A normal epithelial
cells, covered image acquisition, preprocessing, segmenta-
tion, tracking, and quantification. This automated process is
essential for managing large-scale analyses efficiently. Build-
ing on this, Mayali et al. [11] presented an automated method
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FIG. 1. Wound healing assay process.

specifically for analyzing wound healing microscopy image
series. Our dataset enabled the development and comparison
of traditional image processing and deep learning-based
approaches for automated segmentation of the wound area.
These methods facilitate the rapid acquisition of reliable
and reproducible results, which is crucial for wound healing
research.

The studies highlighted here collectively demonstrate the
significant impact of WHAD and CAMAD in advancing
biomedical image analysis.

COLLECTION METHODS AND DESIGN
WHAD
Cell Lines and Culture Conditions
MCF10A (CRL-10317) and MCF7 (HTB-22) cell lines
were obtained from the American Type Culture Col-
lection (ATCC). These cells were genetically modified
through lentiviral infection, as described in previous stud-
ies [10], [16]. The culture conditions and genetic modifi-
cations are summarized in Table I. Further details about
experiments are recorded in the supplementary material
whad_experiments_summary.xlsx.

Wound Healing Assay Protocols
The main steps of the wound healing assay are illustrated
in Fig. 1. Briefly, cells were seeded on 12-well plates at
the density of 1 × 106 cells/well and 7.5 × 105 cells/well,
for MCF10A and MCF7 cells, respectively. A 2-h treatment
with 10 µg/mL mitomycin C was applied to block prolifer-
ation. The phase-contrast images of defined positions were
recorded every hour for 48 or 72 h with Leica DMI8 confocal
microscope supplemented with 5% CO2 at 37 ◦C.

CAMAD
Cell Lines and Culture Conditions
CAMAD includes two cell lines: MDA-MB-231 and RAW
264.7. Table II summarizes the culture conditions for each
cell line. Further details are reported in the supplemen-
tary material, camad_experiments_summary.xlsx.
Twenty-four thousand cells of either MDA-MB-231 or
RAW 264.7 were seeded in serum-free Leibowitz’s L15
medium supplemented with 0.35% BSA (L15-BSA) on each
substrate.

Substrate Preparation
All substrates were based on 15× 15 mm glass surfaces
with polydimethylsiloxane (PDMS) frames to contain cells
in culture medium. Various coatings were applied to these
substrates as follows.

1) Matrigel Coating: 112.5 µL of 100 µg/mL ma-
trigel per substrate, incubated at room temperature for
60–90 min.

2) Collagen Coating:
a) Glass treated with 1N HCl, rinsed, and coated with

0.1 mg/mL polylysine (PLL).
b) 112.5 µL of 47.5 µg/mL collagen I per substrate,

incubated for 60 min.
3) Cell-Derived Matrix Coating:

a) Disperse macrophage matrix: 6000 RAW 264.7
cells cultured for seven days.

b) Confluent macrophage matrix: 48 000 RAW 264.7
cells cultured for seven days.

c) Confluent breast cancer matrix: 118 000 MDA-
MB-231 cells cultured for seven days.

d) Decellularization: 2M urea treatment for 80–85
min in total.

Fig. 2 illustrates the substrate preparation process. Further
details can be found in Section A of the Appendix (available
online). This diverse range of substrates allows for the study
of cell motility under various extracellular matrix conditions,
providing a rich dataset for analyzing cell behavior in
different microenvironments.

VALIDATION AND QUALITY
To ensure quality, the data provided here were selected based
on the criteria that they can be manually annotated. Manual
annotation required a visually satisfactory high signal-to-
noise ratio. Spatial resolution was satisfied by using 10× and
40× objectives to give pixel size of 0.454× 0.454 µm and
of 0.117× 0.117 µm for WHAD and CAMAD, respectively.
Any artifacts were screened out by the two-tier annotation
approach.

Furthermore, our datasets provide higher image resolution
than other publicly available datasets in these domains to
our knowledge. WHAD and CAMAD have pixel resolu-
tions of 1920× 1440 and 2568× 1912, respectively. Other
datasets published by [3], [5], [6], and [9] have 1392× 1040,
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TABLE II. Cell Lines and Culture Conditions for CAMAD

Cell Line Culture Conditions Collection Method Culture Medium
MDA-MB-231 37 ◦C, 5% CO2

Trypsinization DMEM + 10% FBS + 1X penicillin-streptomycin + 1X L-glutamine
RAW 264.7 Mechanical collection RPMI + 5% FBS + 1X penicillin-streptomycin + 1X L-glutamine

FIG. 2. Substrate preparation process for CAMAD.

