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Abstract—Photodynamic treatment (PDT) and photobiomod-
ulation (PBM) demonstrate potential in targeting cancer cells
and reducing their motility. This research examines the impact
of photodynamic therapy (PDT) using Chlorin e6 (Ce6) as a
photosensitiser, both with and without low-level laser therapy,
on the migration of human prostate cancer cells (PC3), assessed
through in vitro scratch wound healing assays. This integrative
methodology facilitated objective and consistent measurement of
cellular motility, offering insights into the effects of photodynamic
therapy and PBM on prostate cancer cell migration, and illus-
trating their potential synergy as combinatory anti-metastatic
therapies. The results demonstrate that the proposed method
effectively facilitates the monitoring of cell migration dynamics
and the evaluation of treatment efficacy.

Index Terms—Cancer Research, Photodynamic Therapy, Cell
Migration, Image Processing, Prostates Cancer, Scratch Assay

I. INTRODUCTION

Cancer metastasis is the leading cause of cancer-related
deaths worldwide, highlighting the urgent need for effective
therapeutic options targeting the pathways that facilitate tu-
mour cell migration and invasion [1]. Photodynamic therapy
(PDT) is a promising minimally invasive treatment that uses
photosensitizers activated by certain light wavelengths to make
reactive oxygen species (ROS), which then kill cancer cells
[4, 9]. PDT not only induces direct cellular apoptosis but
also modulates various cellular processes, including migration,
invasion, and adhesion [7, 8]. Recent research has examined
the combination of PDT with photobiomodulation (PBM), a
low-level laser treatment known for its impact on cellular
metabolism and signalling, to improve therapeutic efficacy and
diminish migratory consequences [7, 10]. It is important to
look at how medicines affect the movement of cancer cells in
order to improve treatment plans that will lower the risk of
metastasis and improve patient outcomes. Accurate quantifi-
cation of cell migration dynamics is essential for evaluating
the efficacy of antimetastatic treatments. The in vitro scratch
wound healing experiment is an established technique for ex-
amining collective cell migration by creating a uniform wound
area in a confluent cell monolayer and monitoring its closure
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over time [5, 11]. Manual examination of wound healing
images is time-consuming, subjective and prone to variability
between observers, limiting its reliability and efficiency [6.
To overcome these constraints, contemporary digital image
processing methodologies integrated with machine learning
algorithms have been formulated to automate and standardise
the evaluation of cell migration tests [ 1, 3, 12]. Automated
pipelines like these cut down on human error, make it easier
to repeat experiments, and make it easier to screen a lot of
therapeutic interventions at once. To quantify in vitro cell
migration tests, the initial crucial step is the segmentation
of input pictures to distinguish cellular regions from the
wound area (non-cellular parts). After achieving this binary
classification, the cell migration process can be quantitatively
evaluated by determining the rate of scratch wound closure
over time [2, 5].

This study investigated the impact of Chlorin e6-mediated
PDT, both alone and in combination with PBM, on the
migratory behaviour of PC3 cells. Cells were treated with
diode lasers at 655 nm and 808 nm wavelengths at specified
energy levels. A wound scratch assay was carried out, with
imaging using light microscopy. A custom automated image
analysis pipeline, which included grayscale conversion, noise
reduction, segmentation, wound area masking, skeletonization,
and feature extraction, allowed for precise quantification of
cell migration dynamics, highlighting PDT and PBM’s mod-
ulatory influence as potential anti-metastatic combinations.

II. MATERIALS AND METHODS

A. Cell Culture Experiments

PC3 cells were grown in RPMI-1640 medium with 10%
FBS, 1% L-glutamine and 1% penicillin-streptomycin under
normal conditions (37C,5%COs). Cells from passages 5-15
were sown at 110 cells per well in 96-well plates and adhered
for 24 hours before treatment. Diode lasers at 655 and 808
nm (400 mW output) were used to achieve energy densities of
50 J/cm? and 5 J/cm?, respectively.The laser parameters were
chosen in accordance with previously reported ranges for PDT
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and PBM in prostate cancer models, providing reliable pho-
tobiological responses while minimizing the risk of thermal
artifacts [1,15]. Chlorin e6 (Ce6) was used as a photosensitiser
in PDT methods. Five experimental groups were formed:
control (no treatment), laser (655 nm irradiation), PBM (808
nm irradiation), PDT (Ce6 incubation followed by 655 nm
irradiation), and PBM + PDT (808 nm pre-irradiation, Ce6
incubation, then 655 nm irradiation).

