
WestminsterResearch
http://www.westminster.ac.uk/westminsterresearch

The role of Biophotons in cellular senescence.

Kalampouka, Ifigeneia, Kalampouka, Ifigeneia and Kalampouka, 

Ifigeneia

This is a PhD thesis awarded by the University of Westminster. 

© Miss Ifigeneia Kalampouka, 2025.

https://doi.org/10.34737/wy80y

The WestminsterResearch online digital archive at the University of Westminster aims to 

make the research output of the University available to a wider audience. Copyright and 

Moral Rights remain with the authors and/or copyright owners.

https://doi.org/10.34737/wy80y


   

 

  
 

THE ROLE OF BIOPHOTONS IN 

CELLULAR SENESCENCE 

 

IFIGENEIA KALAMPOUKA 

 

 

PhD Thesis 

Awarded by the University of Westminster 

 

A thesis submitted in partial fulfilment of the requirements of the University of 

Westminster for the degree of Doctor of Philosophy 

 

 

July 2024 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

I 
 

Acknowledgements 

 

Among everyone who supported me through my PhD, I want to thank first my greatest 

source of encouragement, my beloved Nikos. 

 

I am deeply grateful to my dedicated supervisors: 

Prof Jimmy Bell, who initially recruited me to our research group, opened doors, introduced 

me to the field of Quantum Biology, and has been my academic mentor for over five years. 

Prof Louise Thomas, who has always bolstered my confidence and applied her extensive 

experience to facilitate every one of my academic needs throughout my PhD journey. 

Dr Rhys Mould, who has been a leading figure in the lab, included me in various projects 

and consistently challenged my understanding of complex concepts and methods. 

 

I extend my sincere appreciation to my honorary supervisor, Prof Alistair Nunn, for honing 

my approach to scientific thinking, and to Prof Geoffrey Guy for placing his trust in me as a 

scientist by providing the funding for my PhD. 

 

My heartfelt thanks go to those who have been instrumental in my academic journey: Dr 

Meliz Sahuri Arisoylu for teaching me good laboratory practices; Dr Bradley Elliott, my MSc 

supervisor who inspired my pursuit of research; Grace Pennelli for her invaluable assistance 

in the lab; and Nina Copping for her support through the Guy Foundation. 

 

I'm grateful to my caring friends Lili, Anna, and Yvoni for their moral support throughout this 

journey. 

 

Lastly, thank you to my dearly loved family, Nikos, Vicky, and Christina, for their continuous 

support in every facet of my life. You are the foundation for each of my achievements. 



 
 

II 
 

Abstract 

 

Senescence is the irreversible arrest of cell proliferation. While serving as a natural barrier 

against mutation progression, senescence's metabolic activity and elevated ROS levels can 

pose significant health risks. Concurrently, cellular metabolic processes, including 

mitochondrial respiration, are known to emit ultra-weak photons (biophotons), primarily 

generated through ROS production. There is increasing evidence that cells can influence 

each other non-chemically via biophotons. In this study, I aim to elucidate the potential 

impact of both intrinsic biophotonic emissions and extrinsic light exposure on cellular 

senescence. To achieve this, I developed, utilising doxorubicin (Dox), four different 

senescence models: two cancer (MCF7 breast and A549 lung) and two non-cancer cell 

lines (MCF10A breast and IMR-90 lung fibroblasts). Dox-treated cells showed senescent-

related physiological changes, including decreased proliferation (P ≤ 0.05), increased beta-

galactosidase activity (P ≤ 0.001), increased ROS (P ≤ 0.01), mitochondrial membrane 

potential (P ≤ 0.01) and calcium (Ca2+) levels (P ≤ 0.01). Then, to investigate potential 

biophotonic communication, I utilised a customised assay to detect non-chemical signalling, 

showing an increasing oxygen consumption rate in isolated mitochondria from senescent 

MCF10A (0.0029% per second; P < 0.0001), MCF7 (0.0042% per second; P < 0.0001) and 

A549 cells (0.0017% per second; P < 0.0001). Additionally, photons emitted by isolated 

mitochondria from senescent MCF10A cells were monitored via an ultra-sensitive light 

detector, confirming biophotonic activity (1.86 ± 0.82 photons per 10 seconds; P ≤ 0.05). 

Further comparison of mitochondrial non-chemical signalling between senescent and non-

senescent cells revealed distinct biophotonic communication across the three tested 

senescent cell lines, with significant differences compared to their non-senescent cellular 

controls (MCF10A and MCF7: P ≤ 0.0001; A549: P ≤ 0.05). In addition, I have shown that 

cells interact with external light, as exposure to near-infrared (NIR) light (734 nm) increased 

senescent levels in the cancer cell lines (P ≤ 0.01), associated with increased ROS 

production (P ≤ 0.05), mitochondrial membrane potential (P ≤ 0.05), and intracellular Ca2+ 

levels (P ≤ 0.05), but not in the two non-cancer populations. My work demonstrates that 

biophotons and extracellular light (NIR light exposure) may play a significant role in 

senescence and open novel insights for non-invasively influencing cellular processes. 
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Chapter 1 : Introduction 

 

1.1 Senescence 

Cells possess a variety of strategies to manage stress and strive to maintain their internal 

physiological and chemical conditions. They can overcome environmental and internal 

stress through multiple homeostatic mechanisms and DNA repair pathways when the 

stressors cause mild damage. However, when the stress is prolonged and/or highly intense, 

and the cells cannot recover from the damage, they will signal the process of apoptosis 

(programmed cell death) and eventually die (Vasileiou et al., 2019). Cells do have, however, 

also intermediate responses to stress; when the stressor is not damaging enough to induce 

apoptosis, or the cell is unable to ensure tissue homeostasis and organismal health after 

exposure to the stressor, it undergoes a transition into a senescent state (Myrianthopoulos 

et al., 2019; Vasileiou et al., 2019).  

The senescent cell is a highly metabolically active cell that has permanently lost its ability 

to proliferate (Hayflick & Moorhead, 1961; Quijano et al., 2012). The first senescent cell 

culture was reported by Hayflick and Moorhead more than 60 years ago when they 

observed human diploid fibroblasts entering permanent cell cycle arrest following extensive 

in vitro serial passaging (Hayflick & Moorhead, 1961). The molecular trigger that induced 

senescence in diploid fibroblasts used by Hayflick and Moorhead was telomere attrition 

(Harley et al., 1990). As cells undergo repeated rounds of proliferation, the progressive 

shortening of telomeres reaches a critical length, known as the Hayflick limit, after which 

the cells enter a proliferation arrest state: senescence (Hayflick & Moorhead, 1961).  

Cellular senescence can be induced by different stressors, both environmental and intrinsic. 

For example, senescence can be triggered by extensive replication due to telomere attrition. 

This is known as replicative senescence, with the population doublings (PD) required for 

reaching senescence depending on the cell line and/or the origin of cells (Fumagalli et al., 
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2014; Hayflick & Moorhead, 1961). Cellular senescence can be triggered by other stressors, 

such as oxidative or DNA damage (Gorgoulis & Halazonetis, 2010; Herskind & Rodemann, 

2000; Myrianthopoulos et al., 2019). The second type of senescence, caused by stressors 

other than and before telomere shortening, is called premature senescence (Kuilman et 

al., 2010). Interestingly, there is not one senescence-specific physiological characteristic 

observed in all types of senescence, and the senescent cellular response is highly 

dependent on the cell type and stress inducer (Hernandez-Segura et al., 2018a; Kumari & 

Jat, 2021; Lujambio, 2016). Even when cells are exposed to the same stressor, such as 

oxidative stress, the resulting senescence response can differ significantly based on 

environmental factors. For instance, when IMR-90 fibroblasts were subjected to varying 

levels of oxidative stress, the degree of senescence observed was directly proportional to 

the intensity of the stress. In other words, the severity of the senescence response varied 

depending on the magnitude of the oxidative stress (Chen et al., 1995). Although 

senescence has gained significant ground in the fields of cellular and cancer biology (see 

Section 1.3.3) and ageing research (Section 1.4), there is still debate about how 

“senescence” should be defined due to its heterogeneous phenotype (Sharpless & Sherr, 

2015). The highly complex and dynamic profile of senescent cells is what makes the 

senescence state so interesting to study. 

 

1.2 Senescence-associated secretory phenotypes (SASP) 

Second to proliferation arrest, a significant characteristic of senescent cells is the production 

of a complex mixture of distinctive pro-inflammatory, proteolytic secretory factors (Coppé et 

al., 2010). These include cytokines, chemokines, growth factors, and proteases, which are 

collectively called the senescence-associated secretory phenotype (SASP) or senescence 

messaging secretome (SMS) (Coppé et al., 2010; Evan & d’Adda di Fagagna, 2009; 

Kuilman & Peeper, 2009). SASP production is another example of senescence 

heterogenicity because the secretome's time of secretion and exact composition depend 
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on the cell origin and the stage of senescence (Coppé et al., 2008; He & Sharpless, 2017). 

However, from a molecular point of view, all produced SASPs are mutually controlled by 

nuclear factor-κB (NF-κB) and by one of the three mitogen-activated protein kinase (MAPK) 

families, p38MAPK signalling pathways—activation of which initiates downstream induction of 

transcription factors which play a role in cellular programs such as proliferation, 

differentiation, and inflammation. SASPs are also regulated by the mammalian target of 

rapamycin (mTOR), which is a serine-threonine protein kinase inhibited by rapamycin and 

controlling cell growth and proliferation (Chien et al., 2011; Freund et al., 2011; Laberge et 

al., 2015). 

SASPs communicate actively between senescent and neighbouring cells and the wider 

tissue microenvironment. During this secretory function, senescence is induced via an 

autocrine and/or paracrine manner, maintaining the senescence phenotype and influencing 

the phenotype of neighbouring senescent and non-senescent cells (Acosta et al., 2013; 

Kuilman & Peeper, 2009). Interestingly, SASPs can reinforce both replicative or premature 

senescence in a cell-autonomous manner and independent from DNA damage (Freund et 

al., 2011). They can bind to cell-surface receptors of non-senescent cells and activate or 

inhibit different signal transduction pathways. These membrane activities in normal cells 

activated by SASPs demonstrate how senescent cells can modify their tissue 

microenvironment (Coppé et al., 2010). Another function of SASPs, besides senescence 

induction, is the recruitment of immune cells to eliminate the senescent and stressed cells 

(Muñoz-Espín & Serrano, 2014). Although this acts as a positive effect on the tissues 

because it clears out the damage caused by stress cells, the accumulation of immune cells 

results in increased inflammation, which is detrimental to the organism (Lujambio, 2016). 

More details about the opposing effects of senescence regarding proliferation arrest and 

SASP secretion are discussed in Section 1.3. 
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1.3 Effects of senescence 

1.3.1 Acute vs chronic senescence 

Senescence has many different physiological effects, both negative and positive. The 

heterogeneous senescence functionality is exhibited by the two senescence sub-

categories: acute (short-term) and chronic (long-term). Acute senescence is observed both 

in embryonic and adult life and ensures organismal health through preserving homeostasis 

and tissue/organ development and repair (Muñoz-Espín & Serrano, 2014; van Deursen, 

2014). On the other hand, chronic senescence, the result of prolonged exposure to stress, 

causes significant damage to the cell, resulting in pathological conditions and ageing 

(Burton & Krizhanovsky, 2014; López-Otín et al., 2013; van Deursen, 2014). In contrast to 

acute senescence, chronic senescence is not programmed and appears to occur randomly, 

targeting cells of any origin. Furthermore, senescence (replicative through telomere attrition 

and chronic) is considered one of the nine hallmarks of ageing (López-Otín et al., 2013). 

 

1.3.2 Opposing effects of senescence 

The opposing effects of senescence and its direct association with organismal ageing make 

senescence an example of antagonistic pleiotropy (Figure 1) (Campisi, 2003; Campisi & 

d’Adda di Fagagna, 2007; Williams, 1957). This theory refers to progressive loss of fitness 

with age and postulates that younger organisms increase their health and survival rate 

thanks to senescence. In contrast, as they grow older, they face negative implications. The 

beneficial and detrimental results of senescence are discussed in more detail in Sections 

1.3.3 and 1.3.4.  



 
 

5 
 

 

Figure 1.1: The opposing effects of senescence explained by antagonistic pleiotropy. The 

graph demonstrates the relationship between organismal age (x-axis) and the impact of 

senescence (y-axis). The curve illustrates how senescence is highly beneficial in young 

organisms (shown by the peak at young age) but progressively becomes detrimental as the 

organism ages (shown by the declining curve). This relationship exemplifies Williams' 

antagonistic pleiotropy theory (1957), where the same biological process (senescence) that 

provides evolutionary advantages in youth becomes increasingly harmful with age. The 

continuous decline in the curve represents the gradual shift from protective effects (such as 

tumor suppression and wound healing) to detrimental outcomes (such as chronic 

inflammation and tissue dysfunction). 

 

 

 

 



 
 

6 
 

1.3.3 Positive effects of senescence: cancer and other clinical conditions 

Senescence plays an important role as a natural protection against cancer progression. 

Initially, cellular senescence was described as a cell-autonomous tumour suppression 

mechanism (He & Sharpless, 2017). However, it is now known that it also acts in a paracrine 

manner to induce senescence in nearby healthy cells (He & Sharpless, 2017; Lujambio, 

2016). While cancerous cells carry mutations on cell cycle regulatory genes that promote 

cancer progression and advance survival of a cancer cell population, the permanent arrest 

in senescence stops the proliferation of such cells, ensuring that mutated genomes are not 

perpetuated to subsequent generations and limiting malignant tumorigenesis (Campisi & 

d’Adda di Fagagna, 2007; Leite de Oliveira & Bernards, 2018). DNA damage that can 

potentially cause tumorigenesis triggers the senescence response, a process known as 

oncogene-induced senescence (OIS) (Bartkova et al., 2006; Courtois-Cox et al., 2008; Di 

Micco et al., 2006) and is the result of activated oncogenes or deactivated tumour 

suppressor genes, in a similar manner to apoptosis (Dimri et al., 2000; Serrano et al., 1997). 

Indeed, apoptosis and senescence are mediated by common signalling pathways, such as 

the p53/p21 (Herbig et al., 2004) and the p16/Retinoblastoma (pRb) (Serrano et al., 1997) 

tumour suppressor pathways, which have been demonstrated to control the induction and 

maintenance of senescence (Campisi & d’Adda di Fagagna, 2007; Lowe et al., 2004). From 

a pharmacological point of view, although apoptosis is the core of current anti-cancer 

therapy, synthetic chemical triggers of OIS can act as a secondary cancer treatment 

(Gorgoulis & Halazonetis, 2010). Therapeutic drugs, such as palbociclib, which induces p21 

expression through the p53 signalling pathway, are already being used in anti-cancer 

therapy to suppress cancer cell replication (Leite de Oliveira & Bernards, 2018; Wang et al., 

2021). 

In addition to OIS, acute and developmental senescence are as beneficial to many 

physiological processes, such as normal development, as they contribute to pathological 

processes (He & Sharpless, 2017). Cellular senescence plays a critical role in embryonic 
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development both directly and indirectly. First, as a direct role, it participates in regulating 

embryonic growth, tissue remodelling and organ patterning (Muñoz-Espín et al., 2013; 

Rajagopalan & Long, 2012; Storer et al., 2013). Secondly, it is involved in the physiological 

function and growth of the placenta (Bowen et al., 2002; Chuprin et al., 2013) and in 

maintaining placenta homeostasis (Mizutani & Tomoda Y, 1996), thus assisting indirectly in 

embryonic development. Additionally, senescent cells are responsible for wound healing 

(Demaria et al., 2014; Jun & Lau, 2010) and tissue repair (Kim et al., 2013; Krizhanovsky 

et al., 2008), and they limit tissue damage by preventing and limiting tissue fibrosis. 

Restriction of the fibrotic response is achieved by activating senescence and through 

SASPs, which signal an immune response resulting in the clearance of damaged cells 

(Muñoz-Espín & Serrano, 2014). Furthermore, the senescence phenotype plays a positive 

role in diseases such as atherosclerosis and ageing: For instance, senescent paracrine 

induction by pancreatic beta cells promotes insulin secretion during tissue maturation with 

ageing (Helman et al., 2016),  while proliferation arrest in senescent cells decreases plaque 

formation. The reduction in plaque formation can lead to improved blood flow and less 

arterial stiffness, which in turn improves mobility and, hence, fitness in patients with 

atherosclerosis (Childs et al., 2016).  

 

1.3.4 Negative effects of senescence: heart and neurodegenerative conditions  

Senescence, particularly chronic senescence, can result in detrimental physiological 

changes, including development of disease (He & Sharpless, 2017; Muñoz-Espín & 

Serrano, 2014; Myrianthopoulos et al., 2019). As discussed in Section 1.3.1, these adverse 

effects are observed mostly in aged organisms, since during ageing, the accumulation of 

stress increases the proportion of senescent cells (Dimri et al., 1995). A persistent and 

increasingly senescent cell population, accompanied by a higher volume of SASP 

production, result in the inability of the immune system to achieve the clearance of damaged 

cells from the tissue. Thus, not only is senescent cell clearance not achieved, but SASPs 
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induce more cells into senescence (McHugh & Gil, 2018). Altogether, this leads to the 

accumulation of senescence and damaged cells, which results in the disruption of 

homeostasis and the onset of diseases, including cancer, heart conditions and 

neurodegenerative diseases (da Silva et al., 2019; McHugh & Gil, 2018; von Kobbe, 2019). 

In the case of cancer, as mentioned in section 1.3.3, senescence can act as a natural anti-

cancer response, mostly in younger organisms. However, the risk of cancer increases with 

age, and when senescent cells accumulate in aged organisms, senescence promotes 

tumorigenesis and metastasis through inflammation (Baker et al., 2016; DePinho, 2000). 

Specific removal of senescent cells from in vivo animal models results in a delay in the 

progression of cancer and neurodegenerative pathologies (Bussian et al., 2018), 

atherosclerosis (Childs et al., 2016), osteoarthritis (Jeon et al., 2017), kidney and heart 

diseases (Baker et al., 2016), pulmonary fibrosis (Schafer et al., 2017), cataracts (Baker et 

al., 2016) and other age-related diseases (Rabinowitz & Cui, 2023). 