1024× 1024, 1300× 1030, and 1000× 1000 pixel resolu-
tions, respectively.

WHAD Annotation
The wound healing assay images were manually anno-
tated using two publicly available tools: ImageJ [4] and
Supervisely (https://supervise.ly/). The annotation process
involved the following steps.

Open Wound Region Delineation: Each open wound region
was annotated as a polygon as demonstrated in Fig. 3.

Expert Supervision: All annotations were performed by
two expert annotators who were supervised by field experts
for two years while conducting the annotation process and
further approved by an expert biologist with over 15 years
of experience. Special attention was given to potential con-
fusion between debris and living cells.

Temporal Analysis: The number of annotated frames per
experiment varied depending on the healing speed of the
wounds.

FIG. 3. Examples of WHAD annotation showing wound region delineation.
Cell regions are highlighted in blue, and empty wound regions are high-
lighted in red.

To maintain consistency in the annotations, the following
rules, as illustrated in Fig. 4, were established:

Detached Cell Groups: Isolated cell groups not connected
to the main cell mass were annotated and labeled as detached
cells as shown in Fig. 4(a).

Incomplete Cells: Cells not fully within the frame as
shown in Fig. 4(b) were excluded from annotation to avoid
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FIG. 4. Illustration of annotation rules for WHAD. Cell regions are
highlighted in blue, and empty wound regions are highlighted in red.
(a) Detached cell groups. (b) Incomplete cells. (c) Empty regions.

FIG. 5. Example of cell annotation in CAMAD. (a) Original image. (b) Binary
mask image. (c) Cells delineated.

introducing bias into the analysis. These cells were also not
included in the annotated empty wound region.

Empty Regions: Separate empty regions near the main
wound area were annotated as empty wound regions as
demonstrated in Fig. 4(c). However, isolated empty regions
distant from the main wound were not annotated.

CAMAD Annotation
Manual annotation of cells was carried out using Fiji/ImageJ
[4]. Only cells that were not in contact with other cells were
included in the analysis. The images were preprocessed twice
using the contrast limited adaptive histogram equalization
(CLAHE) tool to enhance local contrast.

Cell boundaries were then delineated using the free-hand
tool and recorded with the ROI manager. Subsequently, cell
area, circularity, and aspect ratio were quantified using the
analyze particles tool. Fig. 5 demonstrates the outputs of
each process. To ensure accuracy, all manual annotations
were performed by at least two independent experts. Anno-
tations were then compared and, if necessary, discrepancies
were resolved through reannotation.

RECORDS AND STORAGE
WHAD Records
The WHAD comprises 2-D grayscale PCM time-series im-
ages captured during wound healing assays under diverse
conditions, along with corresponding manual annotations.
The dataset is organized into two primary directories.

1) images: It contains the raw assay images in TIFF
format.

2) masks: It contains the corresponding binary mask
images in PNG format, where white pixels delineate
cell regions and black pixels represent empty space.

File Naming Conventions
1) Assay Images: assay\_name\_frame\_xxx.

tif where: assay\_name reflects the specific
assay conditions (e.g., cell line, treatment, and time
point) and frame\_xxx indicates the frame number
in the time series.

2) Mask Images:
a) Main cell group masks: assay\_name\_frame

\_xxx\_mask.png. These masks cover the two
primary cell groups involved in wound closure.

b) Detached cell masks: assay\_name\_frame
\_xxx\_mask\_Cyy.png. These masks indi-
vidually delineate detached cell regions within the
same frame, with Cyy being a unique identifier
for each detached cell region (e.g., C01 and C02)
which is consistent throughout the time series.

It is important to note that each assay image may have
multiple corresponding mask images if detached cells are
present. To create a single mask for all cells in a frame, the
individual mask images can be combined using a logical OR
operation. Furthermore, assays are grouped into subfolders
within the main “MCF7” and “MCF10A” directories based
on cell line and experimental conditions, enhancing organi-
zation and searchability.

CAMAD Records
The CAMAD dataset comprises time-lapse videos, corre-
sponding annotated image frames, and the associated ed-
itable region of interest (ROI) files.

