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Article Info Abstract
Keywords: Ionozing radiation, Low Background: Ionising radiation (IR) remains a cornerstone of breast cancer therapy, yet
dose, EMT, N-cadherin, Beta-catanin,  evidence indicates it can paradoxically promote malignant phenotypes in surviving cells.

Invasion, Metastasis. This study explored the contributions of direct irradiation versus exosome-mediated by-

stander signalling to epithelial-mesenchymal transition (EMT) and invasive potential in
MCF-7 breast cancer cells under low dose of irradiation. Methods: MCF-7 cells were
exposed to 0 Gy, 0.1 Gy, or 2 Gy X-ray irradiation, and invasion was quantified at early
and late timepoints under direct irradiation and exosome-mediated bystander conditions.
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tional Invasion Efficiency Index (invasive cells per % N-cadherin) and Cadherin Switch
Ratio (N-cadherin/f-catenin) were calculated. Results: Direct irradiation produced a non-
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linear response, peaking at 0.1 Gy (~1.74-fold invasion) and plateauing at 2 Gy (~4,800
the Creative Commons Attribution (CC cells/ﬁeld). Exosome-mediated signalling droYe progressive, dose—dependfent escalaltion,
BY) license apply to this open access reaching 11,385 cells/field at 2 Gy (late timepoint)—a 2.38-fold magnification over direct
article. irradiation. The Functional Invasion Efficiency Index declined under direct irradiation
(68.5 — 57.6) but surged with exosomes (70.3 — 129.7). Cadherin Switch Ratio increased
dose-dependently (1.00 — 1.80 at 2 Gy), confirming EMT, though this was uncoupled from
functional invasion under direct exposure. Conclusion: At clinically relevant radiation
doses delayed sustained pro-invasive potentiation is the principal mechanism underlying
bystander signalling and is mediated by exosomes which coordinate the upregulation of
mesenchymal markers and invasion machinery. The results suggest that exosome-targeted
approaches could be used in conjunction with radiotherapy, and also indicate the need for
long-term monitoring after radiotherapy.

thor’s. The terms and conditions of

1. Introduction

Radiation-Induced Epithelial-Mesenchymal Transition in Breast Cancer

Although IR is an essential element in breast cancer treatment, recent evidence suggests that IR can paradoxically stimulate the expression
of malignant phenotypes in cancer cells that survived the treatment, leading to treatment failure and disease progression. The epithe-
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lial-mesenchymal transition (EMT) is a key mechanism by which irradiated cells become more migratory and invasive, and has now been
recognized as a mechanism important for breast cancer radioresistance and metastasis [1]. Radiation Therapy is limited in its clinical
efficacy because of the emergence of a subpopulation of tumour cells that have become radio-resistant, which can lead to tumour relapse
and metastasis formation to other sites, thus emphasizing the importance of understanding the molecular mechanisms of radiation-induced
phenotypic plasticity.

Radiation-induced EMT is characterised by coordination shift in cell adhesion molecule expression. Particularly, MCF-7 breast cancer
cells, radiation has been shown to induce a substantial E-cadherin decrease and Vimentin—N-cadherin increase, with specific role of SLUG
protein, which play an essential role, by sharply downregulating E-cadherin to support the mesenchymal phenotype [2, 3] . This reciprocal
alteration—termed cadherin switching—represents a critical functional transition from epithelial cell-cell adhesion to a mesenchymal
phenotype conducive to invasion and metastasis. Recent work has demonstrated that functional invasiveness and EMT are exacerbated
together with altered glycosylation in MCF-7 cells irradiated with 2 Gy X-ray compared to control cells, with assessments conducted at
30 minutes, 4 hours, and 24 hours post-irradiation [4]. These findings indicate that despite the detrimental effects of 2 Gy X-ray IR on
MCEF-7 cells, a subpopulation of cells may have gained increased invasive potential, attributed to enhanced EMT and altered glycosylation,
with deregulation of transforming growth factor-beta (TGF-f3) following IR identified as a potential mediator lying at the intersection of
these invasion-promoting cell processes. The role of TGF-f signalling in radiation-induced EMT has been further substantiated by studies
demonstrating that TGFf type I receptor signalling mediates histamine—ionising radiation crosstalk in EMT progression and cancer stem-like
cell enrichment in breast cancer cells [4, 5].

1.1. Exosome-Mediated Bystander Effects and Pro-Invasive Signalling

Beyond the direct effects of radiation on exposed cells, non-irradiated cells within the tumour microenvironment can exhibit radiation
responses through intercellular communication, collectively defined as radiation-induced bystander effects (RIBE). The core mechanism
responsible for multidirectional communication of tumour cells and their associated microenvironment has emerged as exosome-mediated
signalling which might result in enhancement of malignant tumour phenotypes [6]. AL-Abedi et al. (2021) conducted a pivotal investigation
into exosome-mediated bystander effects of a 2 Gy X-ray therapeutic dose of ionising radiation on the invasive potential of MCF-7 breast
cancer cells in vitro. Their findings demonstrated that exosomes derived from irradiated MCF-7 cells enhance invasiveness of bystander
MCF-7 cells, possibly through altered miRNA and protein content carried in exosomes. This study provided direct evidence that extracellular
vesicles serve as vehicles for the transfer of pro-invasive signals from irradiated to non-irradiated cells, establishing exosome-mediated
paracrine signalling as a significant contributor to radiation-induced metastatic potentiation.

The molecular cargo of radiation-induced exosomes has been further characterized in subsequent studies. Radiation-induced exosomal
miR-21 has been shown to enhance tumour proliferation and invasiveness in breast cancer, with high-dose irradiation-induced exosomes
found to enhance tumour proliferation and invasiveness via the transfer of exosomal miR-21, contributing to poorer prognosis in breast
cancer patients undergoing radiotherapy. Analysis of the TCGA database revealed that breast cancer patients with high levels of miR-21
have significantly reduced overall survival when treated with radiotherapy compared to those who did not receive radiotherapy, indicating a
high hazard ratio for miR-21 in patients undergoing this treatment [7]. After 10 Gy irradiation, 4T1 cells secreted 2.20 + 0.10 times more
exosomes and exhibited a 1.85 + 0.01-fold increase in exosomal miR-21 levels, and treatment with exosomes from 10 Gy-irradiated cancer
cells led to enhanced tumour cell proliferation, wound healing, and migration. These findings suggest that radiation-induced exosomal
miR-21 may contribute to a poorer prognosis of breast cancer patients undergoing radiotherapy.