The SASP plays a significant role in the detrimental effects of senescence, not only because 

it assists in the accumulation of senescent cells through its paracrine effect but also because 

it causes inflammation. Clinical research has demonstrated the harmful effects of 

inflammation in ageing and the correlation between the ageing phenotype and increased 

levels of inflammation (McHugh & Gil, 2018). Inflammatory SASP content can influence 

senescent fibroblasts and myeloid cells into pro-inflammatory and pro-tumorigenic cells 

(Coppé et al., 2010; Di Mitri et al., 2014). Similarly, by targeting senescent cells to delay 

disease, the elimination of senescent cells results in decreased levels of inflammatory 

biomarkers, such as IL-6 and IL-1β – these markers are associated with chronic 

inflammation in different organs, such as the kidney, heart, liver, and lung (Baker et al., 

2016). Hence, the accumulation of senescent cells acts synergistically with SASP-induced 

inflammation to reduce health in ageing.  

The delay of disease onset and the reduced inflammation that results from eliminating 

senescence make targeting senescence an effective therapeutic strategy. Three major 
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classes of drugs target senescence: senolytic drugs, which eliminate senescent cells; 

senomorphic compounds that inhibit SASP and thus decrease senescence induction; and 

drugs that enhance the immune system (immunosurveillance) to assist with the natural 

clearance of senescence (Gasek et al., 2021; von Kobbe, 2019). A key target of senolytic 

and senomorphic drugs are the BCL-2 anti-apoptotic protein family located in mitochondria 

(Yosef et al., 2016) and the mTOR pathway (Thapa et al., 2017), respectively, whose role 

is the maintenance of proliferative potential. While senotherapeutics have been used and 

are being explored for specific age-related diseases, such as diabetic macular edema, the 

Translational Geroscience Network is conducting Phase 1 and Phase 2 trials using 

compounds such as Dasatinib, Quercetin, and Fisetin to address conditions like sepsis, 

chronic kidney disease, lung fibrosis, and Alzheimer's disease (Quarta & Demaria, 2024). 

The field is also expanding to explore other potential indications, with companies like 

Rubedo Life Sciences and Boehringer-Ingelheim developing novel senolytic molecules for 

skin and muscle dysfunctions in pre-clinical models (Quarta & Demaria, 2024). Despite 

these advancements, challenges remain in harnessing the full therapeutic potential of 

targeting cellular senescence. There is still a need for more sensitive and localised/targeted 

drugs because the heterogeneity of senescent cell populations and their varied 

physiological roles necessitate precise therapeutic approaches to minimise potential off-

target effects and maximise therapeutic efficacy (Quarta & Demaria, 2024). 

As mentioned in Sections 1.3.3 and 1.3.4, senescence can positively or negatively affect 

different physiological conditions. The dual nature of senescence, summarised in Figure 

1.2, explains why senescence is so physiologically relevant to health and disease 

(Rabinowitz & Cui, 2023). 
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Figure 1.2: A summary of the dual role of senescence. The comparative table highlights the 

contrasting effects of senescence, emphasizing on how the same biological process can 

have opposing outcomes depending on the physiological context and duration of the 

senescent response. The top section (in green) illustrates the beneficial effects, subdivided 

into two key processes: (1) wound healing acceleration through senescent fibroblasts and 

(2) protection against cancer through tumour suppression mechanisms. The bottom section 

(in red) presents the detrimental effects, categorized into two main outcomes: (1) chronic 

inflammation driven by SASP accumulation and (2) increased susceptibility to age-related 

diseases, including cancer and other degenerative conditions. (Image created with 

biorender.com) 
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1.4 Senescence and ageing 

Ageing, characterized by the organismal decrease in physiological function over time, is a 

complex process affecting all multicellular organisms and prokaryotes (López-Otín et al., 

2013). Cellular senescence, an antagonistic hallmark of ageing, contributes to both normal 

ageing and age-related diseases (Childs et al., 2015; López-Otín et al., 2013; McHugh & 

Gil, 2018). The accumulation of senescent cells in tissues of older organisms results from 

increased senescence induction, lack of apoptosis and insufficient immunoclearance 

(Herbig et al., 2006; Muñoz-Espín & Serrano, 2014; Wang et al., 2009).  

Targeting senescence is a major goal of ageing research, with approaches including genetic 

interference to eliminate senescence and use of senolytic drugs to delay or reverse the 

ageing phenotype (Baker et al., 2011, 2016; Zhu et al., 2015). Senolytic and senomorphic 

therapies have been proposed as human geroprotectors, pharmacological agents that 

decrease the ageing process, decrease age-associated diseases, and increase lifespan (Di 

Micco et al., 2021; Moskalev et al., 2022). Interestingly, a recent review on the potential 

benefits of addressing senescence in clinical settings suggests that, in addition to senolytic 

and senostatic drugs, exercise and nutrition may induce senotherapeutic effects, 

highlighting the multifaceted approach to combating age-related conditions (Witham et al., 

2023). For example, Minuzzi et al reported that master athletes engaged in lifelong training 

and competition showed lower levels of senescent T-cells compared with control subjects, 

meaning a lower ageing marker (Minuzzi et al., 2018).  

 Ageing and senescence share common hallmarks, such as epigenetic factors, DNA 

damage, telomere erosion and mitochondrial dysfunction (discussed in Section 1.7.2) 

(López-Otín et al., 2013; McHugh & Gil, 2018). Chronic senescence during natural ageing 

results from a complex combination of these stressors (Childs et al., 2015). Aged and 

senescent cells share common phenotypic characteristics with similarities in nuclear 

architecture: cells from ageing tissue and some senescent cells have nuclei with an irregular 

structure, such as larger in size and loss of nuclear envelope integrity (Pathak et al., 2021). 
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This results from the abnormal function of lamin fibers, the proteinaceous meshwork of inner 

nuclear membrane; mutations in genes producing the lamin proteins lead to lamin-deficient 

cells (Pathak et al., 2021). For example, the loss of the lamin A/C gene is a biomarker of 

ageing and the loss of lamin B1 is a biomarker of senescence (Pathak et al., 2021). 

 

1.4.1 Progeria disease 

Progeroid syndromes are premature ageing disorders, and progeroid models (usually mice 

models or human cell donors) are used in ageing research to study cellular senescence 

and other phenotypic characteristics of ageing (Childs et al., 2015; Dreesen, 2020; López-

Otín et al., 2013). Progeroid diseases have a variety of effects in young children, such as 

rapid symptom progression in Hutchinson–Gilford progeria syndrome (HGPS) or slower 

progression with longer life expectancy in Nestor-Guillermo progeria syndrome (NGPS) 

(Foo et al., 2019). HGPS, or “progeria disease”, is the most studied progeroid condition 

caused by a point mutation in the LMNA gene that encodes the A-type lamins (Foo et al., 

2019). Progeria patients show clinical ageing characteristics as early as their 12th to 18th 

month of life (Foo et al., 2019; Sangita Devi & Thokchom, 2017). They exhibit aged-looking 

skin, alopecia, bone defects, loss of joint mobility and other severe age-related symptoms, 

which can result in premature death from stroke or heart failure due to severe artery 

thickening during the teenage years (Foo et al., 2019). Treatment of progeria requires drug 

inhibitors that help with cellular repair and anticoagulants to prevent strokes and heart 

conditions, with early detection considered essential to delay disease progression (Sangita 

Devi & Thokchom, 2017). 

These phenotypic abnormalities result from cells carrying the mutated lamin A gene, called 

progerin. These cells demonstrate irregular nuclear morphology, genetic instability, and 

DNA damage—the latter two cause accelerated induction of premature senescence in 

progeria cells (Wheaton et al., 2017). Additionally, the accumulation of progerin expression 
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results in elevated levels of senescence (Ashapkin et al., 2019), suggesting that progeria 

cells are good models of both ageing and senescence.  

 

1.5 Experimental induction of senescence 

Senescence is a multi-step process initiated via various stressors: intrinsic stimuli, including 

telomere attrition and oxidative damage, and extrinsic stimuli, including chemotherapeutic 

drugs and ultraviolet (UV) radiation (Gorgoulis et al., 2019). These triggers usually activate 

senescence via DNA damage, which can also occur via protein or lipid damage (Gorgoulis 

et al., 2019). For example, telomere shortening peaks after extensive replication and 

activates telomere dysfunction-induced foci, which signal the DNA damage response 

(DDR), leading to cell cycle arrest (Shay & Wright, 2019). Other senescence inducers 

include reactive oxygen species (ROS) and mitochondrial dysfunction, which can lead to 

proteotoxicity (protein damage) and ROS-driven lipid damage, respectively (Correia‐Melo 

et al., 2016; Höhn et al., 2017). 

 

1.5.1 Replicative senescence 

As proposed by Hayflick and Moorhead, sequential shortening of telomeres accompanies 

cellular division and increases with cell culture time (Hayflick & Moorhead, 1961). 

Telomeres determine the proliferation capacity of the cell as they can reach a critical short 

length (Hayflick limit) (Shay & Wright, 2000). Reaching the Hayflick limit is recognised by 

telomere dysfunction response or DDR through telomere dysfunction-induced foci, which 

signals proliferation arrest (Fagagna et al., 2003). P53 and p16 signalling molecules are 

involved in the pathway that leads to replicative senescence cycle arrest (Fagagna et al., 

2003; Smogorzewska, 2002).  

Extensive replication in vitro is widely used to induce senescence. Hayflick showed 

replicative senescence to be independent of cell culture conditions, although it largely 
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depends on the origin of the cell line used (Fumagalli et al., 2014; Hayflick & Moorhead, 

1961). For example, the PD for foreskin fibroblasts to reach senescence has been reported 

to be 80-90, whereas lung fibroblasts WI-38 reach complete cultural senescence at a PD of 

50 (Fumagalli et al., 2014). WI-38 and IMR-90 lung fibroblasts are commonly used cell lines 

in senescence and are considered the gold-standard model to use for in vitro replicative 

senescence (Hernandez-Segura et al., 2018b; Hooten & Evans, 2017). 

 

1.5.2 Premature senescence 

Premature senescence is the cellular response to stresses, and it is not linked to the 

extensive replication of telomere attrition. The permanent cellular proliferation arrest 

induced by telomere-shortening-independent cytotoxic stresses or stress-induced 

premature senescence (SIPS) can be triggered by many extracellular factors, such as 

cellular exposure to UV, γ-radiation, hyperoxia, chemotherapeutic drugs, H2O2 (Gorgoulis 

et al., 2019; Toussaint et al., 2002). These chemical stressors result in DDR (Fumagalli et 

al., 2014), chromatin remodelling (Narita et al., 2003), spindle stress (Schmidt et al., 2010) 

and other cellular mechanisms that eventually lead to senescent cell cycle arrest. Although 

the overall phenotype of senescent cells is similar, it depends on the senescence induction 

mechanism, the molecular pathway and the origin of the cell (Toussaint et al., 2002; 

Gorgoulis et al., 2019).  

The largest group of senescence stimuli is the DDR, which is activated following the 

generation of DNA damage; when cells cannot repair or overcome that damage, they enter 

a DDR-induced senescent state (Fumagalli et al., 2014). Dysfunction due to oxidative 

damage can activate DDR and induce senescence (Gorgoulis et al., 2019). Oxygen is a 

major stressor that induces oxidative DNA damage (Wiley & Campisi, 2021) and higher 

oxygen concentrations, which result in the accumulation of senescent cells (Chen et al., 

1995). ROS has also been described as a major senescence regulator (Höhn et al., 2017). 

For example, treating cells with H2O2 is commonly used to induce senescence in cancerous 
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and non-cancerous cell lines (Hernandez-Segura et al., 2018b; Höhn et al., 2017; Petrova 

et al., 2016). Additionally, over 50 small chemical compounds have been identified to induce 

premature senescence via eight functionally different DDR activation mechanisms, 

including DNA damaging agents, inhibitors of cyclin-dependent kinase, epigenetic 

modifiers, etc (Petrova et al., 2016). One example is the active anti-cancer DNA damaging 

agent doxorubicin (Dox). This chemical compound activates DDR via intercalating into the 

DNA and inhibiting DNA topoisomerase II, which is essential for creating the breaks in the 

DNA double-strand (Nitiss, 2009). Dox is widely used for in vitro senescence induction 

(Chang et al., 1999; Hernandez-Segura et al., 2018b).  

Although the principal cause of senescence induction appears to be DDR (Huang et al., 

2022), there are examples where senescence is initiated without the involvement of DDR. 

For instance, recent research has uncovered a significant link between plasma membrane 

damage and cellular senescence in both yeast and human cells. Scientists found that 

plasma membrane damage can induce long-term cell cycle arrest, contributing to cellular 

ageing. In yeast, enhancing membrane repair mechanisms extends replicative lifespan. In 

human fibroblasts, plasma membrane damage triggered premature senescence through a 

calcium (Ca2+) - p53 pathway, independent of the typical DDR. Upregulating certain repair 

factors suppressed this plasma membrane damage-induced senescence. These findings 

reveal a previously underappreciated subtype of senescent cells, suggesting a novel 

mechanism in cellular ageing processes (Suda et al., 2024). 

Another significant premature senescence sub-group is the OIS generated by introducing 

oncogenic drugs and activating oncogenes in normal cells. In this case, DDR is activated 

by cellular hyper-replication or ROS over-production, which is the result of overexpression 

of oncogenic ras and accumulation of rat sarcoma (Ras) proteins (Di Micco et al., 2006; Lee 

et al., 1999; Serrano et al., 1997). Overexpression of ras results in cell cycle arrest similarly 

to, but independent from, p53/p21 and p16 (Serrano et al., 1997). Mechanistically, OIS acts 

as a cancer progression defender while it is activated by inhibition of tumour-suppressor 
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cellular mechanisms (Di Mitri & Alimonti, 2016). Oncogenic stimuli have been traditionally 

used in vitro to induce senescence, with examples of expression of Ras, fibrosarcoma (Raf) 

and p53 oncogenic proteins (Höhn et al., 2017; van Deursen, 2014). 

 

1.6 Detecting senescence 

The complexity of the senescence phenomenon is mirrored in its detection. Firstly, no single 

marker is unique to all senescent cells, so multiple tests and assays are required to establish 

senescence (Campisi, 2013). Secondly, senescent cells have different characteristics that 

depend on cell type and senescence induction pathway (Crowe et al., 2014; Sharpless & 

Sherr, 2015). However, due to different phenotypic and molecular changes in senescent 

cells, some distinctive markers can be used to distinguish between senescent and 

replicating cells. Phenotypic changes associated with senescence include low proliferation 

rate, cellular morphological changes, senescence-associated beta-galactosidase (SA β-

gal) activity, senescence-associated heterochromatin foci (SAHF) formation, and secretion 

of SASPs. In contrast, molecular markers of senescence include the expression of cyclin-

dependent kinases (CDKs) such as p16, p53, inflammatory molecules and heterochromatin 

markers (Salama et al., 2014). These markers and their detection are discussed in Sections 

1.6.1, 1.6.2 and 1.6.3. 

 

1.6.1 Senescence associated β-galactosidase 

The most widely used senescence marker detects SA β-gal activity under sub-optimal 

conditions of pH 6.0 (Dimri et al., 1995). While testing for senescence in vivo can be 

challenging, SA β-gal assays can be employed for both in vitro cultures and histochemical 

detection in tissue sections. This method has been used to test for replicative or premature 

senescence in multiple cell lines from different origins and in mammalian tissues (Debacq-

Chainiaux et al., 2009). A feature of the SA β-gal assay is that it does not test positive for 
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cells that can reverse from cycle arrest; thus, it can distinguish between senescence and 

quiescence (Dimri et al., 1995). This is because β-gal activity indicates increased lysosomal 

content, a feature of senescent cells (Kurz et al., 2000), although the lysosomes of 

senescent cells can increase in both number and size. The increase in β-gal enzymatic 

activity results from the expansion of the lysosomal compartment and increased lysosome 

biogenesis (Hernandez-Segura et al., 2018a; Kurz et al., 2000; Lee et al., 2006). 

Although SA β-gal is an attractive first choice for senescence detection, it has several 

limitations; while β-gal activity is characteristic of senescent cells, it is not an essential 

characteristic of senescence (Lee et al., 2006). Thus, false-negative results from cells that 

senesce but do not express β-gal enzymatic activity are possible. Secondly, a few 

conditions can result in false-positive SA β-gal activity, including highly confluent cell 

cultures (Severino et al., 2000) and cultures under serum starvation conditions (Yegorov et 

al., 1998). Additionally, this assay cannot be used in cells that have been frozen or/and fixed 

with formalin for an extended amount of time, as the enzymatic activity is disturbed (Debacq-

Chainiaux et al., 2009).  

 

1.6.2 Other phenotypic markers 

The primary hallmark of senescence is growth arrest; thus, senescent cells can be tested 

for an absence of proliferation markers (Campisi, 2013). Examples of testing for loss of 

proliferation potential include simple cell number counting, cell cycle or DNA synthesis 

analysis (Crowe et al., 2014). Replicative senescence can determine PD by assessing the 

proliferation rate via the cell division number (Crowe et al., 2014) or by examining cellular 

morphology. Senescent cells are typically enlarged and adopt a flattened or spindle-shaped 

morphology (Campisi, 2013; Kuilman et al., 2010). There may also be changes in the cell 

nucleus, which may be refractile, or cells may have multiple nuclei. However, changes in 

morphology are highly dependent on the senescence induction pathway (Kuilman et al., 

2010). Changes in chromatin structure are also an indication of cellular senescence 
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(Adams, 2007). Senescent cells have highly condensed sections of heterochromatin called 

SAHF. Simple cell nuclear staining with 4′-6-Diamidino-2-phenylindole (DAPI) efficiently 

indicates SAHF formation as DAPI stains brighter in senescent cells due to compact 

chromatin foci (Adams, 2007). Lastly, changes in mitochondrial function and homeostasis 

are also markers of senescence, discussed in detail in Section 1.7.2. 

 

1.6.3 Molecular senescent markers 

Different molecular changes are observed in senescent cells and can be used to detect 

senescence (Coppé et al., 2010). As mentioned, p53, p21, and p16/Rb signalling proteins 

control the senescence activation pathway, thus, the accumulation of these molecular 

proteins indicates activation of senescence (Kuilman et al., 2010). Quantitative real-time 

polymerase chain reaction (qPCR) can be used to measure the expression of these 

biomarkers. Immunophenotyping methods test different CDKs activated during senescence 

induction pathways (Adewoye et al., 2020). SASP expression is also a distinct characteristic 

of senescence, and changes in the specialised secretory activity can be used as a 

senescence detection method (Campisi, 2013). For example, when multiplex enzyme-

linked immunosorbent assay (ELISA) assays detect increased expression of interleukin 8 

and 6 (IL8 and IL6) inflammatory molecules, then there is a positive indication of senescent 

cells in culture (Adewoye et al., 2020). Lastly, senescence detection also includes 

examining changes in proteins that affect chromatin structure, such as heterochromatin 

protein 1 (HP1) group of proteins (Adams, 2007).  