Video Records
The videos directory houses time-lapse videos in
AVI format, capturing 16 experiments. Each video is
reconstructed at 20 frames per second (FPS) and consists of
600 frames, spanning 5 h of real-time observation. Video
filenames adhere to the convention exp[experiment
number]\_[additional details].avi, e.g., exp
1\_glassmatrigel231liveimaging5aug.20fps.
avi.

Image and Mask Records
The images directory stores the annotated frames extracted
from the videos. Within the subdirectory of each experiment
(e.g., exp1), two further subdirectories exist.

1) images: It contains the annotated image frames
in TIFF format (exp[experiment number]\_
[frame number].tif).

2) masks: It contains binary masks corresponding to
the annotated regions in PNG format (exp[experi-
ment number]\_[frame number].png).

ROI Records
The rois directory contains zipped archives (exp
[experiment number]\_roi.zip) of the editable
ImageJ ROI files for each annotated frame.
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Annotation Details
Annotations commence at the beginning of each video and
are made at 10-min intervals for the initial 50 min. If needed,
the interval can be varied as in experiment 2. The resultant
order of annotated frames per experiment may differ due
to the selected annotation intervals. The annotated frames
for each video can be found in the supplementary material,
camad_experiments_summary.xlsx.

Storage Details and Access Information
Both datasets are freely available to use for research purposes
and are stored in [22] and [23].

INSIGHTS AND NOTES
Advanced Research Opportunities
The WHAD and CAMAD datasets are crucial for advancing
cell motility and wound healing research. They enable the
development and validation of image processing algorithms
for cell segmentation and tracking in phase-contrast mi-
croscopy. Researchers can use these datasets to analyze the
effects of genetic modifications on wound healing dynamics,
particularly in breast cancer [10], [16], and investigate the
impact of different extracellular matrix compositions on cell
adhesion and motility [14].

Detached Cell Analysis in WHAD
The WHAD dataset offers unique insights into detached
cell behavior during wound healing assays. Epithelial cells
usually migrate collectively due to cell-cell adhesion, but
migration patterns can change with cell type and extracel-
lular environment [1]. For example, epithelial-mesenchymal
transition (EMT) alters both cell morphology and migration
behavior [7].

In wound healing assays, most epithelial cells migrate
collectively, making it easy to analyze cell migration by cal-
culating changes in the open area. However, cells undergoing
EMT may detach and migrate individually. The detailed an-
notations of the WHAD dataset facilitate the analysis of this
behavior, revealing important information about migration
dynamics and EMT. This is particularly valuable in cancer
metastasis studies, where changes in migration patterns are
associated with disease phenotype. In addition, analysis of
changes in the migration behavior could be utilized in
developmental biology research where the transition between
epithelial and mesenchymal phenotypes is frequently ob-
served [7]. Thus, including detached cell masks in WHAD
enables comprehensive analyses, potentially leading to new
insights in cancer and developmental biology research.

Applications in Drug Testing and Cancer Research
These datasets are valuable for drug testing and cancer
research, serving as baseline controls for high-throughput
screening of compounds affecting cell motility or wound
healing. In cancer research, they help develop predictive
models for cancer cell invasiveness based on motility

patterns [14], [17]. Similar to other datasets [2], [3], [5],
[6], [8], [9], [12], [15], [19], they also provide a foundation
for automated systems to assess cellular health and behavior,
aiding diagnostics, early stage toxicology screening and
personalized medicine approaches [18].

Limitations and Future Directions
While WHAD and CAMAD offer extensive data, they could
be further expanded with future work using a wider variety
of cell types and experimental conditions. The latter can be
achieved by the high applicability of the sample prepara-
tion and data collection methods described in this work.
Integrating other imaging modalities, such as fluorescence
microscopy, could provide complementary molecular-level
insights. Long-term studies beyond the current time frames
could offer valuable information on cell behavior over ex-
tended periods.

Overall, WHAD and CAMAD significantly contribute to
cell biology and biomedical imaging research. Their appli-
cations extend beyond their original scope, offering oppor-
tunities for groundbreaking cellular and molecular research
in developmental biology and cancer. Developing standard-
ized benchmarks and challenges based on these datasets
could drive innovation in biomedical image analysis to
advance our understanding of cellular behavior in health and
disease.

SOURCE CODE AND SCRIPTS
The source code and scripts for visualization and video
processing are freely available at [21].
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Polat and S. Öztürk, Eds., Cambridge, MA, USA: Academic
Press, 2023, ch. 7, pp. 137–154. [Online]. Available: https://
www.sciencedirect.com/science/article/pii/B9780323961295000135
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