Further evidence for the pro-invasive role of radiation-induced exosomes comes from studies examining their effects across multiple
breast cancer cell lines [8]. Investigated the influence of ionising radiation on exosome properties and their ability to modify the sensitivity
and biology of non-irradiated cells using exosomes isolated from MDA-MB-231, MCF7, and SKBR3 cell lines irradiated with 2 Gy or
no irradiation. Despite some differences in their molecular profiles, exosomes did not affect cell viability, proliferation, cell cycle phase
distribution, and radioresistance; however, both populations showed the ability to modify cell migration and invasion potential, as confirmed
by the downregulation of 3-catenin, which is responsible for maintaining the epithelial phenotype. Interestingly, exosomes from irradiated
breast cancer cells were more actively deposited in endothelial cells, and exosomes tended to lower the expression of CD31, responsible for
maintaining intact vascularity, demonstrating the vital role of exosomes and their altered profile due to irradiation in the pathobiology of
breast cancer [8].

1.2. Low-Dose Hypersensitivity and Non-Linear Dose Responses

There is a significantly non-linear dose-response relationship between radiation and pro-invasive phenotypes, and a phenomenon of low-dose
hyper-radiosensitivity (HRS) has been identified. The paradigm of low dose hyper-radiosensitivity and higher radioresistance (IRR) have
been described in the breast cancer T-47D cells, with the cells below about 0.3 Gy apparently moving from G2 to mitosis without any attempt
to repair the damaged DNA [9, 10].

These DNA Damaged, causing a significant loss of survival as a function of irradiation dose. This observation is in agreement with
the idea that cells that have to undergo phenotypic plasticity might have greater sensitivity to low doses of radiation, which might have
important therapeutic implications. The linker of nucleoskeleton and cytoskeleton complex has been shown to be required for X-ray-induced
epithelial-mesenchymal transition, with studies demonstrating that low-dose (0.5 Gy or 2 Gy) X-irradiation induced EMT in human breast
cancer MDA-MB-231 cells, further supporting the notion that low-dose radiation can trigger phenotypic transitions relevant to invasion and
metastasis [4, 11].

The temporal dynamics of radiation-induced EMT have also been investigated with increasing precision. Time-course analyses have
revealed that functional invasiveness and EMT are exacerbated together with altered glycosylation in MCF-7 cells irradiated with 2 Gy
X-ray, with assessments at 30 minutes, 4 hours, and 24 hours post-irradiation capturing the evolution of these phenotypic changes. An
increased rate of vimentin expression, one of the main markers of EMT, has been shown 48 hours after irradiation and at later time points
tested in the study (up to 96 hours), indicating that radiation-induced EMT is a progressive phenomenon with delayed manifestations [4].
Time-course experiments have also shown that DLX2 protein levels were dramatically increased at 24 hours after irradiation in both A549
and MDA-MB-231 cell lines, with Smad2/3-regulated expression of DLX?2 associated with radiation-induced EMT and radioresistance.
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These temporal patterns underscore the importance of considering time-dependent effects when evaluating radiation-induced pro-invasive
changes.

1.3. Cadherin Switching and Functional Invasion Efficiency

The dynamics of cadherin switching under ionising radiation exposure have been systematically evaluated through tracking the reciprocal
expression levels of mesenchymal and epithelial markers. In MCF-7 cells, radiation-induced changes include a substantial E-cadherin
decrease and Vimentin—N-cadherin increase, with the cadherin switch representing a functional transition from epithelial cell—cell adhesion
to a mesenchymal phenotype. The E-cadherin and N-cadherin switch in epithelial-to-mesenchymal transition involves principal signalling
pathways including TGF-f, Wnt/f-catenin, and Notch, and EMT increases cancer invasiveness and metastasis by upregulating mesenchymal
markers including vimentin and N-cadherin, and downregulating epithelial markers such as E-cadherin [12, 13].

The functional relationship between mesenchymal marker expression and actual invasive output—which we term the “Functional
Invasion Efficiency Index”—represents an underexplored dimension of radiation-induced EMT. While studies have documented changes in
EMT markers following radiation, the quantitative relationship between N-cadherin expression and invasive capacity across varying radiation
doses and exposure pathways has not been systematically characterized [12, 14—17]. In spite of that cadherin switch ratio is a functional
indicator of epithelial-mesenchymal plasticity, (N-cadherin positivity/-catenin positivity), the dose-dependent dynamics of this ratio when
the cells are exposed directly versus via exosomes has not been completely understood. In addition to radiation, cadherin switching has been
shown to be linked to therapy resistance in breast cancer; doxorubicin-resistant triple-negative breast cancer cells have increased expression
of cyclin D1, B-catenin, N-cadherin, MMP-2, MMP-9, and ICAM-1 and decreased expression of CDH1 [18]. N-cadherin upregulation
has also been shown to mediate adaptive radioresistance in glioblastoma, with cadherin junctions mediating 3-catenin function and the
N-cadherin C-terminus binding to f-catenin, o-catenin, and p120 catenin, further highlighting the functional significance of cadherin
switching in radiation response [19].