The scratch wound experiment was carried out by making
consistent scratches in confluent monolayers with a pipette
tip. Following irradiation, cells were cultured under usual
conditions, and scratch wound closure was examined at prede-
termined intervals using inverted light microscopy. A unique
MATLAB image processing pipeline was used to provide
quantitative analysis of cell migration, which was validated
with manual measurements in Imagel.

B. Image Preprocessing and Feature Extraction

To make the intensity distribution easier to understand and
eliminate color information, all of the microscopic images
were first changed to grayscale. This made the calculations
less complicated. Figure 1. shows the whole pre-processing
and feature extraction method. A Gaussian filter was used to
get rid of high-frequency noise while keeping the structural
boundaries. The Gaussian filtering technique is mathematically
described as a convolution:

Iﬁltered(xay) = (I* Ga)(l‘,y) (1)

where I(x,y) is the intensity of the image at point (x,y) and
G, represents the Gaussian kernel with standard deviation o.

To enhance the visibility of scratch wound boundaries and
improve segmentation accuracy, histogram equalization was
used. This process redistributes pixel intensities by trans-
forming the image histogram into a near-uniform distribution,
defined by:

nj

M-

sp=T(ry) = 2

7=0
where ry, is the input intensity level, n; is the number of pixels
with intensity 7;, and n is the total number of pixels. Adaptive
thresholding, guided by Otsu’s method, was employed for
binarization. Otsu’s method determines an optimal threshold
t* that maximizes inter-class variance:

* = argmax [wo (B () (uo(t) — m(1))?] )

where wg and w; are class probabilities and pg, 1 are class
means. We then used a zero-crossing method to find the edges
of the consolidated cellular areas and the scratch wound.
This method finds boundaries by looking for places where
the intensity of a filtered image varies. The length of the
major axis was calculated for each edge that was found. The
cellular region and the scratch wound were separated by the
two longest edges.

Finally, a distance map was generated by computing the
minimum Euclidean distances between opposing boundaries,

and the average value
scratch wound width.

was used as a quantitative metric for
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Fig. 1: Flowchart of the proposed image preprocessing and
feature extraction algorithm

A local energy map was made to look at the shape of cells
and the properties of the scratch wound area. This method
looks at the local structural complexity in the greyscale image
by looking at how the intensity and edge information changes
in different areas. This gives us an idea of how the texture of
the cells is spread out. The Trace Transform was also utilised
to extract features. This is a more general version of the
Radon transform that combines functions along straight lines
at different angles and offsets. It lets you get invariant shape
features that work even when the shape is rotated, scaled, or
moved. Mathematically, it can be expressed as:

T(6,p) = T[f(@.9)] = / T —

where Ly , is a line parameterized by angle ¢ and distance
p from the origin, and 7 is a trace functional such as mean,
max, Or entropy.

From the segmented scratch wound and cell regions, several
quantitative features were extracted, including area (A), convex
area (CA), eccentricity (Ecc), equal diameter (EqD), equal
Ellipse area (EqElpA), minimum Feret diameter (MinFD),
factor R (Rf), modified ratio (ModR), boundary box area
(BBA) and shape factor 1 (SF1) [14]. The scratch wound area
at each time point was used to calculate closure percentage
as:

Ao — A

Scratch wound Closure (%) = (A
0

) x 100  (5)

where Ay is the initial calculated scratch gap feature and Ay is
the calculated scratch gap feature at time ¢ [22]. Cell migration
distance and width changes are also tracked longitudinally to
assess therapeutic impacts.
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Fig. 2: Extracted quantitative features from segmented scratch gap and cell regions: (a) A, (b) CA, (c) Ecc, (d) EqD, (e)

EqElpA, (f) MinFD, (g) Rf, (h) ModR, (i) BBA, and (j) SFI.