To conclude, each senescence biomarker can detect aspects of senescence (Sharpless & 

Sherr, 2015), although none are senescent specific, necessitating the use of multiple 

detection markers. For example, Gorgoulis et al. (2019) suggest a three-step senescence 

detection multi-marker: screening for senescence via positive SA β-gal staining, use of 

additional molecular biomarkers, such as p16 or proliferation arrest markers, and use of a 
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cell-type specific marker of senescence, such as examining SASP factors or molecules 

specific to induction pathway, such as DDR markers (Gorgoulis et al., 2019).  

Detecting senescence quickly and accurately is becoming increasingly important, especially 

for assessing senolytic drugs (Duran et al., 2024). Excitingly, research into senescence 

detection is advancing, with new methods including machine learning algorithms that can 

predict senescence in various cell types and tissues based on nuclear morphology features 

(Duran et al., 2024) and small molecule imaging probes (Rabinowitz & Cui, 2023). Molecular 

imaging probes, in particular, increase the ability to study senescence in living organisms 

by providing various detection methods, including optical probes for laboratory research 

and MRI, SPECT, and PET for clinical applications (Rabinowitz & Cui, 2023). Despite 

challenges, combining multiple biomarkers shows promise for better senescence detection. 

These new approaches, such as the senescence classifiers, can help identify 

pathophysiological senescence and aid in discovering and validating potential 

senotherapies. 

 

1.7 Mitochondria 

Mitochondria are multifunctional cellular organelles, and they are highly affected during 

senescence. Mitochondria are semi-autonomous, double membrane-bound organelles of 

the cell which play a critical role in cell homeostasis (Chinnery & Schon, 2003). Widely 

recognised as the “powerhouse of the cell”, mitochondria are essential for energy 

production, and in parallel, they control cellular processes such as cellular metabolism, 

intracellular signalling, and cell death (apoptosis) (Murata et al., 2020). The role of 

mitochondria in apoptosis is critical, as most apoptotic signals are initiated in mitochondria. 

For example, apoptosis is initiated by different stimuli, such as the B-cell lymphoma 2 (Bcl-

2) family of pro-apoptotic proteins (including Bax and Bak), which regulate mitochondrial 

membrane permeabilisation. Activation of such proteins allows other apoptogenic proteins 

(such as cytochrome c) to be released into the cytoplasm to engage in apoptotic protein 
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cascade activation for apoptosome formation and, finally, cellular destruction (Suh et al., 

2013; Vermeulen et al., 2005). 

 Although the mitochondrion is usually illustrated as an oval-shaped organelle, its 

morphology is highly dynamic, and the shape, size, and total number of mitochondria within 

a cell constantly change, reflecting the ever-changing cellular function of the mitochondria 

(Lackner, 2013; Roy et al., 2015). Mitochondria continually divide and fuse to create smaller 

individual mitochondria or form more extensive interconnected networks (Bereiter-Hahn, 

1990). This balance between mitochondrial fusion and division maintains cellular 

homeostasis and ensures a healthy mitochondria population by controlling the degradation 

of dysfunctional mitochondria. Disruption of this balance leads to severe disorders, such as 

metabolic syndromes and neurodegenerative conditions (Murata et al., 2020).  

One of the most essential mitochondrial functions is energy production. Mitochondria are 

responsible for 90% of the energy produced in the cell via oxidative phosphorylation 

(OXPHOS) (Birch-Machin, 2006). The principal purpose of OXPHOS is oxygen respiration, 

which generates energy for the cell (Cole, 2016). OXPHOS is an electrochemical 

mechanism that takes place in the respiratory chain—this is composed of 5 multi sub-unit 

protein complexes (I – V) found on the mitochondrial inner membrane (MIM) (Figure 1.3) 

(Stoldt et al., 2018). Electrons flow between electron-transporting complexes (I-IV) down an 

energy gradient providing a membrane potential, which is utilised by H+-translocating 

adenosine triphosphate (ATP) synthetic complex V. ATP, which is the energy source for all 

cellular metabolic processes, is synthesised via phosphorylation of adenosine diphosphate 

(ADP) by complex V and then released into to the cytoplasm (Chinnery & Schon, 2003).  

The OXPHOS complexes result from dual-origin protein units encoded from nuclear and 

mitochondrial DNA (mtDNA) (Stoldt et al., 2018). Mitochondria, one of the oldest 

evolutionary endomembrane systems in eukaryotic cells, contain their own genetic material 

as mitochondrial DNA (mtDNA). The human mtDNA genome spans just 16.5 kilobases and 

encodes 13 proteins, specifically subunits of the electron transport chain complexes I, III, 
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IV, and ATP synthase (complex V) (Giles et al., 1980). The majority of the mitochondrial 

proteome originates from nuclear DNA. These proteins are translated on cytosolic 

ribosomes and actively imported into mitochondria through outer and inner membrane 

translocase machines, a process dependent on the electrochemical potential (Friedman & 

Nunnari, 2014). Mutations in mtDNA or nuclear-encoded mitochondrial genes can lead to 

dysfunctional OXPHOS complexes, resulting in various mitochondrial diseases that can 

affect any organ in the body (Friedman & Nunnari, 2014). 
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Figure 1.3: Mitochondrial OXPHOS across the inner membrane. The diagram shows the 

electron transport chain components and ATP synthesis in mitochondria. The five OXPHOS 

complexes (I-V) are embedded in the mitochondrial inner membrane, with clear 

demarcation of the four compartments: outer membrane, intermembrane space, inner 

membrane, and mitochondrial matrix. The electron transport chain (Complexes I-IV) 

facilitates the movement of electrons (2e-) through a series of redox reactions: Complex I 

oxidizes NADH to NAD+, Complex II oxidizes FADH2 to FAD, Complex III facilitates electron 

transfer via cytochrome c, and Complex IV reduces O2 to H2O. Simultaneously, protons (H+) 

are pumped from the matrix into the intermembrane space at specific quantities (4H+ at 

Complex I, 4H+ at Complex III, and 2H+ at Complex IV, with no proton pumping at Complex 

II), establishing an electrochemical gradient. Complex V (ATP synthase) harnesses this 

gradient by allowing protons (nH+) to flow back into the matrix, coupling this energy to the 

phosphorylation of ADP to ATP. This process illustrates the chemiosmotic coupling between 

electron transport and ATP synthesis. (Image created with biorender.com) 
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1.7.1 Reactive oxygen species (ROS) 

ROS, such as the anion superoxide (O2
−) and H2O2 radicals, are by-products of cellular 

metabolism (Fridovich, 1995) and are the result of reduced oxygen levels (Correia-Melo & 

Passos, 2015). ROS levels are usually controlled in the cell via mitochondrial and 

antioxidant systems (Koopman et al., 2012). Dysfunctions in redox complexes and 

incomplete oxygen metabolism in the cellular mitochondrial OXPHOS can lead to the 

accumulation of ROS. ROS are produced in the mitochondrial respiratory chain due to 

electron leakage from complexes I and III (Figure 1.3) (Birch-Machin, 2006). Accumulation 

of intracellular ROS leads to oxidative damage of nuclear and mitochondrial DNA, which is 

increased in old age (Barja & Herrero, 2000). This is described as the “free-radical theory 

of ageing” proposed by Harman (1956), which explains that the DNA mutations that 

accumulate with age lead to a higher volume of impaired OXPHOS complexes, resulting in 

the production of more ROS and increased oxidative damage (Birch-Machin, 2006; 

Harman, 1956). Indeed, there is evidence reporting a link between ROS and cellular 

senescence (Passos & von Zglinicki, 2005); Section 1.7.2. 

Besides the natural ageing process, oxidative stress is characteristic in age-related 

diseases, including cancer, Parkinson’s disease, and type-2 diabetes, where ROS levels 

are elevated (Scialò, Fernández-Ayala and Sanz, 2017). On the other hand, it is also 

accepted that ROS exhibit an example of a hormetic effect, as positive effects are 

associated with lower ROS levels. The biological characteristic of hormesis describes a 

biphasic response where low doses of inhibitors or mild stress stimulate beneficial effects 

(Calabrese & Mattson, 2017). Such examples are found in the physiological roles of 

low/controlled levels of ROS, which is an important contributor to apoptosis and organismal 

defence against infection (Schieber & Chandel, 2014). 
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1.7.2 Mitochondria from senescent cells 

Defective mitochondria are a hallmark of senescence (Hernandez-Segura et al., 2018a; 

Miwa et al., 2022), exhibiting dynamics, morphological characteristics, and functional 

alterations. An imbalance between mitochondrial fusion and fission and decreased 

mitophagy during senescence results in changes in morphology (highly elongated 

mitochondria with changes in cristae structure) and increased mitochondrial content, 

respectively (Tai et al., 2017; Yoon et al., 2006). Interestingly, despite higher mitochondrial 

biogenesis, ATP production is reduced (Birch & Passos, 2017) while mitochondrial ROS is 

increased in senescent cells. This is due to impaired OXPHOS, increased membrane 

potential and increased proton leak in the electron-transport chain during senescence (Allen 

et al., 1999; Hutter et al., 2004).  

Increased ROS and mitochondrial dysfunction result from senescence and are necessary 

for senescence induction, cell arrest, and senescent phenotype maintenance (Figure 1.4) 

(Birch & Passos, 2017; Miwa et al., 2022). Mitochondria are drivers of senescence, both in 

vivo and in vitro, and play a role in maintaining senescence (Correia-Melo & Passos, 2015; 

Passos et al., 2010). Interestingly, mitochondrial dysfunction-associated senescence 

activates a distinct molecular mechanism that leads to cycle arrest (Wiley et al., 2016). 

Increased mitochondrial ROS production, dysfunctional mitochondrial OXPHOS 

complexes, imbalance between fission and fusion in mitochondria and dysregulation of 

mitochondrial metabolic profile and Ca2+ levels are some mechanisms that trigger p53/p21 

and/or Rb signalling pathways and induce and/or promote cellular senescence (Ziegler et 

al., 2015). Evidence shows that mitochondrial ROS results in oxidative stress that enhances 

telomere attrition, leading to paracrine senescence via DDR (von Zglinicki, 2002; von 

Zglinicki et al., 1995). To sum up, there is a bidirectional mechanism of dysfunctional 

mitochondria and senescence, since one can trigger the other (Figure 1.4).  
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Figure 1.4: The relationship between senescence and mitochondria. This flow diagram 

illustrates the complex bidirectional relationship between cellular senescence, 

mitochondrial function, and oxidative stress. The primary pathway (middle) demonstrates 

how environmental stressors trigger oxidative stress and ROS production, leading to 

mitochondrial dysfunction, which subsequently induces senescence. A parallel feedback 

loop (bottom) shows how senescence itself produces mitochondrial dysfunction as one of 

its characteristic features, which in turn generates more oxidative stress/ROS. The direct 

pathway (top) represents how oxidative stress can independently trigger cellular 

senescence without requiring mitochondrial dysfunction as an intermediary. Together, 

these interconnected pathways create a self-reinforcing cycle where mitochondrial 

dysfunction and senescence can perpetuate each other through ROS-mediated 

mechanisms. This diagram emphasizes the central role of mitochondria in both the initiation 

and maintenance of the senescent state, highlighting how multiple pathways can converge 

to promote and sustain cellular senescence.  
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1.8 Biophotons  

Living organisms constantly exchange energy and particles with their environment to 

maintain homeostasis and meet their living needs. While biological processes have been 

studied in classical dynamic models on a nano- to larger-metre scale, the role of quantum 

mechanics in biology has been less examined. Quantum biology investigates ions, atoms, 

and molecules whose behaviour defies classical laws of physics and chemistry. In this field, 

quantum mechanics theories are used to explain biological processes (Marais et al., 2018). 

Photons are quantum light particles, which are considered key players in these processes, 

as they have a significant role in physical interactions at an atomic and molecular level 

(Niggli, 1992). 

In the early 1920s, Einstein proposed that light radiation could exhibit both wave-like and 

particle-like behaviour, introducing the concept of the “photon” (Marais et al., 2018). A few 

years later, another German scientist, Gurwitsch, discovered the possibility of non-contact, 

non-chemical cellular communication, now referred to as “biphotonic communication”, 

where living organisms emit light (Gurwitsch, 1923). Gurwitsch demonstrated this 

phenomenon using two onion rootlets: an inductor and a detector. When the inductor was 

in a high cell division state, the nearby detector, shielded by quartz glass allowing UV light 

to pass through, showed an increase in cell division rate. In contrast, separating the detector 

and inductor with a regular glass tube (which typically blocks most UV light) resulted in no 

change in the division rate (Gurwitsch, 1923). Traditional biological and physical laws could 

not explain this phenomenon, but it is possible that photon emission from the onion rootlets 

stimulated cell division. After a hiatus due to the Second World War, it was discovered that 

this effect was not only limited to cell division but applied to other cellular processes, 

including intracellular interactions (Kaznacheev et al., 1980) and mitochondrial oxygen 

consumption (Bat’yanov, 1984). 

Over 60 years after its initial experimental evidence, German biophysicist Fritz-Albert Popp 

introduced the term “biophotons” describing them as low-energy photons emitted by 
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biological systems in the UV range (Popp et al., 1984). Popp proposed that biophotons are 

produced in a coherent electromagnetic field and are influenced by cellular activities (Popp, 

1992, 2003a). It is important to note here that while spontaneous biophotonic emission is 

closely linked to delayed luminescence produced by biological tissues, it is distinct from 

delayed luminescence, which is the ultra-weak delayed light (or photon) emission that 

appears in biological organisms in response to light exposure (Fleiss & Sarkisyan, 2019; 

Popp, 2003b). 

In my recent collaborative review on biophotons, it was highlighted that scientists have 

employed various terms over the years to describe the phenomenon initially termed 

"biophotons" by Popp, including biological autoluminescence, metabolic photon emission, 

and ultraweak photon emission (UPE), with the latter being the focus of our review (Mould 

et al., 2024). Notably, a book published recently by field experts entitled "Ultra-Weak Photon 

Emission from Biological Systems" further emphasises the use of "UPE" to characterise this 

effect (Volodyaev et al., 2023). However, the term "biophotons" will be employed to ensure 

consistency within this thesis. 

 

1.8.1 Biophotonic production  

Today, there is compelling evidence that biophotons are spontaneous, ultra-weak 

emissions of light produced by living cells of microbial, plant or animal origin (Cifra & 

Pospíšil, 2014; Prasad & Pospíšil, 2013). The intensity of biophotons is reported to be from 

several to tens of photons per sec-1 cm-2 within the 200-800 nm range of the spectrum (Cifra 

& Pospíšil, 2014). However, there is evidence that abiotic or biotic stress on biological 

systems enhances the biophotonic intensity to hundreds of photons sec-1 cm-2 (Burgos et 

al., 2017; Kamal & Komatsu, 2016; Kobayashi et al., 2009). This occurs becasue 

biophotons are produced during oxidative metabolic reactions (Bókkon et al., 2010; Prasad 

& Pospíšil, 2013; Van Wijk et al., 2008), including mitochondrial respiration, lipid 

peroxidation, peroxisome and catecholamine biochemistry and oxidation of tyrosine and 
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tryptophan residues in proteins. While ROS are considered the primary source of 

biophotons, both biotic (e.g., viral or bacterial infection) and abiotic stressors (e.g., 

temperature changes, ionizing radiation, mechanical or light damage) can increase 

oxidative stress. This enhanced oxidative stress leads to greater ROS production, which in 

turn explains the observed changes in biophotonic intensity under stress conditions (Cifra 

& Pospíšil, 2014).  

Fundamentally, the production of biophotons is characterised by electronically excited 

species, which include singlet oxygen (1O2) and carbonyl species (3R=O), moving from a 

high to lower energy state, releasing a photon each time (Figure 1.5) (Cifra & Pospíšil, 

2014). Interestingly, research suggests that biophoton emission is primarily associated with 

regulated intracellular redox processes, particularly those occurring in mitochondria 

(Bókkon et al., 2010). This is notable because the concentration of biophotons within cells 

can significantly exceed that of the extracellular environment. The main sites of ROS 

generation and other redox reactions - mitochondria, cell membranes, and chloroplasts - 

are thought to be the principal cellular sources of biophotons (Pospíšil et al., 2019). 
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Figure 1.5: Biophotonic emission during oxidative metabolic processes and their 

mechanistic pathways. Oxidative metabolism results in biophotonic emission through two 

parallel pathway. Left pathway: The transition of carbonyl radical (R=O•) to ground state 

carbonyl (R=O) with photon emission, initiated by the reaction of two peroxyl radicals 

(2ROO•) forming alcohol (R-OH), carbonyl radical (R=O•), and triplet oxygen (3O2). Right 

pathway: The conversion of singlet oxygen (1O2) to ground state triplet oxygen (3O2) with 

photon emission, generated from the reaction of superoxide radicals (O2
-) with protons (H+) 

via hydrogen peroxide (H2O2) formation. Both pathways are represented by energy level 

diagrams showing the transition from high-energy excited states (S, shown in red) to lower-

energy ground states (T, shown in green), with photon emission occurring during this energy 

state transition. Each transition is accompanied by the release of a photon, visualized by 

the emission symbol between the energy levels. Modified from Mould et al. (2024). Key: R 

represents any alkyl group or hydrogen atom; S denotes a singlet state; T denotes a triplet 

state; O represents oxygen; 1O2 is singlet oxygen; 3R=O represents a triplet state carbonyl 

group. (Image created with biorender.com) 
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1.8.2 Biophotonic detection 

The correlation between biophotons and oxidative stress has led to investigations into its 

potential as a non-invasive tool for detecting and monitoring oxidative stress dynamics 

(Section 1.8.4) (Du et al., 2023). However, detecting and measuring biophotons remains a 

significant challenge due to their extremely low intensity (Mould et al., 2024).  

Historically, researchers have employed various sophisticated detection methods to capture 

these weak light emissions. Two primary technologies have been the photomultiplier tubes 

and charge-coupled device cameras. For example, previous studies using photomultiplier 

tubes technology have demonstrated elevated biophotonic levels in human skin following 

UVA exposure, with dose-dependent reductions observed upon application of antioxidants 

such as vitamin C and alpha-glucosyl rutin (Hagens et al., 2008). While these findings 

suggest a relationship between biophoton emission and oxidative stress, it's important to 

note that biophoton measurement is not yet a routine method for assessing oxidative stress 

due to the technical challenges involved. Both detection techniques offer ways to visualize 

biophotons temporally and spatially, but each comes with limitations in terms of sensitivity 

and resolution (Cifra & Pospíšil, 2014).  