1.4. Radiation-Induced Metastatic Potentiation and Tumour Microenvironment

The impact of radiation on metastatic potential extends beyond direct effects on cancer cells to encompass complex interactions with the
tumour microenvironment. Local radiotherapy for murine breast cancer has been shown to increase risk of metastasis by promoting the
recruitment of monocytic myeloid-derived suppressor cells (M-MDSCs) in the lung, with a series of in vitro experiments demonstrating
how exosomes promote the recruitment of M-MDSCs in the lung of mice [20]. This finding highlights the systemic consequences of local
radiation treatment and the role of exosomes as mediators of pro-metastatic signalling. Exosomes derived from radioresistant breast cancer
cells have been shown to promote therapeutic resistance in naive recipient cells, with extracellular vesicles playing a role in the acquisition
of radiotherapy resistance in triple-negative human breast cancer [8, 21]. Collectively, these observations suggest that radiation-induced
exosomes contribute not only to enhanced invasiveness but also to the establishment of a pro-metastatic niche and acquisition of therapeutic
resistance.

The clinical consequences of radiation-induced pro-invasive effects are considerable. Resent studies have shown that breast cancer
patients with high levels of exosomal miR-21 have significantly reduced overall survival when treated with radiotherapy compared to
those who did not receive radiotherapy, indicating that radiation-induced exosomal cargo may serve as a biomarker for poor prognosis
and a potential therapeutic target [7]. Furthermore, co-treatment with vactosertib, a novel orally bioavailable activin receptor-like kinase 5
inhibitor, has been shown by others to suppress radiotherapy-induced epithelial-to-mesenchymal transition, cancer cell stemness, and lung
metastasis of breast cancer, suggesting that targeting TGF-f signalling may mitigate radiation-induced pro-metastatic effects [2]. However,
the relationship of mesenchymal marker and the associated parameters were not systematically quantified in these studies. Functional and
non-functional invasive output in various radiation doses and pathways (direct vs exosome mediated).

The present study addresses this gap by developing quantitative metrics—the Functional Invasion Efficiency Index and Cadherin Switch
Ratio—to assess radiation-induced epithelial-mesenchymal plasticity in MCF-7 cells, thereby providing a framework that may inform future
therapeutic strategies targeting exosome-mediated pro-metastatic signalling.

2. Materials and methods

2.1. Cell Culture

MCF-7 human breast cancer cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin-streptomycin, and 2 mM L-glutamine at 37°C in a humidified atmosphere of 5% CO. Cells were routinely
subcultured upon reaching 70-80% confluence and used within 20 passages. Cell viability was confirmed to exceed 95% prior to all
experiments using trypan blue exclusion.

2.2. Irradiation Procedure

X-ray source (the MXR321 X-ray machine at 250 kV constant potential, 14 mA) has been used to irradiate cells at room temperature with
dose rate of approximately 0.5 Gy/min . Three dose conditions were employed throughout: 0 Gy (sham-irradiated control), 0.1 Gy (low
dose), and 2 Gy (clinically relevant high dose). Non-irradiated controls were handled identically but shielded from radiation. Dosimetry was
verified prior to each experiment.

2.3. Exosome Isolation and Characterization

Conditioned media of the irradiated (0, 0.1, 0.5, or 2 Gy) and control MCF-7 cells were used to isolate exosomes by differential centrifugation
at 300 x g for 10 min, 2,000 x g for 20 min, 10,000 x g g for 30 min and subsequent ultracentrifugation at 100,000 x g g for 70 min at 4°C,
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followed by washing with PBS and re-centrifugation. The exosome concentration and size distribution were determined by nanoparticle
tracking analysis (NTA) and transmission electron microscopy (TEM). The exosomes (10 pg/mL) were added to the bystander cells
throughout the assay.

2.4. Invasion Assay

Cellular invasion was assessed using Matrigel-coated Transwell inserts (8 um pore size). MCF-7 cells (5 x 10 per insert) were seeded in
serum-free medium in the upper chamber, with 10% FBS-containing medium as chemoattractant in the lower chamber. Two exposure routes
were compared: (i) direct irradiation, where cells were irradiated prior to seeding; and (ii) exosome-mediated bystander exposure, where
non-irradiated cells were treated with exosomes harvested from irradiated or control cells. Invasion was quantified at two timepoints: early
(24 h) and late (48 h post-exposure). Non-invading cells were removed, and invaded cells were fixed, stained with crystal violet, and counted
in five randomly selected optical fields per insert under light microscopy (x 200). Results are expressed as invasive cells per field.

2.5. Immunocytochemistry for EMT Biomarkers

N-cadherin, Vimentin, E-cadherin and 3-catenin expression was assessed by immunocytochemistry. Cells were cultured on chamber slides,
fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with bovine serum albumin. Cells were incubated
overnight at 4°C with primary antibodies against E-cadherin, Vimentin, N-cadherin, or $-catenin, followed by incubation with appropriate
fluorophore-conjugated or HRP-conjugated secondary antibodies. Negative controls were processed identically with omission of primary
antibody. Stained cells were visualized by light or fluorescent microscope, with biomarker positivity being defined as the presence of a
positive test in either, or both, of these microscopes. Quantified using the number of cells that stained positively in five randomly selected
fields per condition, given as percentage of all cells counted.

2.6. Derived Metrics and Data Transformation

Three derived metrics were calculated from the primary invasion and biomarker data:

Fold increase in invasion: invasive cell count at each dose =+ invasive cell count at 0 Gy baseline (set to 1.0), calculated separately for
direct irradiation and exosome exposure. Functional Invasion Efficiency Index: invasive cells per field + percentage of N-cadherin positivity,
calculated for each dose and exposure route. Cadherin Switch Ratio: N-cadherin positivity (%) + -catenin positivity (%), calculated for
each dose. Exosomal Bystander Pro-Invasive Magnification Factor: invasive cells under exosome exposure =+ invasive cells under direct
irradiation at the same dose and timepoint, with an equivalence baseline of 1.0.

2.7. 3D Response Surface Mapping

To create a visual representation of the combinatory effect of radiation dose and exposure timepoint on invasive capacity, a three-dimensional
response surface was built based on the variables: Radiation Dose (x-axis: 0-2 Gy), Timepoint (y-axis: 1.0 = early, 2.0 = late) and Invasive
Cell Count per Field (z-axis). The dosetime matrix for the exosome mediated condition was interpolated to create a surface topology, with
color gradients representing the level of invasion for the cells.