III. RESULTS

The image processing pipeline (Figure 1) encompassed a
sequence of preprocessing operations, contrast enhancement,
Gaussian smoothing, and histogram equalization followed by
segmentation procedures incorporating adaptive thresholding
and zero crossing edge detection, and culminating in quanti-
tative feature extraction. This integrated methodology enabled
precise delineation of scratch gap boundaries under variable
imaging conditions and facilitated the derivation of morpho-
logical and geometric descriptors for subsequent quantitative
analysis[3].

Quantitative features extracted from scratch assays at 0 h
and 24 h were analysed across the five experimental groups
(Control, Laser 50J, PBMSJ, PDT10 uM, and PBM5J+PDT10
uM). As illustrated in Figure 2, the control group exhibited the
most pronounced variations between O h and 24 h, whereas
PDT-treated groups demonstrated minimal changes, indicating
a significant inhibition of cell migration. Size-related features,
including A, CA, EqD, EqElpA, MinFD and BBA [14],
showed the largest reductions in the control group, reflecting
rapid cell migration and scratch wound closure. In contrast,
PDT10 uM and PBMS5J+PDT10 uM groups maintained higher
values at 24 h, consistent with delayed closure. Shape-related
features (Ecc, Rf, ModR, SF1) decreased markedly in the
control group, suggesting isotropic and uniform gap filling,
while PDT-treated groups displayed only minor reductions,
indicating irregular and incomplete migration.

To allow direct comparison of migration dynamics across
treatments and features, percentage changes from O h to 24 h
were calculated using Equation (6). In brief, for each treatment
group and each quantitative feature, the mean value at 24 h
was compared to the mean value at O h, and the relative
change was expressed as a percentage. This approach, based

on the formula originally applied for wound area closure, was
extended here to all extracted features, enabling normalization
of differences in absolute scale between parameters [13].
The resulting values, summarised in Figure 3, show that the
control group exhibited the largest relative changes in most
parameters, while PDT-based treatments produced minimal
changes, indicating substantial inhibition of migration. Laser
50 J/cm? and PBM 5 J/cm? groups displayed intermediate

effects.
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Fig. 3: Percentage change of measured features from Oh
to 24h across the five experimental groups (Control, Laser
50 J/cm?, PBM 5 J, PDT 10 uM, and PBM + PDT). Changes
in size- and shape-related metrics provide a quantitative as-
sessment of cell migration dynamics and treatment effects.
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Visual inspection of segmented scratch areas (Figure 4)
supports the quantitative results. Control cells showed al-
most complete closure at 24 h, while Laser 50J and PBMS5J
groups had partial closure. In contrast, PDT10 pM and
PBM5J+PDT10 puM retained wide gaps, confirming sup-
pressed migration under PDT-based treatments.
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Fig. 4: Segmentation of cancer cell migration in five exper-
imental groups at Oh (top) and 24h (bottom). Blue regions
represent the segmented scratch wound areas.
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Fig. 5: ANOVA test results showing the p-values for different
extracted features. “All” represents the p-values obtained by
considering all concatenated size- and shape-related features,
while the other labels correspond to individual feature sets.
Significant differences (p < 0.05) indicate variation in migra-
tion dynamics among the experimental groups.

Quantitative features from scratch assays at Oh and 24 h
were analysed using one-way ANOVA (« 0.05). As
shown in Figure 5, most features differed significantly between
groups (p < 0.05), with the control group showing the largest
changes, while PDT-treated groups maintained higher values,
confirming significant inhibition of cell migration.

IV. CONCLUSION

This study applied a multi-step image processing pipeline
to quantify migration in PC3 cancer cells under different
treatments. PDT 10 pM, alone or combined with PBM 5 J,
strongly inhibited migration, while Laser 50 J/cm? and PBM
5 J alone had moderate effects. The pipeline provides a
reproducible, quantitative assessment of migration and lays
the groundwork for future Al-based studies, where feature-
based classification and machine learning models can enhance
automated analysis of cell migration.

ACKNOWLEDGMENT

This study was conducted using infrastructure provided
by the Department of Biomedical Engineering, Faculty of
Science, Izmir Katip Celebi University. No ethical approval
was required.

(2]

[3]

(4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

“A Deep Learning Pipeline for the Segmentation of In Vitro Wound
Healing Microscopy Images following Laser Therapy,” *2022 Medical
Technologies Congress (TIPTEKNO)*, Antalya, Turkey, Nov. 2022, doi:
10.1109/TIPTEKNO56568.2022.9960169.