A recent study by Mackenzie et al. (2024) marks a significant advancement in the field of 

biophoton detection. By employing highly sensitive detection systems and optimizing 

experimental conditions, Mackenzie and colleagues successfully detected biophotons in 

growing mung beans. This work enhances the evidence for the intrinsic metabolic photon 

emission phenomenon first observed by Gurwitsch a century ago (Mackenzie et al., 2024). 

The advancements made by Mackenzie et al. include improvements in light-tight 

experimental chambers, reduction of background noise, and careful management of 

delayed luminescence effects. Their setup demonstrated the ability to detect changes as 

small as 0.1 average counts per second using a photomultiplier tube with an average dark 

count of 15 - 17 counts per second, which is quite low. This level of sensitivity allowed them 
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to measure signal changes of fractions of a count per second by averaging 1000 seconds 

of data.  

It's worth noting that current detection techniques still face limitations regarding the need 

for complete darkness during experiments, the challenge of discriminating biophotons from 

other light sources, and the difficulty in obtaining fully resolved spectra due to the low photon 

count (Mould et al., 2024).  Mackenzie et al.'s work represents progress in overcoming some 

of these challenges, providing valuable insights into the dynamic emission patterns of UPE 

and its potential implications in biological processes. This pioneering work provides valuable 

insights into the dynamic emission patterns of UPE and its potential implications in biological 

processes, such as metabolism.  

 

1.8.3 Biophotonic communication 

During the 20th century, when it was proposed that biological systems emit biophotons 

(Gurwitsch, 1923), early experimental evidence of non-chemical cellular communication by 

light was reported, postulating biophotonic communication for the first time: Non-chemical 

light signalling has been suggested to play a role in the orientation of baby hamster kidney 

cells in experiments undertaken by Albrecht-Buehler, with the distribution and orientation of 

newly grown cells, modulated by cultivated baby hamster kidney cells placed on the 

opposite surface of glass slides. An effect was no longer observed when a thin piece of 

metal which blocked the passage of light was added between cell populations (Albrecht-

Buehler, 1992). Similarly, a cellular response was demonstrated in neutrophils (from pig 

blood) after non-chemical, optical contact with a second neutrophil population exposed to 

an oxidative burst (Shen et al., 1994). More recently, researchers have developed more 

advanced set-ups to demonstrate non-chemical communication, including intestinal 

epithelial cells separated by a custom-made container (Farhadi et al., 2007) and a “dish-on-

dish” design containing endothelial cell populations (Rossi et al., 2011). In both cases, 

physically disconnected cell populations were shown to influence each other by changing 
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protein content and altering cellular growth and morphology, supporting the role of 

biophotons as a method of cellular communication.  

The mechanism of non-chemical cell-cell communication has been postulated to take place 

within mitochondria as the primary source of ROS production, which can lead to biophotonic 

emission (Kurian et al., 2017). Mitochondria are thought to act as "optical waveguides," 

guiding light within the cell due to their elongated shape and high refractive index contrast 

with the surrounding cytoplasm (Thar & Kühl, 2004). Similarly, the microtubule network 

within cells has also been proposed to function as waveguides, channelling light along their 

length due to their tubular structure and ability to support guided modes of light propagation. 

Rahnama et al. and Kurian et al. investigated this interaction between mitochondrial 

biophotons and microtubules, using a quantum mechanical approach, suggesting that 

coherent energy is transferred within the microtubule network, absorbed from a 

chromophore in cytochrome c or aromatic amino acids, and is regulated during ROS 

production  (Kurian et al., 2017; Rahnama et al., 2011). 

Bokkon et al. suggested that biophotonic production is regulated by redox and free-radical 

processes within mitochondria, which can induce the polymerisation of microtubules and 

can be used as a cross-talk between mitochondria via microtubule networks (Bókkon et al., 

2010). More recently, Mould et al. adapted Gurwitsch's original non-chemical 

communication experimental protocol, incorporating knowledge regarding mitochondria's 

potential role as waveguides for light and their capacity for redox-driven biophotonic 

production (Mould et al., 2023).  and investigated potential non-chemical signalling between 

isolated mitochondria from MCF7 (cancer) and MCF10A (non-cancer) mammalian cell lines. 

By inducing oxidative stress in one population of mitochondria using antimycin, Mould et al. 

observed significant changes in the oxygen consumption rate of physically separated 

mitochondria, suggesting the existence of non-chemical signalling pathways. This 

experiment used a bespoke assay designed to measure mitochondrial respiration 

responses in quartz cuvettes, importantly ensuring chemically isolated environments to 
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exclude potential transmission via volatile solvents. Light-absorbing opaque barriers and 

dark conditions further emphasised the potential light-based nature of the observed 

communication. Mould et al.'s study provides the most recent and robust evidence for non-

chemical communication between mitochondria and represents a groundbreaking 

advancement in our understanding of cellular communication mechanisms 

 

1.8.4 Potential applications of biophotonic emission in biological systems 

Since cells in close proximity can influence each other using biophotons and cellular 

generation of ROS controls the intensity of biophotonic production, measuring biophotonic 

emission is postulated to be a non-invasive tool for measuring stress levels in animals and 

plants. That could, in turn, give valuable information in different disease diagnoses, such as 

ageing-related diseases where ROS levels significantly increase. In theory, detecting the 

intensity of the spontaneous biophotonic emission will provide information about the 

oxidative processes of the organisms (Cifra & Pospíšil, 2014; Cohen & Popp, 2003). Initial 

and more recent experiments support that idea by demonstrating that plants, such as mug 

beans exposed to H2O2, and animals, such as experiments using injured or cancer-

diseased mice, result in altered biophotonic emission (Mackenzie et al., 2024; Ohya et al., 

2002; Takeda et al., 2004a). 

Pioneering experimental results reveal a potential role of biophotonic emission in several 

fields, such as agriculture, with biophotonic emission providing information about plant 

health regarding pathogenic infections (Kobayashi et al., 2006; Rastogi & Pospíšil, 2012), 

salt stress (Ohya et al., 2000), herbicides resistance (Inagaki et al., 2008) and food quality 

control (Iida et al., 2002). Changes in biophotonic emission have been shown in human skin 

tissue exposed to oxidative stress (Murugan et al., 2020; Prasad & Pospišil, 2011; Rastogi 

& Pospíšil, 2010). Potential applications to non-invasive detection in human diseases 

related to increased oxidative stress include oncological (Cohen & Popp, 2003; Takeda et 

al., 2004b), neurodegenerative (Kurian et al., 2017) and dermatological (Rastogi & Pospíšil, 
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2010) conditions. Biophotonic detection would provide an advanced but non-invasive, label-

free, real-time diagnostic tool.  

 

1.9 Photobiomodulation 

In addition to intrinsic sources such as intracellular biophotonic production, cells can also 

interact with extrinsic light emission sources. Photobiomodulation (PBM) is the term used 

to describe the changes in cellular activity and transformation that occur in response to 

irradiation with extrinsic light under certain conditions (Tam et al., 2020).  Light has been 

utilized since very early years; sunlight has been used to treat ailments throughout history, 

a treatment known today as heliotherapy. In the late nineteenth century, Niels Ryberg 

Finsen pioneered the use of red and blue light to treat Lupus vulgaris, leading to his Nobel 

Prize in 1903 (Anders et al., 2015; Finsen, 1902; Finsen, 2023). The modern term PBM 

therapy (formerly low-level laser therapy – LLLT) is a non-thermal use of light that is 

distinguished from other light-based therapies that rely on thermal effects, and it was first 

introduced by Endre Mester in 1967 (Mester et al., 1968a). Mester observed increased 

wound healing and hair growth in mice treated with low-level applications (Mester, Ludany, 

et al., 1968; Mester et al., 1968b). The term "photobiomodulation therapy", specifically for 

this type of light therapy, to distinguish it from other forms that generate thermal effects, 

which may have adverse side effects for the organism The term could reduce confusion 

and promote a positive image of its clinical applications (Hamblin, 2016a; Tam et al., 2020). 

 

1.9.1 Cellular mechanisms of PBM 

The electromagnetic spectrum encompasses a range of wavelengths, including visible light, 

ultraviolet, and infrared radiation. Visible light, the only portion of the spectrum that humans 

can see, falls between 400-700 nm. UV radiation ranges from 100-400 nm and near-infrared 

(NIR) to infrared radiation between 700 nm and 1000 nm. UV, visible light, and NIR to 
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infrared are the three different types of radiation that make up the optical region of the 

electromagnetic spectrum (de Sousa, 2017). The depth to which light can penetrate human 

skin varies depending on its wavelength. Red light, for instance, can penetrate up to 4-5 

mm below the surface of the skin, whereas UV radiation has a limited ability to penetrate, 

and blue light can only penetrate up to 1 mm into the tissue (Ash et al., 2017; Clement et 

al., 2005). 

PBM therapy utilises light, most commonly in the red to NIR range (600 – 1000 nm), to 

facilitate therapeutic effects and promote health. It is employed for wound healing, 

decreasing inflammation, reducing pain, and managing age-related symptoms (de Freitas 

and Hamblin, 2016; Wang et al., 2016; Hamblin, 2017). Mechanistically, PBM is a 

photochemical reaction during which a cell absorbs photons of red to infrared wavelengths 

and induces biomodulation. For this to occur, a molecule or part thereof known as a 

chromophore must be present within the cell, and it must possess electrons in a low-energy 

orbit that can be excited by photons to transition to a higher-energy orbit (de Sousa, 2017). 

Tina Karu's research in Russia was crucial in establishing a solid foundation for 

understanding the mechanism behind PBM (Karu, 2008). She identified cytochrome c 

oxidase (CCO) in the mitochondrial respiratory chain and suggested it as a primary 

chromophore. Karu also introduced the concept of "retrograde mitochondrial signalling" to 

explain how a short exposure to light could result in long-lasting effects on the organism, 

spanning from hours to even weeks (Karu, 2008).  

The CCO is the terminal enzyme in the mitochondrial OXPHOS (located in the IV complex; 

Figure 1.3), and it is responsible for catalysing the reduction of oxygen to produce energy 

for cellular metabolism (Cardoso et al., 2022; Hatefi, 1985; Wang et al., 2016). The level of 

metabolic energy generated via mitochondrial oxidative phosphorylation is directly related 

to the activity of CCO; as CCO activity increases, so does oxygen consumption and energy 

production (Rojas & Gonzalez-Lima, 2013).  
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Today, the exact mechanism of PBM is still not fully understood. Currently, the leading 

theory is that light excitation affects the activity of the CCO molecule in the mitochondria. 

COO absorbs photons, leading to changes in the cell's electrochemical proton gradient, 

ROS levels, mitochondrial membrane potential (MMP), ATP synthesis, and redox changes 

(Karu, 2008; Passarella & Karu, 2014). By up-regulating CCO concentration, PBM therapy 

can induce longer-lasting effects on mitochondria oxygen metabolism, which in turn 

enhances the overall capacity for cellular energy metabolism (Wang et al., 2016). A second 

suggested pathway involves ion channels that are sensitive to photonic stimulation. These 

ion channels allow increased calcium ions (Ca2+) to pass through the cellular membrane, 

altering cellular homeostasis (de Freitas and Hamblin, 2016; Hamblin, 2017). A third 

mechanism, proposed by Sommer et al. (2015), suggests that PBM could modulate the 

viscosity of nanoscopic water layers within and around mitochondria, potentially affecting 

the efficiency of the ATP synthase motor and overall mitochondrial function. 

To sum up, the absorption of photons in the cell leads to the activation of several molecules, 

including ROS and Ca2+ (Dompe et al., 2020; Hamblin, 2017; Yadav and Gupta, 2017), 

which can change the ultrastructure of mitochondria (mitochondrial fission and fusion) (de 

Freitas and Hamblin, 2016). Mitochondrial ultrastructure and dynamics change can lead to 

a further increase of mitochondrial Ca2+, ROS, ATP production, and various other signalling 

molecules, which can activate different transcription factors in the nucleus due to 

mitochondria-nucleus communication (de Freitas & Hamblin, 2016; Foo et al., 2020; 

Hamblin, 2018b). These transcription factors can, in turn, result in gene expression affecting 

improved cell survival, such as cell migration and proliferation, wound healing, anti-

inflammatory signalling and protein synthesis (de Freitas & Hamblin, 2016; Hamblin, 2018b; 

Kim et al., 2017; Zamani et al., 2020). 
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1.9.2 PBM applications 

PBM has made significant advancements and gained recognition from various entities, 

including biomedical researchers, scholarly journals, medical practitioners, and the media. 

The number of publications relating to PBM research increased dramatically after 2002 

(Figure 1.6), and the efforts to raise awareness and acceptance of PBM are ongoing. The 

interest in PBM has been increased mainly due to the non-invasiveness of this methodology 

(de Sousa, 2017); Standard PBM therapy involves the use of red to NIR light, which can 

penetrate deeper into the human tissue than other wavelengths (Ash et al., 2017). The 

beneficial effects of PBM have been observed in the treatment of diabetes (Bodnar et al., 

1999), neural diseases and injuries (Cardoso et al., 2022; Foo et al., 2020; Hamblin, 2018b; 

Naeser et al., 2014; Rojas & Gonzalez-Lima, 2013), ophthalmology (Rojas et al., 2008; 

Shinhmar et al., 2021; Sivapathasuntharam et al., 2017; Zhu et al., 2021), dermatology 

(Avci et al., 2013; Barolet et al., 2009), treatment of alopecia (Roets, 2023; Wikramanayake 

et al., 2012), applications in dentistry (Grzech-Leśniak, 2017; Świder et al., 2019) and 

managing ageing-related health implications (see Section 1.9.3). 
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Figure 1.6: Published research in PBM between 1990 and 2024 in Pubmed. Bar graph 

showing the annual publication count of PBM-related research over a 34-year period. The 

graph demonstrates three distinct phases: (1) Initial phase (1990-2001) with minimal 

research output (<50 publications/year), (2) Growth phase beginning in 2002 with a 

significant jump to 132 publications (83 more than 2001), marking the start of increased 

research interest, and (3) Rapid expansion phase (2002-2024) showing consistent year-

over-year growth. Notable milestones include exceeding 500 annual publications in 2013 

and reaching a historic peak of 904 publications in 2021. This trend reflects the growing 

scientific interest in PBM and its emerging applications in various fields of medicine and 

biology. Data was obtained through a Pubmed search of PBM-related publications, 

including earlier terminology such as 'low-level laser therapy' (LLLT).  
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1.9.3 PBM and ageing 

Among the applications described in Section 1.9.2, PBM with red to NIR light has also 

gained attention for its potential to improve age-related pathologies. Several recent studies 

have demonstrated the beneficial effects of PBM, particularly with 670 nm light, on 

mitigating age-related cellular and functional deficiencies in the central nervous system 

(Mitrofanis & Jeffery, 2018; Sivapathasuntharam et al., 2017). The proposed underlying 

mechanism of PBM (see Section 1.9.1) against age-related decline agrees with the 

literature (Karu, 2008) (see Section 1.9.1). That includes the absorption of these long 

wavelengths by CCO in the mitochondrial respiratory chain, which enhances CCO activity, 

increasing mitochondrial membrane potential and ATP production (Karu, 2008; Powner & 

Jeffery, 2024). PBM can improve mitochondrial function, reduce oxidative stress, and 

decrease inflammation associated with ageing (Sivapathasuntharam et al., 2017). 

In the retina, a tissue with high metabolic demand and mitochondrial density, PBM treatment 

using 670 nm light has been shown to decrease age-related photoreceptor loss and improve 

retinal function in aged mice (Sivapathasuntharam et al., 2019). Similar benefits have been 

observed in human participants (over 40 years old), with 670 nm light exposure improving 

rod and cone photoreceptor function (Shinhmar et al., 2020, 2021). Additionally, in vivo 

measurements using NIR spectroscopy have demonstrated that PBM exposure increases 

the oxidation of CCO and improves retinal hemodynamics in aged rats, which further 

supports the mechanism proposed by Passarella and Karu (Kaynezhad et al., 2016; 

Passarella & Karu, 2014). These studies suggest that PBM can modulate mitochondrial 

function and cellular metabolism, potentially slowing or reversing age-related declines. 

Moreover, a recent study by Powner and Jeffery demonstrates that PBM with 670 nm light 

reduces blood glucose spikes following glucose intake in normal human participants 

(Powner & Jeffery, 2024). This finding suggests that PBM may have potential applications 

in managing various metabolic disorders associated with ageing, including but not limited 

to diabetes. The study's results indicate that PBM could be a promising approach for 
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regulating blood glucose levels and potentially mitigating the harmful effects of glucose 

fluctuations on overall health (Powner & Jeffery, 2024).  

Lastly, PBM has also been emerging as a potential neuroprotective treatment against age-

related conditions that affect the brain, such as memory loss, Alzheimer’s and Parkinson’s 

disease. NIR light has been proposed to be capable of arresting neuronal death in these 

conditions (Johnstone et al., 2016). Preliminary clinical studies have reported improvements 

in symptoms, such as cognitive function and speech difficulties, in Parkinson's disease 

patients treated with transcranial PBM  (Hamblin, 2016b). Moreover, transcranial NIR light 

exposure is being explored as a promising non-pharmacological treatment for cognitive 

impairment in Alzheimer's disease, owing to its low cost, safety profile, and ease of self-

administration (Garcia-Pardo et al., 2023). Recent advances in transcranial PBM, combined 

with new drug delivery systems and nanotechnologies, offer new methods for rejuvenating 

the central nervous system and overcoming protective brain barriers in the treatment of 

Alzheimer's disease (Ailioaie et al., 2023). 

To conclude, despite the advances and advantages of PBM, this type of therapy has not 

yet been incorporated into standard treatment practices due to a limited understanding of 

how the mechanism works at the molecular, cellular, and tissue level (de Freitas & Hamblin, 

2016). Additionally, the effectiveness of PBM on a particular target tissue can depend on 

various factors, including the light source, wavelength, energy density, light pulse structure, 

and duration of the laser application. These parameters significantly determine the optimal 

treatment outcomes (Kujawa et al., 2014). Tackling these methodological uncertainties, 

PBM could serve as a non-invasive health strategy. 
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1.10 Aims  

The primary aim of this thesis was to characterize changes in biophotonic emission during 

cellular senescence. This involved investigating the relationship between senescence and 

biophotonic production, with a focus on the role of ROS, as primary source of biophotons. 

A secondary aim was to explore potential non-chemical communication between senescent 

cells, examining whether biophotons play a role in this process. Finally, this research aimed 

to investigate the interaction between NIR light and cells in the context of senescence 

induction. This involved studying how PBM might influence senescence levels in different 

cell types, considering the potential bidirectional effects mediated by ROS. Through these 

aims, I seeked to contribute to our understanding of the biophysical aspects of senescence 

and their potential implications for cellular communication and light-based therapies. 