2.8. Statistical Analysis

All experiments were performed in triplicate (n = 3 independent biological replicates), with data presented as mean + standard deviation
(SD). Comparisons between direct irradiation and exosome-mediated conditions across doses (0, 0.1, 2 Gy) and timepoints (early, late)
were performed using two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple comparisons. Dose-response
relationships within each exposure route were assessed by one-way ANOVA with Dunnett’s post hoc test against the 0 Gy control. The
non-linear low-dose hyper-sensitivity profile Figure 4A was evaluated by comparing fold-change values across doses using the Kruskal-Wallis
test where normality assumptions were not met, with Dunn’s post hoc correction. Biomarker positivity comparisons across doses Figures
4B and Figure 5 were analyzed by one-way ANOVA with Tukey’s post hoc test. Magnification ratios Figure 3 were compared against the
equivalence baseline (1.0) using one-sample t-tests. A p-value < 0.05 was considered statistically significant. All analyses were conducted
using GraphPad Prism (version 9.0) or equivalent statistical software.

3. Results

3.1. Time-Dependent Potentiation of Invasive Potential in MCF-7 Cells

The data showed a significant enhance in the invasive capacity of MCF-7 in both dose of irritation and dose dependent manner demonstrates
that both direct radiation exposure and exosome-mediated paracrine signalling. At starting point (0 Gy control), direct irradiation demonstrated
an increase in the invasive cell count of approximately 3,250 cells/field across both early and late timepoints, meanwhile, the exosome-
mediated bystander effect shows an elevation in basal invasion levels (~4,800 to 4,910 cells/field). Moreover, exposure to low-dose radiation
(0.1 Gy), direct irradiation induces a noticeable increase in invasion to around 5,700 cells/field, which remains static between the early and
late timepoints. In contrast, the bystander effect of exosome at 0.1 Gy demonstrates a sharp early invasion response (~6,900 cells/field) that
slightly contracts to 6,482 cells/field at the late timepoint. Furthermore, The most outstanding increase in the number of invasion cells were
occurs at a higher radiation dose (2 Gy): while direct irradiation plateaus at around 4,800 cells/field, the exosome effect exhibits a marked
temporal surge, escalating from ~6,600 cells/field at the early timepoint to a peak of 11,385 cells/field at the late timepoint. These findings
highlight that exosome-mediated bystander factors exert a stronger, time-dependent pro-invasive magnification compared to direct irradiation
alone, particularly at higher radiation doses Figure 1.
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Figure 1: Time-Dependent Potentiation of Invasive Potential in MCF-7 Cells Under Direct Radiation and Exosome-Mediated Paracrine Signalling. Direct
irradiation increases invasion to a modest plateau (~5,700 cells/field at 0.1 Gy and ~4,800 cells/field at 2 Gy), the exosome-mediated bystander effect exhibits
marked pro-invasive magnification, peaking at 11,385 invasive cells/field at the late timepoint under 2 Gy conditions. Values represent invasive cell counts per
optical field

3.2. Functional Invasion Efficiency Index: Invasive Capacity / Mesenchymal Marker

The relationship between cellular invasive yield and N-cadherin expression across direct irradiation and exosome-mediated conditions
at varying radiation doses. In the experimental control conditions (0 Gy), both direct irradiation and exosome exposure display similar
efficiency values, yielding 68.5 and 70.3 invasive cells per percentage of N-cadherin expressed, respectively. At 0.1 Gy, a low radiation
dose, direct irradiation slightly decreases the invasion yield to 66.0. Meanwhile, the exosome-mediated effect increases efficiency to 80.1.
The disparity becomes pronounced at 2 Gy: direct irradiation drops further to an index value of 57.6, while the exosome effect undergoes
a dramatic surge, reaching a peak efficiency index of 129.7. This marked divergence demonstrates that while direct irradiation leads to a
diminishing functional invasion yield per unit of N-cadherin at higher doses, exosome-mediated paracrine signalling significantly magnifies
the functional invasive output relative to mesenchymal marker expression as shown in Figure 2.
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Figure 2: Functional Invasion Efficiency Index Across Radiation Doses and Exposure Pathways. Quantification of cellular invasion yield normalized per
percentage of N-cadherin expression (Invasive Capacity / Mesenchymal Marker) in MCF-7 cells under direct irradiation versus exosome-mediated paracrine
signalling. At baseline (0 Gy) and low dose (0.1 Gy), invasion efficiency remains comparable between conditions, ranging from 57.6 to 80.1 invasive cells per
% N-cadherin expressed. At 2 Gy, direct irradiation results in a reduced functional yield (57.6), whereas exosome-mediated signalling exhibits a pronounced
surge to an index value of 129.7, demonstrating enhanced functional invasive efficacy relative to mesenchymal biomarker levels
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3.3. Exosomal Bystander Pro-Invasive Magnification Factor

The data represents the fold change in cellular invasion caused by exosome exposure relative to direct irradiation (Exosome / Direct) with an
equivalence baseline of 1.0. The paracrine magnification ratio is always greater than 1.0 for all radiation doses and time points, suggesting
that the pro-invasive response is stronger via exosome-mediated pathways than direct exposure. The invasion is increased by 1.48 folds at
the early time point in comparison to the direct control at baseline (0Gy) and 1.51 folds at the late time point in comparison to the direct
control at baseline (0Gy). This relative gain is slightly reduced under low dose radiation, to 1.22x at early stage and 1.14x at late stage, still
exceeding the equivalence limit. The biggest increase is seen at 2 Gy: at the early timepoint, the increase is 1.37 fold, whilst at the late
timepoint there is a significant increase of 2.38 fold. These findings reveal a potent dose- and time-dependent magnification effect, with
exosomes obtained from the higher doses resulting in a delayed, but significant increase in invasion potential as demonstrated in the results
shown above Figure 3.
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Figure 3: Exosomal Bystander Pro-Invasive Magnification Factor Across Radiation Doses and Timepoints. The paracrine magnification ratio (invasive cell)
was quantified. The escape rate of each escape-under-exposure population, relative to escaping under direct irradiation (Exosome/Direct), was calculated
within each population. Three different conditions: 0 Gy (control), 0.1 Gy (low-dose), and 2 Gy (radiation). The dashed red line, the equivalence baseline
(fold change = 1.0) is denoted by. All conditions are greater than baseline. The baseline (0 Gy) group showed 1.48x (early) and 1.51x (late) increases, and
low-dose (0.1) 1.45x (early) and 1.52x (late) increases were observed. The increases for Gy are 1.22x (early) and 1.14x (late). Exosomes are exposed to 2 Gy
irradiation. Exp. of exosomes to 2 Gy radiation. shows significant time-dependence amplification (to 1.37x at a shift towards an increased ratio of 2.38x at the
late timepoint, indicative of improved bystander invasion over time after higher dose irradiation