Y. S. Erdem, O. Yal¢in Ozuysal, D. Pesen Okvur, B. Toreyin, et al.,
“An Image Segmentation Method for Wound Healing Assay Images,”
*Natural and Applied Sciences Journal*, vol. 4, no. 1, pp. 30-37, 2021,
doi: 10.38061/idunas.853356.

Z. Zhang et al., “Morphology-based prediction of cancer cell migra-
tion using an artificial neural network and a random decision forest,”
*Integr. Biol. (Camb)*, vol. 10, no. 12, pp. 758-767, Dec. 2018, doi:
10.1039/c8ib00106e.

L. C. de Melo Gomes et al., “Photodynamic therapy reduces cell
viability, migration and triggers necroptosis in prostate tumor cells,”
*Photochem. Photobiol. Sci.*, vol. 22, no. 6, pp. 1341-1356, Jun. 2023,
doi: 10.1007/s43630-023-00382-9.

A. Grada et al., “Research Techniques Made Simple: Analysis of
Collective Cell Migration Using the Wound Healing Assay,” *J. In-
vest. Dermatol.*, vol. 137, no. 2, pp. ell-el6, Feb. 2017, doi:
10.1016/j.jid.2016.11.020.

J. Oldenburg et al., “Methodology for comprehensive cell-level analysis
of wound healing experiments using deep learning in MATLAB,” *BMC
Mol. Cell Biol.*, vol. 22, no. 1, p. 32, Jun. 2021, doi: 10.1186/s12860-
021-00369-3.

D. Mokoena, B. P. George, and H. Abrahamse, “Cannabidiol Com-
bination Enhances Photodynamic Therapy Effects on MCF-7 Breast
Cancer Cells,” *Cells*, vol. 13, no. 2, p. 187, Jan. 2024, doi:
10.3390/cells13020187.

L. Huang et al., “MPPa-PDT suppresses breast tumor migration/invasion
by inhibiting Akt-NF-B-dependent MMP-9 expression via ROS,” *BMC
Cancer*, vol. 19, p. 1159, Nov. 2019, doi: 10.1186/s12885-019-6374-x.
V. Vithanage, C. d. J, M. d. p. De. C, and S. Rajendram, “Photodynamic
Therapy: An Overview and Insights into a Prospective Mainstream
Anticancer Therapy,” *JOTCSA*, vol. 9, no. 3, pp. 821-848, 2022.

H. Umar et al., “Prediction of cell migration potential on human breast
cancer cells treated with Albizia lebbeck ethanolic extract using extreme
machine learning,” *Sci. Rep.*, vol. 13, p. 22242, Dec. 2023, doi:
10.1038/s41598-023-49363-z.

J. E. Jonkman et al., “An introduction to the wound healing assay using
live-cell microscopy,” *Cell Adh. Migr.*, vol. 8, no. 5, pp. 440-451,
2014, doi: 10.4161/cam.36224.

E. Jalilian, M. Linortner, and A. Uhl, “Impact of Image Compression
on In Vitro Cell Migration Analysis,” *Computers*, vol. 12, no. 5, p.
98, May 2023, doi: 10.3390/computers12050098.

M. GlaB et al,, “Cell migration analysis: Segmenting scratch assay
images with level sets and support vector machines,” Zentrum fiir Ange-
wandte Medizinische und Humanbiologische Forschung (ZAMED),
Martin Luther University, Germany.

Petrovi¢ N, Moya-Alcover G, Jaume-I-Capé A, Gonzélez-Hidalgo M.
Sickle-cell disease diagnosis support selecting the most appropriate
machine learning method: Towards a general and interpretable approach
for cell morphology analysis from microscopy images. Comput Biol
Med. 2020 Nov;126:104027. doi: 10.1016/j.compbiomed.2020.104027.
Epub 2020 Oct 10. PMID: 33075715.

Sirek B, Topaloglu N. Red wavelength-induced photobiomodulation
enhances indocyanine green-based anticancer photodynamic therapy.
Med Oncol. 2024 Nov 19;42(1):8. doi: 10.1007/s12032-024-02558-4.
PMID: 39560842.

64