 

1.11 Hypothesis 

Senescence alters the biophotonic non-chemical communication effect on cellular 

mitochondrial function, and this phenomenon can be modulated by exposure to NIR light.  
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Chapter 2 : Methods 

 

2.1 Cellular models selection  

This study employed a diverse range of cell lines to investigate senescence across different 

cellular contexts. The selection of these cell lines was based on their relevance to 

senescence research, their representation of both cancerous and non-cancerous tissues, 

and their established use in the field. 

The non-cancerous breast MCF10A cell line was chosen as the primary senescent model 

for this thesis. This selection was made to establish a main model that is not diseased, 

allowing for the study of senescence in a non-pathological context. MCF10A was 

specifically chosen among other non-cancer models due to its direct cancer analogue, 

MCF7. MCF7 is widely used in senescence studies (El-Far et al., 2020; Srdic-Rajic et al., 

2017), and having this paired set of cell lines enables comparative analyses between 

cancerous and non-cancerous breast tissue responses to senescence induction. This 

pairing provides valuable insights into how senescence mechanisms might differ between 

normal and cancerous cells of the same tissue origin. 

IMR-90 lung fibroblasts were employed as a control senescent gold standard model 

(Hernandez-Segura et al., 2018b; Hooten & Evans, 2017), with the lung cancer cell line 

A549 serving as a cancerous counterpart. This pairing allowed for the examination of 

senescence in a different tissue type. Furthermore, the progeria cell line AG01972 was used 

as a model for premature ageing disease, characterized by high levels of senescent cells 

(Ashapkin et al., 2019). 

It is important to note that not all tests were performed on all cell lines due to time constraints 

and the specific focus of each experimental phase. For instance, IMR-90 cells were 

primarily used to validate the senescence induction protocol, serving as a control cell line. 

A549 cells were not subjected to all mitochondrial function tests (such as mitochondrial 
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membrane potential, mitochondrial Ca2+, and intracellular Ca2+ measurements) because 

they were primarily employed for the NIR light study in Chapter 6. For A549 cells, the focus 

was on Dox-induced senescence characteristics and ROS levels, which were also critical 

for the subsequent biophotonic production study. 

 

2.2 Cell lines 

Human breast cell line MCF10A was grown in Dulbecco’s modified eagle’s medium 

(DMEM): F12 (Life Sciences, UK), supplemented with 5% horse serum (ThermoFisher, UK), 

1% penicillin/streptomycin, 20 ng/mL epidermal growth factor (Merck, UK), 0.5 mg/mL 

hydrocortisone (Merck, UK), 100 ng/mL cholera toxin (Merck, UK) and 10 μg/mL insulin 

(Merck, UK). Human breast adenocarcinoma cell line MCF7, human lung fibroblast cell line 

IMR-90 purchased from American Type Culture Collection (ATCC) and human Hutchinson-

Gilford progeria fibroblast cell line AG01972 purchased from the Coriell Institute for Medical 

Research were grown in eagle’s minimum essential medium (EMEM; ThermoFisher, UK), 

supplemented with 10% fetal bovine serum (FBS), 1% l-glutamine and 1% 

penicillin/streptomycin. All cells were incubated at 37°C with 5% CO2. Human lung cancer 

cell line A549 purchased from ATCC were grown in DMEM high glucose (ThermoFisher, 

UK), supplemented with 10% FBS and 1% penicillin/streptomycin. 

 

2.3 Reagents 

Palbociclib (Merck, UK) was dissolved in dimethyl sulfoxide (DMSO) to a stock 

concentration of 100 mM. 30% volume by volume hydrogen peroxide (H2O2) 

(ThermoFisher, UK) was diluted in autoclaved deionised (DI) water (H2O) to a stock 

concentration of 100 mM. Doxorubicin (Dox) (Tocris, Bio-techne, Bristol) was dissolved in 

autoclaved DI H2O to a stock concentration of 100 mM. Dox was diluted for experimentation 

on the day of the experiment in fresh media. 
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2.4 Cell culture 

All work with cell lines was carried out in a laminar flow hood with an aseptic technique. 

Cells were grown in sterile T75 or T175 flasks and passaged at 80-90% confluency. 

Confluency was estimated by microscopical observation. Regarding passage protocol, 

media was removed from the flask and cells were washed with half the media volume of 

sterile phosphate-buffered saline (PBS). Cells were then detached from the surface of the 

flask using 1-2 mL TrypLE for 15 minutes for the MCF10A cell line and 7 minutes for other 

cell lines. Following detachment, cells could be resuspended in fresh media and diluted into 

new flasks. Cells were only used for experimentation between passages between 5 and 25. 

Regarding cell seeding protocol, cells were detached as described above, counted using a 

Countess 2 automated cell counter (ThermoFisher, UK), and added to wells with the 

appropriate volume of media for the plate being used (100 µL total for 96-well plates and 2 

mL for 6-well plates). 

 

2.5 Treatment protocols for senescence induction  

To induce cellular premature senescence, three chemical agents known for their potential 

to induce senescence were tested: Dox, hydrogen peroxide (H2O2), and palbociclib. These 

agents were selected based on previous literature reporting their senescence-inducing 

capabilities in various cell types, including MCF7 breast cancer cells (Hernandez-Segura et 

al., 2018b; Jost et al., 2021; Zhong et al., 2019). 

Dox treatment involved exposing cells to 0.25 μM for 24 hours, followed by culture in drug-

free media for an additional 5 days to allow a senescent population to develop fully. For 

H2O2 treatment, a range of concentrations (100, 200, 300, and 500 μM) were tested of 30% 

H2O-soluble H2O2 for 24 hours. Palbociclib was applied at a concentration of 10 μM for 72 

hours. All three treatments were conducted in parallel under the same experimental 

conditions. This approach allowed for a comprehensive evaluation of different senescence 

induction methods in this experimental system. 
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Cells were passaged for a minimum of 25 passages for replicative senescence induction. 

Under the conditions described in Section 2.3, the cells were split every 3 - 4 days until they 

reached passage 25 or until they were no longer able to replicate and reach confluency. 

 

2.6 Cell viability in response to treatment  

Cell viability was assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay kit (Sigma, UK). The assay is based on the conversion of MTT 

(yellow) to formazan (purple) by nicotinamide adenine dinucleotide phosphate (NADPH)-

dependent reductases in the cell. 10,000 cells were seeded onto 96-well plates and treated 

as described in Section 2.4. Cell viability was determined according to the manufacturer’s 

guidelines. Following drug treatment, cells were washed with PBS and replaced with phenol 

red-free media (prepared as described in Section 2.1). Cells were treated with 10 µL 5 

mg/mL MTT solution for 3 hours at 37°C. Media was removed, and resultant crystals 

dissolved in 100 µL DMSO. Absorbance at 690 nm was subtracted from absorbance at 570 

nm with a microplate reader (SPECTROstar Nano, BMG Labtech, Germany). Cell viability 

is presented as a percentage of the vehicle control. 

 

2.7 Flow cytometry assay for senescence quantification  

Flow cytometry was used to quantify intracellular nanoparticles and examine senescent 

levels in cellular populations (Cahu & Sola, 2013). Similar to the procedures described in 

Sections 2.3 and 2.4, 100,000 cells were seeded in a 6-well plate and treated with 

Dox/palbociclib/H2O2 for senescence induction. CellEvent™ Senescence Green Flow 

Cytometry Assay Kit (ThermoFisher, UK) was employed to detect cellular senescence via 

flow cytometry. This assay quantifies senescence-associated β-galactosidase (SA-β-gal) 

activity by measuring the hydrolysis of a fluorescein-based substrate containing galactoside 

moieties. The kits reagent is specifically cleaved by β-galactosidase in lysosomes under 
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acidic conditions, yielding a fluorescent product. This product is retained within the cell due 

to its interaction with intracellular proteins, emitting a green, fluorescent signal detectable 

by flow cytometry. The assay allows for the quantitative assessment of senescent cells 

based on their elevated β-galactosidase activity, a widely recognized biomarker of cellular 

senescence, and was conducted according to the manufacturer's protocol (ThermoFisher 

Scientific, 2019). 

Briefly, cells were detached by TrypLE, fixed with 1:1 Formalin:PBS, stained with CellEvent 

green probe (1,000x) diluted in buffer, and incubated for 90 minutes in a CO2-free incubator 

at 37°C. After staining, cells were washed with PBS and prepared for flow cytometry. Flow 

cytometry measurements were performed with a BD LSRFortessaTM X-20 Analyser flow 

cytometer (BD Biosciences, New Jersey-USA), and data were recorded/analysed using a 

BD FACSDiva™ Software. The AlexaFluor channel (488 nm laser) was used to capture the 

uptake of stained cells. For the analysis, the cell population was selected on a 

forward/scatter/sideward scatter plot to exclude debris cellular aggregates and 10,000 

gated events were recorded. The median fluorescent intensity was determined from a 

histogram, and the results were recorded as a median value. 

 

2.8 SA β-gal staining  

SA β-gal staining was performed using the Beta-Galactosidase Staining Kit (Cell Signaling 

Technology, US) following the manufacturer's instructions. Similar to the procedures 

described in Sections 2.3 and 2.4, 100,000 cells were seeded in a 6-well plate and treated 

with Dox for senescence induction. On the day of the experiment, cells were fixed with 1:10 

fixative solution for 15 minutes, washed twice with PBS, and stained with the staining 

solution (pH: 6) overnight at 37°C without CO2. After staining, samples were rinsed with 

PBS and imaged using an EVOS FL2 fluorescent microscope (ThermoFisher, UK). 
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2.9 Cell cycle analysis 

The stages of the cell cycle were assessed using propidium iodide (PI) staining 

(ThermoFisher, UK), which binds to double-stranded DNA following flow cytometry 

(Krishan, 1975).  100,000 cells were seeded in a 6-well plate and treated with Dox for 

senescence induction. On the day of the experiment, cells were detached using TrypLE and 

centrifuged at 1,000 RCF for 5 minutes, washed with PBS, and centrifuged again at 1,000 

RCF for another 5 minutes. The pellet was resuspended in 300 μL ice-cold PBS, and 700 

μL ice-cold 100% ethanol was added while the sample was shaken. Cells were then 

incubated at -20°C for a minimum of 2 hours. After incubation, samples were centrifuged at 

2,000 RCF for 5 minutes and resuspended in 500 μL fluorescence-activated cell sorting 

(FACS) buffer containing 1% bovine serum albumin (BSA) in PBS. Following an additional 

centrifugation step, 50 μL of 100 μg/mL RNAase and 450 μL of 50 μg/mL PI solution were 

added to the pellet. Cells were then incubated in the dark at room temperature for 15 

minutes, and flow cytometry measurements were performed (similar to the protocol 

described in Section 2.7). The PE channel (575 nm laser) was used to capture the uptake 

of stained cells. For the analysis, the cell population was selected on a 

forward/scatter/sideward scatter plot to exclude debris cellular aggregates and doublet 

exclusion was employed. The percentage of the total population was determined from a 

histogram in each cell cycle phase, and results from G1, M and G2 phases were recorded. 

 

 2.10 Detection and quantification of ROS 

The 2’,7’–dichlorofluorescin diacetate (DCFDA) stain was used to detect changes in the 

levels of ROS in live cells. The presence of ROS in the cell converts DCFDA into the highly 

fluorescent compound 2’,7’–dichlorofluorescin (DCF). 100,000 cells were seeded in a 6-

well plate and treated with Dox for senescence induction. After treatment, cells were 

washed with PBS and incubated with 30 µM DCFDA (Sigma, UK) at 37°C 5% CO2 for 30 

minutes, protected from light. In the presence of ROS, DCFDA forms the highly fluorescent 
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compound DCF, quantified by flow cytometry (similar to the protocol described in Section 

2.7) –the AlexaFluor channel (488 nm laser) was used to capture the uptake of stained 

cells.  

 

2.11 Assessment of mitochondrial membrane potential 

The cell-permeant tetramethylrhodamine, ethyl ester (TMRE) stain was used to label active 

mitochondria in live cells. TMRE is a positively charged dye that accumulates in active, 

negatively charged mitochondria, reflecting the increased mitochondrial membrane 

potential in live cells. 100,000 cells were seeded in a 6-well plate and treated with Dox for 

senescence induction. After treatment, cells were washed with PBS and incubated with 500 

nM TMRE (Sigma, UK) in Phenol Red Free media at 37°C with 5% CO2 for 30 minutes and 

then protected from light. Activated mitochondria sequester TMRE, quantified by flow 

cytometry (similar to the protocol described in Section 2.7) – the PE channel (575 nm laser) 

was used to capture the uptake of stained cells.  

 

2.12 Assessment of intracellular Ca2+ levels   

The cell-permeant Fluo-4 stain was used to label the total cellular Ca2+ in live cells (Gee et 

al., 2000). 100,000 cells were seeded in a 6-well plate and treated with Dox for senescence 

induction. After treatment, cells were incubated with 1 μM Fluo-4 (ThermoFisher, UK) in 

Phenol Red Free media, at 37°C 5% CO2 for 30 minutes, protected from light. Fluo-4 

fluorescence signals were quantified by flow cytometry – the PE channel (575 nm laser) 

was used to capture the uptake of stained cells. 

 

2.13 Assessment of mitochondrial Ca2+ levels   

The cell-permeant Rhod-2 stain was used to label mitochondrial Ca2+ in live cells (Fonteriz 

et al., 2010). Rhod-2 is a labelled Ca2+ indicator that exhibits a fluorescence increase when 
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binding to Ca2+. 100,000 cells were seeded in a 6-well plate and treated with Dox for 

senescence induction. After treatment, cells were washed with PBS and incubated with 1 

μM Rhod-2 (ThermoFisher, UK) in Phenol Red Free media at 37°C 5% CO2 for 30 minutes, 

protected from light. Mitochondrial Ca2+ within the cells released Rhod-2 fluorescence 

signals, which were quantified by flow cytometry (similar to the protocol described in Section 

2.7) - the PE channel (575-nm laser) was used to capture the uptake of stained cells.  

 

2.14 Mitochondrial isolation 

Mitochondria were extracted from whole cells utilising the Mitochondria Isolation Kit for 

Cultured Cells (Abcam, UK), as described by Mould et al. (2023). 2,000,000 cells were 

seeded in 2 T175 flasks and treated with Dox for senescence induction. After treatment, 

cells were detached with TrypLE and centrifuged at 1,000 RCF for 5 minutes, then washed 

with PBS and re-centrifuged. The pellet was frozen at -80°C overnight to facilitate 

membrane weakening. Upon thawing, cells were resuspended to a concentration of 5 

mg/mL in kit reagent A and maintained on ice for 10 minutes. Following this, cell 

homogenisation was performed with 30 strokes using a Dounce homogeniser equipped with 

pestle B, followed by centrifugation at 1,000 RCF for 10 minutes at 4°C. The supernatant 

was retained, while the pellet was resuspended in kit reagent B, homogenised again using 

the Dounce homogeniser, and subjected to a subsequent centrifugation step at 1,000 RCF 

for 10 minutes at 4°C. The two resulting supernatants were combined and centrifuged at 

12,000 RCF for 15 minutes at 4°C. The pellet was resuspended in 500 µL kit reagent C 

after discarding the supernatant. The isolated mitochondria were quantified utilising a 

Bradford assay. 
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2.15 Mitochondrial assay buffer 

Following isolation as described in Section 2.13, mitochondria were resuspended in 

mitochondrial assay buffer (MAB) prepared as follows: 110 mM mannitol, 70 mM sucrose, 

10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 0.2% weight/volume BSA 

(Merck, United Kingdom) in ultrapure H2O (Rogers et al., 2011). 

 

2.16 Bradford protein assay   

Cellular protein levels, quantified by Bradford protein colorimetric assay (BioRad, UK), were 

used to assess the cell number post-treatment or post-senescence induction. Briefly, each 

cellular sample underwent two washes with ice-cold PBS. Cells were then lysed using ice-

cold radioimmunoprecipitation assay (RIPA) buffer from Sigma, UK, for 15 minutes while 

agitated on a shaker. After lysis, samples were centrifuged at maximum speed for 15 

minutes at 4°C, after which the supernatant was carefully decanted into new tubes. A 5 μL 

aliquot of each sample was dispensed into the wells of a 96-well plate in triplicate. Following 

this, 200 μL of Bradford reagent was added to each well, and the absorbance at 595 nm 

was determined using a plate reader. A series of protein standards BSA (BioRad, UK) was 

employed to generate a standard curve via linear regression to facilitate quantification of 

the unknown samples. 

 

2.17 Non-chemical communication assay   

Building upon the protocol outlined by Mould et al., 2023, in which I had first-hand training 

as I contributed to the publication, a customised non-chemical communication assay was 

developed to investigate potential inter-mitochondrial non-chemical signalling from 

senescent cells (Figure 2.1). The assay's fundamental principle involved inducing oxidative 

stress in one group of mitochondria and evaluating the response, specifically in terms of 

mitochondrial respiration, among chemically isolated mitochondria populations. 
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Mitochondria from senescent cells were evenly distributed across three quartz cuvettes 

(Helma, Germany). Each cuvette held a final volume of 2 mL, comprising 166 µL of isolated 

mitochondria suspended in 1,834 µL of MAB. Equipped with a magnetic stirrer bar, each 

cuvette was securely sealed with parafilm to prevent potential chemical transmission 

between them. These cuvettes were arranged linearly, with one pair separated by an 

opaque aluminium foil barrier, serving as a light-absorbing shield. The central cuvette 

underwent treatment with antimycin A, which is a complex III inhibitor of the mitochondrial 

electron transport chain, thereby disrupting the production of ATP by oxidative 

phosphorylation and significantly reducing oxygen consumption in isolated mitochondria 

(Kim et al., 1999). The shielded and the unshielded cuvettes remained untreated. Oxygen 

consumption in each cuvette was monitored using a FireSting O2 meter (PyroScience, 

Germany) equipped with individual needle-like probes and a temperature probe to 

compensate for temperature fluctuations. Oxygen consumption was recorded over a 120-

second interval, after which 50 µL of 10 mM antimycin A was introduced into the central 

(“treated”) cuvette using a Hamilton syringe, achieving a final concentration of 244 µM. 