3.4. Non-Linear Low-Dose Hyper-Sensitivity and Biomarker Dynamics in Irradiated MCF-7 Cells

The data demonstrate the dose-dependent behavioural and biomarker shifts induced by direct radiation and exosome-mediated signalling
across 0 Gy, 0.1 Gy, and 2 Gy treatments as shown in Figure 4.

3.4.1. Panel A: Non-Linear Pro-Invasive Response

The fold increase in invasion compared to an un-irradiated control (0 Gy baseline = 1.0) is analyzed in Panel A. A non-linear, hyper-sensitivity
profile is apparent with direct irradiation and a high fold increase around 0.1 Gy for cellular invasion of ~1.74. When the radiation dose
is raised to 2 Gy, however, there is a paradoxical reduction with direct invasion decreasing to ~1.47-fold above basal. In contrast, the
dose-dependent response is upward with the exosome-mediated response. Exosome treatment is found to have a moderate effect on invasion
at 0.1 Gy (1.32-fold) with a dramatic acceleration at 2 Gy (~2.32-fold). This highlights a mechanistic divergence, where direct radiation
inductions low-dose hyper-sensitivity while exosome-mediated bystander effects scale progressively with higher radiation doses.

3.4.2. Panel B: Low-Dose (0.1 Gy) Hyper-Sensitivity

To follow the corresponding phenotypic transition, the key epithelial-mesenchymal transition (EMT) markers are reported by PeakPanel B.
Epithelial marker E-cadherin is highly expressed (90%) and mesenchymal marker Vimentin is less expressed (47.5%) in the untreated control
(0 Gy). A sharp biomarker inversion is observed after low dose exposure (0.1 Gy), corresponding to the hyper-sensitivity peak: Vimentin
positivity rises to 87.2% and E-cadherin expression is at its lowest level (56.7%). The phenotypic change is partially reversed at 2 Gy, with
Vimentin slightly reduced to 84.2% and E-cadherin slightly increased to 65.8%. The reciprocal expression of E-cadherin suppression and
Vimentin gain when compared with control underscores the ability of low doses of radiation (0.1 Gy) to induce a rapid EMT phenotype
switch in MCF-7 cells.



28 Journal of Biomedicine and Biosensors, 6(4):22-34, October-December: 2026. DOI: https://doi.org/10.58613/jbb645

A: Non-Linear Pro-Invasive Response B: Low-Dose (0.1 Gy) Hyper-Sensitivity Peak

== Direct Irradiation 90
=§= Exosome Effect

2.2
>
V)
o —
; 2.0 S 80
5 z
a 1.8 ‘5
E @ 70
o
g ¥
(]
£ £
g LA g 60
T
12
50 == Vimentin (%)
1.0} -~ E-Cadherin (%)
0 Gy 0.1 Gy 2 Gy 0 Gy 0.1 Gy 2Gy

Figure 4: Non-Linear Low-Dose Hyper-Sensitivity and Biomarker Inversion in Irradiated MCF-7 Cells. (A) at 0.1 Gy, the relative invasion fold increase
compared to baseline (0 Gy = 1.0), displaying a low-dose hyper-sensitivity peak (~1.74-fold), under direct irradiation versus a dose-dependent escalation
under exosome exposure increases by (~2.32-fold at 2 Gy). (B) EMT biomarker dynamics showing a reciprocal inversion at 0.1 Gy, categorised by a sharp
loss of epithelial E-cadherin (90% to 56.7%) and a concomitant surge in mesenchymal Vimentin positivity (47.5% to 87.2%)

3.5. Dose-Dependent Shift in 3-Catenin and N-Cadherin Expression

The dynamics of cadherin switching under ionising radiation exposure were evaluated by tracking the reciprocal expression levels of the
mesenchymal marker N-cadherin and the cell junctional protein Beta-catenin across 0 Gy, 0.1 Gy, and 2 Gy radiation conditions. In baseline
control cells (0 Gy), expression of Beta-catenin (71.5%) and N-cadherin (70.1%) remained in near-equimolar parity, yielding a baseline
Cadherin Switch Ratio (N-cadherin / Beta-catenin) of 1.00. After low-dose exposure (0.1 Gy), cells underwent the initial EMT transition
with a moderate decrease in the expression of Beta-catenin to 63.8%, and the concurrent increase in the expression of N-cadherin. This
expression rose to 81.0%, and the Cadherin Switch Ratio increased to 1.27.

The reciprocal deviation became deeply obvious at a higher radiation dose (2 Gy). Beta-catenin positivity underwent a sharp reduction
down to 48.7%, reflecting a significant loss of epithelial cell-cell adhesion integrity. Concurrently, N-cadherin expression escalated to a peak
of 87.8%, denoting substantial mesenchymal phenotype acquisition.

In the overall Cadherin Switch Ratio experienced, reaching a maximum ratio of 1.80 at 2 Gy, with 80% increase relative to baseline.

These quantitative shifts demonstrate a clear dose-dependent transition from epithelial cell-cell adhesion to a mesenchymal phenotype driven
by loss of junctional Beta-catenin and gain of N-cadherin.
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Figure 5: Reciprocal Cadherin Switching Dynamics and Cadherin Switch Ratio Across Radiation Doses. Adhesion to a mesenchymal phenotype in MCF-7
cells after exposure to 0 Gy quantitative assessment of the transition from epithelial cell-cell. After low-dose (0.1 Gy) and control (0 Gy) exposure, the number
of cells that were found to be in adhesion to the mesenchymal phenotype was higher in the low-dose group than in the control group in MCF-7 cells, and 2 Gy
radiation conditions. Biomarker positivity percentages (orange line with circles; mesenchymal gain and green line with squares; epithelial loss) are plotted on
the left axis
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Right y-axis represents the functional Cadherin Switch Ratio (purple bars; N-cadherin positivity /) beta-catenin positivity lonising
radiation not only caused a dose-dependent decrease in junctional beta-catenin (from 71.5% to 48.7%) but also led to a corresponding
increase in expression of N-cadherin (from 70.1% to 87.8%).

The Cadherin Switch Ratio increases from 1.00 at O Gy to a peak value of 1.80 at 2 Gy, revealing significant epithelialmesenchymal
plasticity induced by radiation.

3.6. Time-Dependent Potentiation of Invasive Potential Under Direct Irradiation vs. Exosomal Bystander Signalling

To evaluate the differential contribution of direct cellular irradiation and exosome-mediated paracrine signalling to tumor aggressiveness,
MCEF-7 cellular invasion was quantified across three radiation regimens (0 Gy control, 0.1 Gy low dose, and 2 Gy high dose) at both early
and late post-exposure timepoints. Under baseline non-irradiated conditions (0 Gy), direct exposure yields a static invasive cell count of
approximately 3,250 cells/field across both early and late observation windows. Treatment with control-derived exosomes induces a baseline
pro-invasive enhancement, elevating invasion counts to 4,800 cells/field at the early timepoint and peaking at 4,910 cells/field at the late
timepoint Exposure to low dose ionising radiation (0.1 Gy) generates different responses along pathways: Direct Irradiation: Evokes a
significant increase of ~75% over the non-irradiated controls, with a level of ~5,700 (early and late). Exosomal Signalling: Continued
to induce an additional increase in invasion, reaching the early time point of ~6,900 cells/field and then stabilizing at 6,482 cells/field at
the late time point. Exposures through the direct route: At a therapeutic clinical dose (2 Gy) it is observed that there is a relative plateau
or contraction compared to the low dose exposure, and that there is no significant change at early or late time points (>~4,800 invasive
cells/field). Exosomal Signalling: Demonstrates a strong temporal escalation. The early timepoint shows ~6,600 cells/field (close to the
level of low-dose exosome timepoint), whereas a dramatic ~1.72-fold increase compared to its early timepoint counterpart is seen at the late
timepoint with up to 11,385 invasive cells/field. These quantitative findings demonstrate that while direct physical irradiation induces a
low-dose saturation in cell invasion, exosome-mediated bystander signalling triggers a potent, dose- and time-dependent magnification of
invasive capacity. This suggests that extracellular vesicle-mediated paracrine factors serve as a primary vehicle for delayed, radiation-induced
metastatic potentiation as shown in Figure 6.
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Figure 6: Time-Dependent Potentiation of Invasive Potential in MCF-7 Cells Under Direct Radiation and Exosome-Mediated Paracrine Signalling.
Measurement of invasive cell number per optical field in MCF-7 cells after direct irradiation (light/dark purple) and after irradiation by harvested exosomes
(light/dark orange-red) at early and late times following 0 Gy, 0.1 Gy and 2 Gy radiation doses. The non-linear saturation response for direct irradiation is
observed with a peak value of ~5,700 cells/field at 0.1 Gy and plateau value of ~4,800 cells/field at 2 Gy. In contrast, bystander signalling by exosomes is a
dramatic magnification of the invasive potential, from 4,910 cells/field at 0 Gy late to 11,385 cells/field at 2 Gy late. Values represent the mean of cell counts
that were invasively counted in a field

3.7. The response surface topology shows a clear non-linear, multi-phasic relationship between dose escalating factors
and time progression

At the baseline and early dynamics (Timepoint 1.0), the invassive cells show a moderate baseline at 0 Gy around 4900-5000 cells/field, and
that were an increase to to intermediate plateau (cell invasion ~6600-6900 cells/field) from low to high radiation doses (0.1 Gy to 2.0 Gy).
The temporal trajectory of cell loss is relatively flat (6,900 to 6,482 cells/field) at low doses (0.1 Gy), suggesting early effects (1.0) do not
lead to a subsequent flow (2.0). At high radiation dosage (2.0 Gy), the response surface shows a steep, synergistic trend towards the late
timepoint (2.0). Maximum peak of the surface is greater than 11,300 cells/field (dark red region). This 3D landscape shows that there is a
shift towards pro-invasion at early time points after low doses of radiation, which evolves into a strong time-dependent compounding effect
after therapeutic radiation doses (2.0 Gy) and reveals a strong pro-invasive surge at later time points.
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Figure 7: The 3D Response Surface Mapping Radiation Dose vs. Timepoint vs. Invasion is a non-linear design.3D
Response Surface Mapping Radiation Dose vs. Timepoint vs. Invasion is a non-linear design. The interactive dynamics
of the three variables (three-dimensional surface topology), relating to Radiation Dose (0 to 2 Gy), Exposure Timepoint
(1.0 = Early, 2.0 = Late), and cellular invasiveness (Invasive Cells / Field) are illustrated. At early timepoints, cell
invasion is on a level plateau (~5,000-6,900 cells/field), before reaching a maximum invasion at the late timepoint
under 2 Gy exposure (>11,300 cells/field). Color transitions represent the relative density of invasive cell counts and
reflect a progressive, dose-dependent increase in invasive potential that occurs with a time delay

4. Discussion

4.1. Time-Dependent Potentiation of Invasive Potential: Direct Irradiation versus Exosomal Bystander Signalling

The data shown in Figure 1 suggest that there is a very fundamental difference between the trajectories of invasion induced by direct
irradiation and the ones that are induced by bystander signalling through exosomes. The direct irradiation produced a small saturating
response with an increase in the number of invading cells reaching a peak at ~5,700 cells per field at 0.1 Gy, followed by a decrease to
~4,800 cells/field at 2 Gy, with no change at early and late timepoints. In contrast, exosomes isolated from irradiated MCF-7 cells produced
a gradual and dose-dependent escalation, reaching 11,385 invasive cells/field at the late timepoint after 2 Gy of radiation—an almost 2.4-fold
increase over the number of direct-irradiated cells under the same conditions Figure 3.