Oxygen consumption was then measured for 300 seconds in each cuvette, resulting in a 

total measurement duration of 420 seconds. The oxygen consumption rate was calculated 

by using a linear model (see Section 2.20). This whole assay was conducted under 

dark/lightproof conditions.  
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Figure 2.1: Schematic representation of non-chemical communication assay. Mitochondria 

from senescent cells were placed into three quartz cuvettes: “shielded”, "treated", and 

“unshielded”, positioned with 0 cm distance between them (in direct contact with each 

other). An aluminium foil barrier was placed between the “shielded” and “treated” cuvettes 

to block any light transmission between them, while the “unshielded” cuvette remained in 

direct contact with the “treated” cuvette without any barrier. Oxygen consumption probes 

monitored the oxygen levels continuously for 420 seconds, with antimycin injection into the 

central ("treated") cuvette occurring at the 120-second timepoint. Each cuvette contained 

isolated mitochondria in mitochondrial assay buffer and was sealed with parafilm to prevent 

chemical exchange. Each cuvette was equipped with a magnetic stir bar to maintain 

continuous mitochondrial suspension throughout the experiment. The entire assay was 

conducted under strict dark conditions to enable the effect of potential light-based signalling 

between mitochondrial populations. (Image created with biorender.com) 
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2.18 Biophotonic detection  

Biophotons were detected using an ultra-sensitive light detector, which was built, tested, 

and published by Mackenzie et al., 2024. A single photomultiplier tube detector was 

positioned within a light-tight, aluminium dark box, with the sample (cells or isolated 

mitochondria) above within a 35 mm ibidi dish containing a total volume of 3 mL. The 

photomultiplier tube detectors converted the ultra-weak photon signals into electrical pulses, 

which were then recorded using the Hamamatsu C8855-01 Photon Counter Unit and 

accompanying software (Hamamatsu Photonics, Japan). The dark box was covered with a 

black cloth and then placed within a dark room with a double door system to ensure minimal 

light interference (Figure 2.2). The room remained dark for at least 24 hours before each 

recording to avoid false detection of noise and light not originating from the samples. The 

photon acquisition time was 10 seconds for a total of 72 hours of recording per sample, to 

a minimum of N=3 biological repeats, with appropriate corrections applied to account for 

detector dark counts and experimental interruptions. 
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Figure 2.2: Schematic representation of the ultra-sensitive light detector set-up. The 

innermost compartment contains the photomultiplier tube (PMT) with the ibidi dish 

containing isolated mitochondria positioned directly above it for maximum photon detection 

sensitivity. This core detection unit is housed within an aluminium dark box (shown as the 

darkest grey middle square), which is wrapped in a black cloth (represented by the next 

layer). The entire apparatus is situated within a system of two consecutive dark rooms 

(depicted by the two outermost, lighter grey squares), creating multiple layers of light 

protection. This multi-layered isolation system ensures minimal light noice and enables 

detection of ultra-weak biophotonic emissions from the mitochondrial samples. Each 

successive layer of containment is represented by increasingly darker shading, illustrating 

the progressive light isolation from the outer environment to the central detection area. 

(Image created with biorender.com) 
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2.19 NIR LED light characterization 

Near-infrared (NIR) light emitting diode (LED) exposure was achieved by using a pre-

mounted 7 – LED array of NIR (734 nm) Rebel LEDs (Luxeon Star LED, Alberta – Canada) 

mounted on a SinkPAD-II 40 mm Round 7-Up base with a power output of between 0.328 

to 0.420 mW (Fluence ≈ 63 mJ/cm2, Power density ≈ 0.05 mW/ cm2), as provided by 

Professor Margaret Ahmad and described by (Pooam et al., 2021). 

LED light characterisation was performed at the Research Complex at Harwell Science & 

Technology Facilities Council. The wavelength range was measured using a portable USB 

high-resolution fibre optic HR2000CG UV-NIR spectrometer (Ocean Optics Inc, Florida - 

USA), and the output power was recorded on a PM100D power meter with an S120VC 

photodiode power sensor (Thorlabs Inc, New Jersey - USA). LED light thermal effects on 

media were measured with a FireSting optical temperature sensor and recorded by an FSO2 

temperature meter (Pyroscience, Germany). The temperature sensor was positioned at the 

centre of the plate well containing cell-free media, and temperature readings were taken 

every 5 seconds over 1,440 seconds (24 minutes). The LED was switched on at 240 

seconds. Media for both cancer and non-cancer cell lines were utilised and compared 

against control media with no NIR light irradiation. 

 

2.20 NIR light treatment 

The cells were seeded in a 6-well plate with a density of 100,000 and left in the incubator 

for 24 hours. One plate (“control”) was left in the dark, and a second (“treated”) received the 

NIR light treatment (Figure 2.3). The treatment included a daily 20-minute exposure to NIR 

light over a six-day period, similar to the NIR light treatment described by Pooam et al. 

(2021). 
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Figure 2.3: Experimental design for NIR light exposure method. The illustration shows a 

dark box containing two experimental setups: Left side – control untreated condition with a 

6-well plate (Plate 1) kept in darkness, containing three populated wells (untreated cells, 

vehicle control, and Dox-treated senescent cells). Right side – plate (Plate 2) where vehicle 

control and Dox-treated wells receive 20-minute NIR light exposure from an LED source 

positioned 40 mm below the plate, while the untreated cell well remains shielded from the 

light. Both plates were shielded from ambient light by the dark box enclosure for 20 minutes. 

The 40 mm distance between the LED source and plate was maintained to ensure 

consistent light exposure across treated wells. (Image created with biorender.com) 
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The LED array was placed 40 mm below the 6-well culture plate and between two wells 

receiving the treatment, to create a uniform beam to illuminate the plate. The well with the 

“control” population was covered, and any other cell treatment (e.g. Dox treatment for 

senescence induction) was performed normally during these six days before the light 

treatment. Figure 2.4 outlines the different experimental treatments applied parallel to one 

cellular population. 

 

Figure 2.4: Outline of the experimental design for cellular treatments. The timeline diagram 

illustrates the sequence of interventions: cells were first seeded (Day 1), followed by 

initiation of treatments 24 hours later (Day 2). For Dox-treated populations, a 24-hour Dox 

exposure was followed by 5 days (Days 3 to 8) in drug-free media to allow senescence 

development. NIR light treatment consisted of daily 20-minute exposures for 6 consecutive 

days (Days 2-7). Cells receiving both treatments underwent concurrent Dox and NIR light 

exposure protocols. Analysis was performed on Day 7, allowing full development of the 

senescent phenotype while maintaining consistent timing across all treatment conditions. 

(Image created with biorender.com) 
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2.21 Statistical analysis  

For each experiment, data from a minimum of three biological repeats (N=3) under the same 

exposure conditions were averaged with the determination of standard deviation (SD) and 

standard error of the mean (SEM). For each MTT experiment, the data from a minimum of 

3 technical repeats at each treatment were averaged with the determination of SD and SEM. 

Statistical analyses were performed with GraphPad Prism (United States) version 10.0.2. 

Results are expressed as the mean ± SEM. All data sets were tested for significant outliers 

(Alpha=0.05) via Grubbs' test– if outliers were detected, they were excluded from the 

analysis.  

For comparison between two groups (control and senescent populations; isolated 

mitochondria and buffer), statistical analysis was performed using the non-parametric 

Mann-Whitney U test when appropriate. For comparisons with N=3 biological repeats, a 

two-tailed unpaired t-test was applied. For multiple group comparisons, one-way ANOVA 

with post hoc Bonferroni testing was performed.  

The effect of NIR light treatment in control and senescent populations in senescence 

induction (CellEvent fluorescent assay); ROS levels (DCFDA fluorescent assay); 

mitochondrial membrane potential (TMRE fluorescence assay), intracellular Ca2+ levels 

(Fluo-4 fluorescent assay) mitochondrial Ca2+ levels (Rhod-2 fluorescent assay) were 

compared with a mixed-model two-way ANOVA, with post hoc Bonferroni testing.  

Differences in the mitochondrial oxygen consumption rate between pre- and post-injection 

of antimycin were analysed using a linear model using the 'lm' function in the R statistical 

software (version 4.3.2) (R Core Team, 2021). The model included the predictors “time”, 

“state” (pre or post-injection), and “time_since”, representing the time elapsed since 

treatment. The formula used for the model was “value ~ time + state + time_since”, where 

“value” means the observed outcome variable. 
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Differences in the rate of oxygen consumption between mitochondria from shielded and 

unshielded cuvettes were analysed using a linear mixed-effects model using the “lme” 

function from the “nlme” package (Pinheiro J et al., 2020) in the R statistical software 

(version 4.3.2) (R Core Team, 2021). The analysis was restricted to data collected post-

injection (“ state == 'post' “) and included the predictors “time” and “shielded”, as well as 

their interaction term “time * shielded”. The random effect’s structure incorporated random 

intercepts for each “run” nested within “time”, accounting for repeated measures within each 

run. 

For the ultra-sensitive light detector analysis, the mean recorded photons per 10 seconds 

were processed in R (version 4.3.2) (R Core Team, 2021). For visualisation purposes, a 

1000 point rolling mean was calculated over the dataset to reduce noise and highlight 

underlying trends. A scatter plot was created with the smoothed data (rolling means). The 

mean emission per 10 seconds was calculated by averaging the recording counts per 10 

seconds of each sample minus the background dark count rate, measured to be an average 

of 160 counts per 10 seconds. 

Plotted graphs were constructed in GraphPad Prism, and schematic diagrams and digital 

figures were generated via Microsoft PowerPoint (Microsoft 365, Washington – USA) or 

BioRender (BioRender, Toronto – Canada). A P value of less than 0.05 was used as the 

criteria for statistical tests were statistically significant. This is represented graphically as 

follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Chapter 3 : Senescence Induction 

 

3.1: Aims 

 

Senescence, as a complex cellular process, requires specific approaches for detection and 

induction due to its multifaceted nature (Campisi, 2013). This chapter investigates three 

distinct chemical inducers of senescence across five diverse cell lines, including cancerous 

and non-cancerous models. Since senescent cells exhibit a spectrum of cellular changes, 

including SA β-gal activity, cellular proliferation, cell cycle distribution, intracellular Ca2+ 

levels and morphology, these indicators were assessed in the senescent models to validate 

senescence induction. The overall aim of this chapter was to determine which cell lines, 

and methods of both inducing and detecting senescence would provide the most robust and 

reproducible model for the subsequent experimental work in chapters 5 and 6. 

 

3.2: Results 

 

3.2.1 Dox-induced senescence optimisation   

Four cell lines were treated with doses of Dox to induce cellular premature senescent 

populations. Figures 3.1 to 3.5 describe the different Dox treatments in the MCF10A breast 

cell line (Figure 3.1), MCF7 breast cancer cell line (Figure 3.2), IMR-90 lung fibroblasts 

(Figure 3.3), A549 lung cancer cell line (Figure 3.4) and AG01972 progeria fibroblasts 

(Figure 3.5).  
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MCF10A breast cells: Following Dox treatment (0.25 μM for 24 hours and then 6 days in 

Dox-free media) the level of senescence in MCF10A breast cells, increased by 90.56% ± 

10.17 (P < 0.0001; Figure 3.1) compared to vehicle control. While 24 hours of Dox treatment 

at a higher dose (0.5 μM) resulted in a mean increase in the level of senescence of 73.69% 

± 14.38 (P = 0.0003) compared with the vehicle control. Interestingly, a shorter treatment of 

3 hours using 0.5 μM Dox treatment increased the senescent population by 63.08% ± 14.38 

(P = 0.0015) in MCF10A cells, compared to vehicle controls. There were no significant 

differences between Dox dosages or exposure times (24 or 3 hours). 
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Figure 3.1: The effect of Dox on MCF10A senescence induction – Flow cytometry. (A) 

MCF10A breast cells were treated with 0.25 and 0.5 μM Dox for 24 hours, or with 0.5 μM 

Dox for 3 hours, followed by 6 days in drug-free media. Senescent levels were quantified 

with CellEvent fluorescence intensity and expressed as a percentage change from 

untreated control (N=9 independent biological repeats). Statistical significance was 

determined using one-way ANOVA with post-hoc Bonferroni testing. (B) Representative 

histograms showing univariate plot intensity of Alexa Fluor-488 against event count in flow 

cytometry, demonstrating the distribution of senescent cells across different treatment 

conditions. Data are presented as mean changes compared to an untreated control ± SEM. 

** : P ≤ 0.01, *** : P ≤ 0.001 **** : P ≤ 0.0001. 
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MCF7 breast cancer cells: Following Dox treatment (0.25 μM for 24 hours and then 6 days 

in Dox-free media), the level of senescence in MCF7 breast cancer cells increased by 

51.07% ± 7.74 (P < 0.0001; Figure 3.2) compared to vehicle control. 24 hours of treatment 

with 0.5 μM Dox resulted in a mean increase in senescence of 55.63% ± 10.61 (P = 0.0003) 

compared to the vehicle control. Additionally, 3 hours of 0.5 μM Dox treatment increased 

the senescent population by 37.94% ± 10.61 (P = 0.0100) in MCF7 cells, compared to 

vehicle controls. There were no significant differences between Dox dosages or exposure 

times (24 or 3 hours). 
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Figure 3.2: The effect of Dox on MCF7 senescence induction – Flow cytometry. (A) MCF7 

breast cancer cells were treated with 0.25 and 0.5 μM Dox for 24 hours, or with 0.5 μM Dox 

for 3 hours, followed by 6 days in drug-free media. Senescent levels were quantified with 

CellEvent fluorescence intensity and expressed as a percentage change from untreated 

control (N=8 independent biological repeats). Statistical significance was determined using 

one-way ANOVA with post-hoc Bonferroni testing. (B) Representative histograms showing 

univariate plot intensity of Alexa Fluor-488 against event count in flow cytometry, 

demonstrating the distribution of senescent cells across different treatment conditions. Data 

are presented as mean changes compared to an untreated control ± SEM. ** : P ≤ 0.01, *** 

: P ≤ 0.001, **** : P ≤ 0.0001. 
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IMR-90 lung fibroblasts: Following Dox treatment (0.25 μM for 24 hours and then 6 days 

in Dox-free media), the level of senescence in IMR-90 lung fibroblasts increased by 50.44% 

± 9.93 (P = 0.0006; Figure 3.3) compared to vehicle control. 24 hours of treatment with 0.1 

μM Dox resulted in a mean increase in senescence of 37.39% ± 10.63 (P = 0.0098) 

compared to the vehicle control. There was no significant difference among the different 

Dox dosages. 
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Figure 3.3: The effect of Dox on IMR-90 senescence induction – Flow cytometry. (A) IMR-

90 lung fibroblasts were treated with 0.1 and 0.25 μM Dox for 24 hours, followed by 6 days 

in drug-free media. Senescent levels were quantified with CellEvent fluorescence intensity 

and expressed as a percentage change from untreated control (N=5 independent biological 

repeats). Statistical significance was determined using one-way ANOVA with post-hoc 

Bonferroni testing. (B) Representative histograms showing univariate plot intensity of Alexa 

Fluor-488 against event count in flow cytometry, demonstrating the distribution of senescent 

cells across different treatment conditions. Data are presented as mean changes compared 

to an untreated control ± SEM. ** : P ≤ 0.01, *** : P ≤ 0.001. 
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A549 lung cancer cells: Following Dox treatment (0.25 μM for 24 hours and then 6 days 

in Dox-free media), the level of senescence in A549 lung cancer cells increased by 244.20% 

± 30.00 (P < 0.0001; Figure 3.4) compared to vehicle control. 
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Figure 3.4: The effect of Dox on A549 senescence induction – Flow cytometry. (A) A549 

lung cancer cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in drug-

free media. Senescent levels were quantified with CellEvent fluorescence intensity and 

expressed as a percentage change from untreated control (N=9 independent biological 

repeats). Statistical significance was determined using Mann-Whitney U test. (B) 

Representative histograms showing univariate plot intensity of Alexa Fluor-488 against 

event count in flow cytometry, demonstrating the distribution of senescent cells across 

different treatment conditions. Data are presented as mean changes compared to an 

untreated control ± SEM. **** : P < 0.0001. 
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AG01972 progeria fibroblasts: Dox treatment had no effect on the induction cellular 

senescence in AG01972 progeria fibroblasts (P > 0.05 at 0.25 μM and 0.5 μM Dox 

concentrations; Figure 3.5). Furthermore, neither the 24 or 48-hour treatment of 0.25 μM 

Dox nor the three or 24-hour treatment of 0.5 μM Dox significantly induced senescence in 

the AG01972 cell line.  
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Figure 3.5: The effect of Dox on AG01972 senescence induction – Flow cytometry. 

AG01972 progeria fibroblasts were treated with 0.25 μM Dox for 24 and 48 hours or with 

0.5 μM Dox for 3 and 24 hours, followed by 6 days in drug-free media. Senescent levels 

were quantified with CellEvent fluorescence intensity and expressed as a percentage 

change from untreated control (N=10 independent biological repeats). Statistical 

significance was determined using one-way ANOVA with post-hoc Bonferroni testing. Data 

are presented as mean changes compared to an untreated control ± SEM, and no 

significance was detected. 
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3.2.2 Examination of other chemical senescence inducers     

Additional chemical inducers were also explored while testing for Dox-induced senescence. 

Published data reported H2O2- (Zhong et al., 2019) and palbociclib-induced (Jost et al., 

2021) senescence in MCF7 cells. Therefore, the breast cancer MCF7 cell line was treated 

with these two chemical candidates to induce premature senescence, in parallel with Dox 

(Section 3.2.1). The data shown in Figure 3.6 indicates that H2O2 and palbociclib did not 

increase senescence. In more detail, seven days after 24 hours of 100, 300 and 500 μM 

H2O2 treatment, the cell population was not significantly more senescent (P = 0.7800). 