This is similar to the basic concept of Al-Abedi et al. that irradiated exosomes from MCF-7 cells increase the invasiveness of bystander
cells by changing their miRNAs and protein cargo [4]. The results here indicate that the exosomal effect is not just additive, but cumulative:
DNA damage can promote pro-invasive signalling to a maximum, presumably due to the trade-offs between DNA damage, apoptosis and
senescence, while exosome-mediated paracrine signalling acts as a prolonged and delayed amplifier. The early exosomal effect at 2 Gy
(~6,600 cells/field) was similar to the low dose levels, but the late effect at >11,000 cells/field suggested a need for time for the molecular
cargo carried by the exosomes to be able to reprogram the recipient cells to a fully invasive phenotype. This temporal dissociation is
consistent with the known exosome uptake, processing of cargo, and subsequent transcriptional remodelling, and indicates that the therapeutic
window to reverse radiation-induced metastatic potentiation could possibly be quite prolonged.

This observation of an increase in basal invasion from control-derived exosomes (0 Gy) at ~4,800—4,910 cells/field compared to the
basal invasion of direct 0 Gy controls at ~3,250 cells/field should be considered. This basal exosomal effect may be due to the natural content
of the exosomes of the MCF-7 cell, which could contain pro-migratory factors that are not affected by radiation. This radioconstitutive
background is thus added to the radiation-dependent increment, which is a true radiation-specific potentiation and not a nonspecific exosomal
effect.

4.2. Functional Invasion Efficiency Index: Decoupling Mesenchymal Marker Expression from Invasive Output

Measurements that we introduce in this work, the invasion yield per percentage of N-cadherin expression, reveals a critical dissociation
between expression of the biomarker and functional behavior, as illustrated in Figure 2. In direct irradiation, this efficiency index decreased
with doses (68.5, 66.0, 57.6): In direct irradiation, the expression of N-cadherin increased Figure 5 with a reduction in the actual output
of invasion per unit of mesenchymal marker. The pattern observed suggests that the upregulation of N-cadherin by direct radiation might
be a stress response that is not tightly linked to functioning invasion machinery or that radiation-induced damage of cytoskeletal and
matrix-degrading machinery limits the ability of the mesenchymal phenotype to become invasive.

Unlike in the direct irradiation cells, the efficiency index of the exosome-exposed cells gradually increased up to 129.7 at 2 Gy, which is
over 2 times higher than the value obtained with direct irradiation at the same dose. The divergence suggests that exosomal cargo is not
simply involved in the induction of N-cadherin expression, but also in the co-regulation of downstream cellular effectors that are needed to
mediate the adhesion switch into functional invasion. Mediators that have been described as potential targets for exosomal miR-21 include
members of the matrix metalloproteinase (MMP) family, cytoskeletal regulators, and metabolic enzymes, which are all properties that could
promote proliferation, wound healing, and migration in breast cancer models [4, 5]. The Functional Invasion Efficiency Index is therefore a
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conceptually useful way to differentiate functionally important changes to the phenotypes from changes that may be epiphenomenal, and
which can have direct implications for the development of biomarkers.

4.3. Exosomal Bystander Pro-Invasive Magnification: Dose- and Time-Dependent Amplification

As seen in Figure 3, all the paracrine magnification ratios are greater than the direct irradiation, and the effect is not linear, being greater
the lower the amount of direct irradiation. The ~1.5-fold exosomal gain at 0 Gy is most likely due to the presence of exosomal cargo
that is always present. The ratio became smaller at 0.1 Gy, 1.22 (early) and 1.14 (late), indicating that the effect of the direct irradiation
alone is already sufficient at that dose level to close the gap between direct and paracrine effects. The most striking result here is the 2 Gy
late-timepoint ratio of 2.38, indicating that high dose irradiation of cells fundamentally changes exosomal content, resulting in long-term, but
deep, pro-invasive amplification.

This dose-dependence is not unprecedented; exosomes from irradiated breast cancer cells were shown to regulate the migration and
invasion potential of multiple cell lines in a dose-dependent manner, with a reduction in 3-catenin suggested to be responsible for the loss of
epithelial integrity [22]. The present data further quantify the timeliness of the effect and show that there is a qualitative improvement in the
potency of exosomes when the amount of two Gy is exceeded. Clinically, this is the typical fraction size used in traditional radiotherapy,
suggesting that the dose used to achieve local control may result in the simultaneous induction of signals that promote dissemination in
distant organs which would need to be validated in in vivo models but may have implications for fractionation schedules and/or adjuvant
therapies targeting exosomal dissemination.

4.4. Non-Linear Low-Dose Hyper-Sensitivity and the Biomarker Inversion at 0.1 Gy

The dose response for invasion under direct irradiation appears to be non-linear, with the fold increase reaching a maximum of ~1.74-fold at
0.1 Gy, and then decreasing at 2 Gy (fold increase of ~1.47-fold) Figure 4A; the dose response for the exosomes was monotonic, with a fold
increase of ~2.32-fold at 2 Gy Figure 4B.This pattern is consistent with the phenomenon of low-dose hyper-radiosensitivity (HRS), in which
cells below approximately 0.3 Gy proceed from G2 to mitosis without repairing DNA damage, leading to disproportionate biological effects
[8, 23, 24]. The present data suggest that this low-dose window may be particularly permissive for acute phenotypic transitions, a concern
relevant to fractionated radiotherapy in which small daily doses are delivered.