Similarly, 72 hours of 10 μM palbociclib treatment did not significantly induce a senescent 

population (P = 0.6700).  
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Figure 3.6: The effect of drug senescence inducers in MCF7 cells – Flow cytometry. (A) 

MCF7 breast cancer cells were treated with 100, 300 and 500 μM H2O2 for 24 hours (N=3 

independent biological repeats), followed by 6 days in drug-free media. Senescent levels 

were quantified with CellEvent fluorescence intensity and expressed as a percentage 

change from untreated control. Statistical significance was determined using one-way 

ANOVA with post-hoc Bonferroni testing. (B) MCF7 cells were treated with 10 μΜ 

palbociclib for 72 hours (N=4 independent biological repeats), followed by 6 days in drug-

free media. Senescent levels were quantified with CellEvent fluorescence intensity and 

expressed as a percentage change from untreated control. Statistical significance was 

determined using Mann-Whitney U test. Data are presented as mean changes compared 

to an untreated control ± SEM, and no significance was detected. 
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3.2.3 Cell Viability in Response to Dox treatment  

The MTT assay was employed to examine the impact of various Dox concentrations on cell 

viability. In MCF10Α breast cells, which in this thesis is the main senescent cellular model, 

exposure to doses ranging from 0.05 to 1.0 μM of Dox for 24 hours had no significant effect 

on cellular viability (P > 0.05 for all concentrations; Figure 3.7). 
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Figure 3.7: The effect of Dox on MCF10A cell viability. MCF10A breast cells were exposed 

to increasing Dox concentrations (0.05, 0.1, 0.25, 0.5, 1.0 μM) and one drug-free control (0 

μΜ) for 24 hours, followed by MTT assay measurement of cell viability (N=3 independent 

biological repeats). Statistical significance was determined using one-way ANOVA with 

post-hoc Bonferroni testing. Data are presented as mean changes compared to an 

untreated control ± SEM, and no significance was detected. 
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3.2.4 Cellular characteristics of Dox-induced senescent cells  

Once Dox-senescence induction was established, the cellular and molecular characteristics 

of the senescent cells were examined. Figures 3.8 and 3.9 describe the changes in cell 

count (Figure 3.8) and cell cycle (Figure 3.9)  

Six days after 24 hours of 0.25 μM Dox treatment, cell number decreased significantly in all 

cell lines: MCF10A breast 297,700 ± 34,480 (83.62% decrease, P = 0.0003), MCF7 breast 

cancer 217,300 ± 42,010 (75.56% decrease, P = 0.0050), and A549 lung cancer 595,600 ± 

89,600 (74.10% decrease, P = 0.0014) (Figure 3.8).  

The cell cycle of MCF10A breast cells was further analysed to assess senescent 

proliferation arrest. During Dox-induced senescence, the percentage of cells in the G1 (P = 

0.0094) and S (P = 0.0116) phases were decreased by 9.19% ± 2.37 and 2.48% ± 0.66, 

respectively. In contrast, the percentage of senescent MCF10A cells in the G2 phase (P = 

0.0059) was higher than the non-senescent control cells by 11.68% ± 2.78 (Figure 3.9). 
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Figure 3.8: Cell count post-senescence induction. MCF10A breast (A), MCF7 cancer (B), 

and A549 lung cancer (C) cells were treated with media alone, H2O vehicle control, or 0.25 

μM Dox for 24 hours, followed by 6 days in drug-free media. Cell counts were performed 

using a Countess 2 automated cell counter (N=3 independent biological repeats for each 

cell line). Statistical significance was determined using one-way ANOVA with post-hoc 

Bonferroni testing. Data are presented as average counts ± SEM. * : P ≤ 0.05, ** : P ≤ 0.01, 

*** : P ≤ 0.001. 
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Figure 3.9: Cell cycle analysis post-senescence induction. MCF10A breast cells were 

treated with Media alone, H2O vehicle control, or 0.25 μM Dox for 24 hours, followed by 6 

days in drug-free media. Cell cycle was aanalysed using propidium iodide staining and flow 

cytometry (N=3 independent biological repeats). The percentage of cells in (A) G1, (B) S, 

and (C) G2 phases was determined. Statistical significance was determined using one-way 

ANOVA with post-hoc Bonferroni testing. (D) Representative histograms showing univariate 

plot intensity of PE gate against event count in flow cytometry, demonstrating the 

distribution of cells across different cell cycle phases. Data are presented as percentages 

of the total number of cells ± SEM. * : P ≤ 0.05, ** : P ≤ 0.01. 
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3.2.5 β-galactosidase activity of Dox-induced senescent cells  

To further characterize the senescent phenotype in Dox-treated cells, I assessed β-

galactosidase (β-gal) activity using senescence-associated β-gal (SA β-gal) staining. This 

widely accepted biomarker has been extensively used in senescence research due to its 

reliability in identifying senescent cells (Dimri et al., 1995; Debacq-Chainiaux et al., 2009). 

Cells were stained with X-gal, and the presence of blue-stained cells was quantified to 

indicate senescence. A statistically significant increase of senescent, blue-stained cells was 

observed in Dox-treated populations of MCF10A (56% ± 4.50; P = 0.0002), MCF7 (70% ± 

1.40; P <0.0001) and A549 (64% ± 3.50; P < 0.0001) in comparison to control populations 

(Figures 3.10 and 3.11). Furthermore, the morphology of Dox-treated populations was 

altered, with enlarged and swollen cells.  

 

 

 

 

 

 

 

 



 
 

76 
 

MCF10A

Doxorubicin (M)

S
A

-β
-g

a
l 
p

o
s
s
it
iv

e
 c

e
lls

(%
 t

o
 m

e
d

ia
 c

o
n

tr
o

l)

C
ontr

ol

0.
25

 
0

50

100

✱✱✱

MCF7

Doxorubicin (M)

S
A

-β
-g

a
l 

p
o

s
s
it

iv
e

 c
e

ll
s

(%
 t

o
 m

e
d

ia
 c

o
n

tr
o

l)

C
ontr

ol

0.
25

 
0

50

100 ✱✱✱

A549

Doxorubicin (M)

S
A

-β
-g

a
l 

p
o

s
s
it

iv
e

 c
e

ll
s

(%
 t

o
 m

e
d

ia
 c

o
n

tr
o

l)

C
ontr

ol

0.
25

 
0

50

100

✱✱✱

A

B

C

 

Figure 3.10: Detection of positively stained cells for SA β-gal activity. MCF10A breast (A), 

MCF7 breast cancer (B), and A549 lung cancer (C) cells were treated with media alone, 

H2O vehicle control, or 0.25 μM Dox for 24 hours, followed by 6 days in drug-free media. 

Cells were stained with X-gal solution at pH 6.0, and positively stained cells were counted 

and expressed as percentage change from untreated control (N=3 independent biological 

repeats for each cell line). Statistical significance was determined using an unpaired two-

tailed t-test. Data are presented as mean changes compared to an untreated control ± SEM. 

*** : P ≤ 0.001. 
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Figure 3.11: Microscopic imaging of SA β-gal activity in stained cells. MCF7 breast cancer, 

MCF10A breast and A549 lung cancer cells were treated with media alone, H2O vehicle 

control, or 0.25 μM Dox for 24 hours, followed by 6 days in drug-free media. Cells were 

stained with X-gal solution at pH 6.0 for detection of SA β-gal activity and imaged using the 

EVOS FL2 fluorescent microscope with the EVOS 20X, fluorite, LWD, 0.45NA/6.23WD 

objective (microscopic images were acquired on day 8 post-seeding). Representative 

images show adherent cells with characteristic senescent features in Dox-treated 

populations: positive blue X-gal staining, enlarged and flattened morphology, and reduced 

cell density compared to control conditions. Scale bar: 100 μm. 
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3.2.6 Assessment of intracellular Ca2+ levels of Dox-induced senescent cells 

Given literature reports of increased intracellular Ca2+ concentrations in senescent cells 

(Martin et al., 2018), total intracellular Ca2+ levels were measured as an additional 

senescence marker. Ca2+ levels were quantified in MCF10A breast and MCF7 breast 

cancer cells. The results showed a significant increase in both cell lines' Ca2+ levels after 

0.25 μM Dox treatment for 24 hours and six days of culture with Dox-free media. Senescent 

MCF10A cells increased Ca2+ by 117.80% ± 13.05 (P = 0.079; Figure 3.12) and senescent 

MCF7 cells by 94.74% ± 17.44 (P = 0.0002; Figure 3.13). 
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Figure 3.12: The effect of senescence in MCF10A total Ca2+ levels – Flow cytometry. 

MCF10A breast cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in 

drug-free media. Media (untreated) and vehicle (H2O) control were included for comparison. 

Total intracellular Ca2+ levels were quantified by flow cytometry in live cells stained with 

Fluo-4 fluorescent dye and expressed as a percentage change from untreated control (N=5 

independent biological repeats). Statistical significance was determined using Mann-

Whitney U test. Data are presented as mean changes compared to an untreated control ± 

SEM. ** : P ≤ 0.01. 
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Figure 3.13: The effect of senescence in MCF7 total Ca2+ levels – Flow cytometry. MCF7 

breast cancer cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in drug-

free media. Media and vehicle (H2O) controls were included for comparison. Total 

intracellular Ca2+ levels were quantified by flow cytometry in live cells and expressed as a 

percentage change from untreated control (N=8 independent biological repeats). Statistical 

significance was determined using Mann-Whitney U test. Data are presented as mean 

changes compared to an untreated control ± SEM. *** : P ≤ 0.0001. 
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3.3: Discussion 

 

3.3.1 Dox treatment as senescence-induction protocol for three different senescent models. 

In this chapter, the aim was to establish robust and reproducible senescence models across 

various cell lines for subsequent experimental work. Specifically, the objective was to 

determine the most effective method for inducing and detecting senescence in different 

non-cancer and cancer cell lines. Additionally, the chapter aimed to characterize the cellular 

and molecular features of the induced senescent cells to validate the models. 

Senescence is a complex cellular phenomenon reflected in both its detection and induction, 

which require different tests and assays to establish whether a population is senescent 

(Campisi, 2013). Senececent phenotypes are dependent on cell type, and therefore the 

protocol for senescent induction may vary from cell line to cell line. Furthermore, cell lines 

may exhibit different senescence cell characteristics depending on the induction pathway 

(Sharpless and Sherr, 2015). This variability in senescence response presents a challenge 

when designing senescence induction protocols. 

Three different chemical inducers of senescence were tested on five cell lines: MCF10A 

breast non-cancer, MCF7 breast cancer, A549 lung cancer, AG01972 progeria skin 

fibroblasts and IMR-90 lung fibroblasts. The senescence inducers Dox (Hernandez-Segura 

et al., 2018b; Hou et al., 2019; Jochems et al., 2021), H2O2 (Arnandis et al., 2018; 

Hernandez-Segura et al., 2018b; Zhong et al., 2019; Zhou et al., 2015) and palbociclib (Jost 

et al., 2021; Leite de Oliveira & Bernards, 2018) have been widely used for in vitro induction 

of senescence. Dox, a topoisomerase II inhibitor, and palbociclib, a selective CDK4/6 

inhibitor, are both anti-cancer chemical agents which activate DDR, leading to permanent 

cell cycle arrest (Nitiss, 2009; Wang et al., 2021), while H2O2 leads to oxidative stress-

induced premature senescence (Chen et al., 2007). Previous studies of cancer cellular 

models, such as MCF7 and A549, have utilised Dox (Bojko et al., 2019; Jochems et al., 
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2021; Srdic-Rajic et al., 2017), H2O2 (Zhong et al., 2019) and palbociclib (Leite de Oliveira 

& Bernards, 2018) to induce senescence.  

Among the three chemical inducers tested, only exposure to Dox induced senescence in 

breast and lung cancer cells, breast non-cancer cells, and lung fibroblasts without reducing 

the cell viability 24 hours after exposure (Figure 3.7). Dox is one of the most common 

senescent inducers in chemotherapies against cancers and is also used as a positive 

control for senescence in vitro studies (Milczarek, 2020). Based on these results, Dox 

treatment was selected as the primary method for inducing senescence in this research, 

based on its consistent effectiveness and the clear senescent phenotype it produced 

(Figures 3.1, 3.2, 3.3 and 3.4). 

MCF10A non-cancer breast cells were chosen as the primary senescent model for several 

reasons. Firstly, as a non-cancer cell line, it provides a more appropriate model for studying 

general senescence mechanisms compared to cancer cell lines. Secondly, it has a clear 

cancer cell analogue (MCF7), allowing for comparative studies. Additionally, MCF10A cells 

showed a more pronounced senescent response to Dox treatment compared to the 

commonly used IMR-90 fibroblasts, making them a suitable model for my research 

objectives. 

The complexity and heterogeneous state of senescence (Campisi, 2013; Sharpless & 

Sherr, 2015) and variability between cell lines may explain why chemicals reported to 

induce senescence in some cell lines in the literature did not significantly induce 

senescence in this study. Recent studies have shown that cancer cells can escape 

senescence, and some senescent cells can regain their proliferative capacity, including 

tumour cells induced by chemotherapy (Liao et al., 2020). This may explain why breast 

cancer MCF7 showed no senescence effect after treatment with commonly used 

senescence inducers, such as H2O2 and palbociclib. In addition, a study showed that in 

patient-derived glioma stem cell-enriched cell lines, palbociclib induced a senescent-like 

quiescence instead of true senescence, as evidenced by the cell lines resuming normal 
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proliferation after palbociclib removal, suggesting they maintained their replicative potential 

(Morris-Hanon et al., 2019), possibly explaining why palbociclib did not lead to a senescent 

MCF7 population. In contrast, a study on various chemotherapeutic senescence inducers 

describes Dox, along with irinotecan and methotrexate, as the most effective inducers of 

senescence in cancer cells (Bojko et al., 2019). 

While progeria cell lines are widely considered a valuable model for studying ageing and 

senescence, there is limited literature investigating premature senescence induction in the 

progeria population (Ashapkin et al., 2019). The results provide new insights into this area, 

particularly regarding the response of progeria cells to Dox treatment. Based on my results, 

it appears that progeria cells may not be an ideal model for studying Dox-induced 

senescence. This unexpected finding raises important questions about the mechanisms of 

senescence induction in cells already predisposed to premature ageing. The distinct 

response of progeria cells to Dox compared to normal fibroblasts suggests that the 

underlying genetic mutation in LMNA and the resulting accumulation of progerin may alter 

cellular pathways involved in stress-induced senescence.  

 

3.3.2 Senescence associated β-gal activity as senescence detection method 

Flow cytometry analysis demonstrated positive staining results with a fluorescence dye for 

SA β-gal activity, a distinctive feature of senescence, in the four cell populations in which I 

established a reproducible senescence model. The SA β-gal activity detection method is 

widely used to confirm senescence induction (Dimri et al., 1995). It has been applied to test 

senescence induction caused by various stressors in multiple cell lines from diverse origins, 

both in vivo and in vitro (Debacq-Chainiaux et al., 2009). One advantage of the SA β-gal 

assay is its ability to distinguish senescence from quiescence, as only the former exhibits 

increased lysosomal content and β-gal enzymatic activity (Dimri et al., 1995). Senescent 

cells display an increase in both lysosome number and size, leading to an expansion of the 

lysosomal compartment and lysosome biogenesis (Hernandez-Segura et al., 2018a; Kurz 
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et al., 2000; Lee et al., 2006). Thus, the result indicates non-reversible proliferation arrest 

in cellular populations. 

SA β-gal emerges as a robust detection technique for cellular senescence, often regarded 

as "simple and reproducible" in recent publications (Faragher, 2021). In this thesis, flow 

cytometry has been effectively employed for SA β-gal senescence detection, presenting the 

opportunity for flow sorting of viable senescent cells. Flow cytometry offers advantages over 

traditional colourimetric β-gal assays, such as enhanced sensitivity, automated quantitative 

analysis and avoidance of operator error (Faragher, 2021; Noppe et al., 2009). Although 

flow cytometry is the primary method to confirm senescence, a colourimetric assay was 

applied to three cell lines (Figures 3.10 and 3.11). The positively stained results were 

consistent with previous studies using Dox-induced senescent MCF10A (Hou et al., 2019), 

MCF7 (El-Far et al., 2020; Milczarek, 2020) and A549 (Fan et al., 2023; Jochems et al., 

2021) cells, validating flow cytometry as an accurate test in this thesis. This integration of 

techniques highlights the reliability of the senescence detection method.  

In conclusion, as senescence is a complex cellular phenomenon, an appropriate 

methodology for detection and induction is required. The results of this chapter describe 

that among the three chemical senescence inducers tested, only Dox was found to induce 

senescence in breast cancer, breast non-cancer, lung cancer cells, and lung fibroblasts. 

Additionally, the SA β-gal activity detection via flow cytometry confirmed senescence 

induction in all four cell populations, indicating non-reversible proliferation arrest. This 

method was employed to test senescent levels in the following chapters. 

 

3.3.3 Cellular characteristics of senescent cells 

Defining a senescent cell requires more than just a single marker. As Lee et al. (2006) 

noted, reliance solely on SA β-gal may present limitations, given its non-essential nature for 

senescence (Lee et al., 2006). Although senescent cells exhibit various characteristics, 
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these often depend on the induction method and cell origin (Sharpless & Sherr, 2015); one 

characteristic that all senescent populations exhibit is growth arrest (Campisi, 2013; 

Faragher, 2021). In this study, alongside SA β-gal detection, cellular proliferation was 

assessed through cell number quantification before and after Dox-senescence induction. 

The results revealed a significant decrease in cell number (Figure 3.8), confirming the 

proliferation arrest characteristic of senescent cells. This finding aligns with the approach 

suggested by Crowe et al. (2014), where simple cell counting serves as a reliable indicator 

of proliferation arrest. All four cell lines, MCF7, MCF10A, A549, and IMR-90, significantly 

decreased cell number, further confirming the observed senescent phenotype. 

Senescence was induced in four cell lines, including the primary MCF10A breast cell model, 

using Dox, a DNA-damaging agent known to activate DDR pathways by inhibiting DNA 

topoisomerase II, as described in Section 1.5.2 (Nitiss, 2009). Consistent with previous 

findings by Srdic-Rajic et al. (2017) in MCF10A and MCF7 cell models, results demonstrate 

a significant alteration in the cell cycle phase distribution of MCF10A cells following Dox 

treatment (Srdic-Rajic et al., 2017). Flow cytometry analysis reveals an increased 

accumulation of cells in the G2 phase of the cell cycle (Figure 3.9), indicating that senescent 

cells blocked their proliferation in the G2 phase. This G2 cell cycle arrest aligns with the 

concept proposed by Afifi et al. (2023), supporting the senescent, irreversible, terminal cell 

fate (Afifi et al., 2023). The confirmation of G2 phase cell cycle arrest confirms the efficacy 

of Dox in inducing senescence in MCF10A cells and provides mechanistic insights into Dox-

induced senescent models. Interestingly, this G2 phase arrest in Dox-induced senescence 

differs from the cell cycle arrest observed in replicative senescence. Bielak-Zmijewska et 

al. (2014) reported that while 32% of Dox-treated vascular smooth muscle cells were 

arrested in the G2/M phase, 73% of replicative senescent cells were arrested in the G1 

phase (Bielak-Zmijewska et al., 2014). This distinction in cell cycle arrest patterns between 

drug-induced premature senescence and replicative senescence suggests that these two 

categories of senescence might have different physiological characteristics. It is important 
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to note that due to time limitations, I could not explore the full range of differences between 

drug-induced and replicative senescence. However, future studies would benefit from a 

more comprehensive investigation of these distinctions. 