The biomarker dynamics in Figure 4B provide mechanistic insight into this low-dose window: at 0.1 Gy, Vimentin positivity in low
doses (0.1 Gy) shows a significant increase (87.2%) along with a corresponding decrease in E-cadherin to 56.7% which shows maximum
mesenchymal shift among the low doses tested Figure 4B. This EMT response was only partially recovered at 2 Gy (Vimentin 84.2%,
E-cadherin 65.8%), indicating that at larger doses, the acute EMT signal can be counterbalanced by other stresses induced by radiation. This
is confirmed by the reported ability of radiation to cause senescence and apoptosis in a dose-dependent fashion, decreasing the number of
cells that can express a 'mesenchymal’ phenotype. Importantly, the exosomal pathway avoids these direct cytotoxic effects on the recipient
cell, which allow progressive phenotypic reprogramming in the absence of confounding direct DNA damage, as is the case with each of the
other exposure routes [25].

4.5. Reciprocal Cadherin Switching and the Cadherin Switch Ratio

Figure 5 documents a dose-dependent cadherin switch: f-catenin declined from 71.5% (0 Gy) to 63.8% (0.1 Gy) to 48.7% (2 Gy), while
N-cadherin rose from 70.1% to 81.0% to 87.8%, yielding Cadherin Switch Ratios of 1.00, 1.27, and 1.80, respectively. The ratio increased
by 80% at 2 Gy, signifying a significant change from an epithelial to a mesenchymal cell phenotype.

The results are consistent with the well-known paradigm of cadherin switching during EMT, in which the loss of E-cadherin and the
acquisition of N-cadherin are a hallmark of EMT (5). This mechanotransmission between N-cadherin and radioresistance has been shown in
glioblastoma, as upregulation of N-cadherin triggers adaptive radioresistance through interaction with cadherin junctions and -catenin
[26, 27]. In breast cancer, the E-cadherin/N-cadherin switch is controlled by principal signalling pathways such as TGF-f, Wnt/3-catenin
and Notch which is also the case with the data presented here, as TGF- is reported to be activated after irradiation [5].

An important caveat with the functional invasion efficiency data Figure 2 is that the cadherin switch ratio alone cannot be used to predict
the invasiveness. The switch ratio was the highest (1.80) at 2 Gy direct irradiation, while the invasion efficiency was the lowest (57.6%). This
dissociation highlights the fact that cadherin switching is essential but not enough for functional invasion; other cofactors, such as the activity
of MMPs, cytoskeletal remodeling and metabolic adaptation should be involved in making adhesion molecule switching into functional
invasion output. The efficiency index of 129.7 for exposure to 2 Gy using exosome (with a similar cadherin switch ratio) implies that the
exosomal pathway could serve as a source of such cofactors.

4.6. 3D Response Surface Mapping and Clinical Implications

The 3D topology figure shows the combinatorial effect of irradiation dose and time on invasion, which shows a steep synergistic slope at
high dose (2 Gy) and late (long) timepoint with invasion >11,300 cells/field.This topology captures the central finding of the study: direct
radiation produces a low-dose hyper-sensitive peak that subsequently plateaus, while exosome-mediated signalling produces a delayed,
dose-dependent surge that exceeds direct effects by a wide margin at clinically relevant doses and extended timepoints Figure 7.

The clinical implications are twofold. Firstly, the delayed exosomal stream suggests that post-radiotherapy observation for metastatic
potential should extend beyond the immediate treatment period, as the pro-invasive programming of bystander cells may appeared following
exposure by days to weeks. Secondly, the exosomal signalling were identify as the dominant driver of sustained pro-invasive potentiation
at 2 Gy provides a rationale for targeting exosome biogenesis or uptake as an adjunct to radiotherapy. These suggestion was supported
by preclinical evidence includes the observation that co-treatment with vactosertib, a TGF-f receptor inhibitor, suppresses radiotherapy-
induced EMT, stemness, and lung metastasis [2], in addition, the exosomal miR-21 from irradiated cells contributes to poorer prognosis in
radiotherapy-treated patients [28]. The present data support the concept that the exosomal compartment represents a tractable therapeutic
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target for mitigating the unintended pro-metastatic consequences of breast cancer radiotherapy, particularly at the 2 Gy fraction sizes in
standard clinical use.

Limitations and Future Directions

This data comes from one cell line (MCF-7), which is estrogen receptor (ER) positive and lumenal in subtype; others like triple-negative
(MDA-MB-231) could have a different baseline EMT plasticity and exosomal cargo. The Matrigel invasion assay is not a comprehensive
metastasis model due to the presence of multiple factors not representative of in vivo metastasis such as immune interactions, endothelial
barriers and organ-specific colonization. It will also be important to determine if pharmacologic inhibition of exosome release or specific
cargo components can block the late-timepoint invasive surge, without affecting the tumoricidal activity of radiotherapy.

5. Conclusion

In conclusion, ionising radiation induces MCF-7 breast cancer cell invasion via two mechanisms that have opposing dynamics. Exosome-
mediated bystander signalling resulted in a progressive, dose-dependent increase, peaking at 11,385 cells/field at 2 Gy (late time point) or by
2.38-fold compared to direct irradiation, whereas the direct irradiation response was non-linear with peak invasion at 0.1 Gy (~1.74-fold)
which plateaued at 2 Gy. The Functional Invasion Efficiency Index showed that a direct exposure to radiation induces cadherin switching
(1.80 at 2 Gy) but without functional invasion; however, the transformation induced by exosomal exposure is a coordinated up-regulation of
N-cadherin and downstream invasion machinery (129.7 at 2 Gy). The results here highlight that the pro-metastatic potentiation occurs in a
delayed manner and persists for a long time after exposure at clinically relevant dose levels, suggesting that targeting exosomes could be
used as an adjunct to radiotherapy, and that even low doses could acutely promote EMT.
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