Another characteristic of senescent cells is their altered morphology, consistent with the 

observed SA β-gal staining results. As demonstrated in Figure 3.11, MCF10A, MCF7, and 

A549 cells demonstrate elongated and swollen morphology compared to their non-

senescent control populations. Although size cannot be used as a senescence marker 

alone (Faragher, 2021), this altered morphology is characteristic in cells with increased SA 

β-gal activity, as previously described (Kurz et al., 2000). The enlarged cell mass reflects 

the increased lysosomal compartment and lysosome biogenesis in senescent cells 

(Hernandez-Segura et al., 2018a; Lee et al., 2006). These morphological changes provide 

further evidence of senescence induced by Dox treatment in MCF10A, MCF7, and A549 

cell lines, reinforcing the findings from SA β-gal staining and highlighting the effectiveness 

of senescence induction in this thesis. 

Finally, intracellular Ca2+ levels are increased due to senescence (Martin et al., 2023). My 

results show that Dox-induced senescent MCF10A (Figure 3.12) and MCF7 (Figure 3.13) 

cells exhibit increased intracellular Ca2+ levels. These results are consistent with recent 

publications highlighting the importance and involvement of increased Ca2+ levels in 

senescence (Martin et al., 2023; Martin & Bernard, 2018). Ca2+ signalling plays an essential 

role in the cell cycle, modulating various molecular processes, including gene expression, 

cell proliferation, and migration (Martin & Bernard, 2018), while senescent cells increase 

their intracellular Ca2+ levels in response to various senescence-inducing stresses (Martin 

et al., 2023). The increase in intracellular Ca2+ concentration in senescent cells can be 

attributed to Ca2+ influx through plasma membrane channels and Ca2+ release from 

intracellular stores such as endoplasmic reticulum or mitochondria (Martin et al., 2023).  

Moreover, the rise in intracellular Ca2+ concentration has been linked to regulating crucial 

senescence effector pathways (Martin et al., 2023). For example, elevated intracellular Ca2+ 
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levels trigger cellular senescence by contributing to DNA damage response activation and 

p53/p21/RB pathway activation (Borodkina et al., 2016), which also control the senescence 

activation pathways, as described in Section 1.6.3. Additionally, the Ca2+-binding protein 

calbindin 1 is upregulated as a response to senescence-inducing stresses, and its 

overexpression has been found to reduce the increase in intracellular Ca2+ levels and 

prevent senescence in cancer cells (Raynard et al., 2022). And importantly, Ca2+ regulates 

the SASP by controlling the processing of interleukin 1 alpha (IL1α), an important positive 

regulator of SASP (McCarthy et al., 2013). 

Interestingly, it has been suggested that there is a shift in the sensitivity to intracellular Ca2+ 

levels with ageing, as Martin et al. exhibited increased responses to intracellular Ca2+ 

stimulation despite decreased receptor expression in senescent cells (Martin et al., 2023). 

Mijares et al., 2021, further support these findings by demonstrating an age-dependent 

increase in intracellular Ca2+ concentration in skeletal muscle during normal ageing (Mijares 

et al., 2021). Additionally, Witcher et al., 2021, reported increased intracellular Ca2+ 

signalling in senescent airway smooth muscle cells, suggesting a potential role in promoting 

fibrosis and altered cellular contractility associated with ageing (Wicher et al., 2021). These 

findings highlight that increased Ca2+ levels are essential for the senescent phenotype at a 

cellular level and contribute to why senescence is a hallmark of ageing at an organism level.  

 

3.3.4 Conclusion 

In conclusion, this chapter investigates the potential candidates for senescence induction 

in various non-cancerous and cancerous cell lines. Among the drugs tested, Dox was the 

most effective senescence drug inducer for four different cell lines, including breast non-

cancer, breast and lung cancer and lung fibroblasts. Senescence was confirmed and 

validated by detecting SA β-gal activity via flow cytometry. Senescent populations 

demonstrated specific cellular characteristics, such as proliferation arrest, altered 
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morphology and increased Ca2+ intracellular levels (Table 3.1), which align with the 

literature and confirm the senescent models for this thesis.  

Despite the successful establishment of senescence models, this study has some 

limitations. Dox-induced senescence represents premature senescence, which reflects only 

one of the two senescent categories. An additional replicative senescence model would be 

beneficial to better model ageing. However, inducing replicative senescence requires 

extensive cell replication over several months, which was not feasible within the time 

constraints of this study. The stress-induced chemical senescence model using Dox was 

chosen as the most practical approach given the time limitations and the need to explore 

multiple aspects of senescence. Furthermore, while multiple senescence markers were 

assessed, the study could benefit from examining additional markers and pathways to 

provide a more comprehensive characterization of the senescent phenotype, such as 

epigenetic changes and SASP characterisation.   

 

Change Markers 

  
 

Increased lysosomal content  ↑ SA β-galactosidase  

Proliferation arrest  ↓ cell count 

Cell cycle arrest  ↑ G2 phase of cell cycle 

Morphology  ↑ cell size 

Homeostasis   ↑ Ca2+ concentration 

  

Table 3.1: Summary of cellular characteristics in senescent models. Dox-induced 

senescence is confirmed by changes in cellular characteristics, which are experimentally 

confirmed in vitro by different cellular markers. ↑ : increase ↓ : decrease. 
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Chapter 4 : Mitochondria Function from Senescent Cells 

 

4.1 Aims 

 

Mitochondria have a dual role in cellular senescence; they are both drivers and effectors 

(Correia-Melo & Passos, 2015). Increased ROS levels are essential for maintaining the 

senescent phenotype in cellular populations (Correia‐Melo et al., 2016), while changes in 

MMP are not just a result of cellular senescence but also have a role in ROS increased 

levels (Correia-Melo & Passos, 2015). Additionally, in recent years, the role of Ca2+ and 

Ca2+ signalling has a clear role in cellular senescence, as Ca2+, Ca2+-binding proteins and 

Ca2+ channels are key players in the regulation of senescence (Martin et al., 2023). 

Therefore, the aim of this chapter was to characterise the mitochondrial function of 

senescent cellular models. 

 

4.2 Results 

 

 4.2.1 Detection and quantification of ROS 

The mitochondria of MCF10A breast and MCF7 breast cancer and A549 lung cancer cells 

were further assessed to determine whether cellular ROS levels were altered following the 

induction of senescence with 0.25 μM Dox treatment for 24 hours and six days culture with 

Dox-free media. The results showed that senescence significantly increased cellular ROS 

levels in all cell lines; by 91.68% ± 24.90 (P = 0.0079) in MCF10A breast senescent cells 

(Figure 4.1); by 130.60% ± 21.60 (P = 0.0079) in MCF7 breast cancer cells (Figure 4.2) and 

by 1,235% ± 14.45 (P < 0.0001) in A549 lung cancer cells (Figure 4.3). 
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Figure 4.1: The effect of senescence on cellular ROS levels in MCF10A – Flow cytometry. 

(A) MCF10A breast cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in 

drug-free media. Media and vehicle (H2O) controls were included for comparison. ROS 

levels were quantified by flow cytometry in live cells following DCFDA staining and 

expressed as a percentage change from untreated control (N=12 independent biological 

repeats). Statistical significance was determined using Mann-Whitney U test. (B) 

Representative histograms showing univariate plot intensity of Alexa Fluor-488 against 

event count in flow cytometry, demonstrating the distribution of ROS levels across different 

treatment conditions. Data are presented as mean changes compared to an untreated 

control ± SEM. ** : P ≤ 0.01. 
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Figure 4.2: The effect of senescence on cellular ROS levels in MCF7 – Flow cytometry. 

MCF7 breast cancer cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days 

in drug-free media. Media and vehicle (H2O) controls were included for comparison. ROS 

levels were quantified by flow cytometry in live cells following DCFDA staining and 

expressed as a percentage change from untreated control (N=5 independent biological 

repeats). Statistical significance was determined using Mann-Whitney U test. Data are 

presented as mean changes compared to an untreated control ± SEM. ** : P ≤ 0.01. 

 



 
 

92 
 

ROS levels in A549 senescent cells

D
C

F
D

A
 f

lu
o

re
s
e

n
c

e
 l

e
v

e
l

(%
c

h
a

n
g

e
 o

f 
u

n
tr

e
a

te
d

 c
o

n
tr

o
l)

C
ontr

ol

0.
25

-500

0

500

1000

1500
✱✱✱✱

Doxorubicin (μM)
 

Figure 4.3: The effect of senescence on cellular ROS levels in A549 – Flow cytometry. A549 

lung cancer cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in drug-

free media. Media and vehicle (H2O) controls were included for comparison. ROS levels 

were quantified by flow cytometry in live cells following DCFDA staining and expressed as 

a percentage change from untreated control (N=3 independent biological repeats). 

Statistical significance was determined using unpaired two-tailed t-test. Data are presented 

as mean changes compared to an untreated control ± SEM. **** : P < 0.0001. 
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4.2.2 Assessment of mitochondrial membrane potential  

MCF10A breast and MCF7 breast cancer cells were further assessed to determine whether 

senescence altered MMP. The results showed that MMP increased by 122.30% ± 25.10 (P 

= 0.0082; Figure 4.4) in MCF10A, while no significant MMP change was observed in 

senescent MCF7 cells (P = 0.3095, Figure 4.5).  
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Figure 4.4: The effect of senescence in MCF10A MMP – Flow cytometry. (A) MCF10A 

breast cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in drug-free 

media. Media and vehicle (H2O) controls were included for comparison. Mitochondrial 

membrane potential was quantified by flow cytometry in live cells following TMRE staining 

and expressed as a percentage change from untreated control (N=3 independent biological 

repeats). Statistical significance was determined using unpaired two-tailed t-test. (B) 

Representative histograms showing univariate plot intensity of PE against event count in 

flow cytometry, demonstrating the distribution of MMP across different treatment conditions. 

Data are presented as mean changes compared to an untreated control ± SEM. ** : P ≤ 

0.01. 
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Figure 4.5: The effect of senescence in MCF7 MMP – Flow cytometry. MCF7 breast cancer 

cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days in drug-free media. 

Media and vehicle (H2O) controls were included for comparison. Mitochondrial membrane 

potential was quantified by flow cytometry in live cells following TMRE staining and 

expressed as a percentage change from untreated control (N=4 independent biological 

repeats). Statistical significance was determined using Mann-Whitney U test. Data are 

presented as mean changes compared to an untreated control ± SEM. non-significant: P > 

0.05. 
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4.2.3 Assessment of mitochondrial Ca2+ levels   

MCF10A breast and MCF7 breast cancer cells were further analysed to determine whether 

senescence increased mitochondrial Ca2+ levels. The results showed a significant increase 

of Ca2+ levels in both MCF10A and MCF7 after 0.25 μM Dox treatment for 24 hours and six 

days of culture with Dox-free media. Ca2+ levels increased by 96.29% ± 13.40 (P = 0.0022) 

in mitochondria isolated from senescent MCF10A breast cells (Figure 4.6), and by 23.45% 

± 8.24 (P = 0.0079) in mitochondria from senescent MCF7 cancer breast cells (Figure 4.7).  
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Figure 4.6: The effect of senescence in MCF10A mitochondrial Ca2+ levels – Flow 

cytometry. (A) MCF10A breast cells were treated with 0.25 μM Dox for 24 hours, followed 

by 6 days in drug-free media. Media and vehicle (H2O) controls were included for 

comparison. Mitochondrial Ca2+ levels were quantified by flow cytometry in live cells 

following Rhod-2 staining and expressed as a percentage change from untreated control 

(N=6 independent biological repeats). Statistical significance was determined using Mann-

Whitney U test. (B) Representative histograms showing univariate plot intensity of PE 

against event count in flow cytometry, demonstrating the distribution of mitochondrial Ca2+ 

levels across different treatment conditions. Data are presented as mean changes 

compared to an untreated control ± SEM. ** : P ≤ 0.001. 
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Figure 4.7: The effect of senescence in MCF7 mitochondrial Ca2+ levels – Flow cytometry. 

MCF7 breast cancer cells were treated with 0.25 μM Dox for 24 hours, followed by 6 days 

in drug-free media. Media and vehicle (H2O) controls were included for comparison. 

Mitochondrial Ca2+ levels were quantified by flow cytometry in live cells following Rhod-2 

staining and expressed as a percentage change from untreated control (N=5 independent 

biological repeats). Statistical significance was determined using Mann-Whitney U test. 

Data are presented as mean changes compared to an untreated control ± SEM. ** : P ≤ 

0.01. 
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4.3: Discussion 

 

4.3.1 ROS increase in senescent cells 

The overall aim of this chapter was to investigate the changes in mitochondrial function 

following Dox-induced senescence. I have demonstrated that cellular senescence induces 

significant alterations in various mitochondrial characteristics, including ROS levels, MMP 

and mitochondrial Ca2+ levels. These changes were observed across multiple characteristic 

markers of senescence, providing a comprehensive view of the senescent phenotype. 

Consistent with previous studies, I observed increased cellular ROS levels in Dox-induced 

senescent MCF10A, MCF7, and A549 cells. This finding aligns with the work of Fan et al. 

(2023), who demonstrated elevated ROS levels in Dox-induced senescent A549 cells (Fan 

et al., 2023). The agreement between my results and those of Fan et al. confirms the 

reliability of my methods and reinforces the significance of ROS as a hallmark of 

senescence across different cell types. Indeed, ROS elevation is widely recognized as a 

key feature of senescence (Hernandez-Segura et al., 2018a).  

As previously mentioned (Section 1.7.2), both mitochondria and ROS are drivers of 

senescence in vivo and in vitro (Correia-Melo & Passos, 2015; Höhn et al., 2017; Passos 

et al., 2010).  Increased ROS levels and oxidative stress are two of the most established 

inducers of senescence (Petrova et al., 2016; Hernandez-Segura et al., 2018b). Studies 

have shown that mitochondrial ROS can result in oxidative stress, which enhances telomere 

attrition and leads to paracrine senescence via DNA damage response (DDR) activation 

(Chen et al., 1995; Petrova et al., 2016). For example, treating cells with H2O2 is a common 

technique to induce senescence in cancerous and non-cancerous cell lines (Passos et al., 

2010). While I initially attempted to induce senescence with H2O2 in MCF7 cells, this 

approach did not yield conclusive results in this thesis. However, having successfully 

established three senescent models using Dox, and demonstrating increased levels of ROS 

across these models, I confirmed the overall senescence phenotype. This aligns with the 
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work of Passos et al. (2010), who showed that ROS contributes to establishing, maintaining, 

and stabilizing the cycle arrest in senescent cells. Their research, among others, 

demonstrates the various ways to induce senescence and highlights the crucial role of ROS 

in the senescent state. Thus, the increased level of ROS observed in my Dox-induced 

senescent cells suggests a consistent and irreversible senescence model, further validating 

the approach used in this study. 

 

4.3.2 MMP increase in senescent MCF10A but not MCF7 cells 

In this study, MMP increased during senescence in breast non-cancer cells but not in breast 

cancer cells (Figures 4.4 and 4.5). This contrasts with the general literature, which typically 

reports MMP decreases during senescence (Ashapkin et al., 2019; Correia-Melo & Passos, 

2015; Martini & Passos, 2023; Passos et al., 2010; Stab et al., 2016). However, recent 

research indicates that elevated MMP drives ATP synthesis within mitochondria and 

significantly influences ROS production (Zorova et al., 2018). It is generally accepted that 

extreme or prolonged changes in the MMP can negatively affect cell viability and contribute 

to various pathologies due to excessive ROS levels. Maintaining a stable MMP is crucial for 

mitochondrial homeostasis and eliminating dysfunctional mitochondria. Deviations from 

normal levels of MMP can have detrimental consequences for the cell (Zorova et al., 2018). 

Indeed, as mentioned in Section 4.1.2 (Figure 4.1), MCF10A senescent cells exhibit a more 

than 100% increase in ROS. This increase could be influenced by the increased levels of 

MMP, increasing the ROS levels within the mitochondria (Zorova et al., 2018). Measuring 

ATP levels of MCF10A after Dox senescence induction would provide more information on 

the pathway involved during senescence. However, for this thesis, I did not test for ATP 

levels due to time limitations. The tests performed to establish senescence were deemed 

sufficient for the scope of this research without including ATP level measurements. 

Nevertheless, this represents a limitation of the current study, and future research could 

benefit from examining the ATP levels in Dox-induced senescent cells to further investigate 
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the metabolic changes associated with senescence. Additionally, due to the unique 

secondary effects that occur during senescence and the fact that cells from different origins 

exhibit distinct senescent characteristics (Sharpless & Sherr, 2015), my results demonstrate 

that MCF7 breast cancer cells react differently to Dox-induced senescence than MCF10A 

breast non-cancer cells. Specifically, MCF7 cells do not show any effect on MMP. 

 

4.3.3 Mitochondrial Ca2+ levels increase in senescent cells 

Mitochondrial Ca2+ levels were increased in Dox-induced senescent cell populations of non-

cancer and cancer models (Figures 4.6 and 4.7). This is consistent with the altered 

mitochondrial Ca2+ homeostasis observed in the general senescent cellular profile (Ziegler 

et al., 2015). The increase in intracellular Ca2+ levels in senescent cells can come from Ca2+ 

influx through plasma membrane Ca2+ channels or from Ca2+ release from the endoplasmic 

reticulum or mitochondria. This increase in Ca2+ levels triggers cellular senescence and is 

sustained during senescence (Martin & Bernard, 2018).  

Ca2+ dynamics have also been shown to mediate the communication between mitochondria 

and the nucleus in response to stress. They can activate signalling factors such as NF-kB 

(Butow & Avadhani, 2004). According to Ziegler et al. (2021), changes in the transfer of 

Ca2+ from the endoplasmic reticulum to the mitochondria can lead to mitochondrial 

dysfunction and eventually cause cellular senescence. Additionally, accumulation of Ca2+ 

is observed in cells with increased levels of ROS, which can induce oxidative stress-induced 

senescence. During senescence, a rapid release of Ca2+ occurs, which activates pathways 

signalling senescence and maintains cell cycle arrest (Borodkina et al., 2016).  

As previously mentioned (Section 3.2.3), the increased intracellular Ca2+ levels may be 

attributed to Ca2+ release from intracellular stores, such as mitochondria (Martin et al., 

2023). The increased MMP in senescent MCF10A cells could contribute to the significant 

increase in intracellular Ca2+ levels. In contrast, the more modest increase in mitochondrial 

Ca2+ levels in MCF7 cells, combined with no increase in MMP, would not contribute to the 
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elevated intracellular Ca2+ levels. This suggests that MMP plays a regulatory role in Ca2+ 

channelling and, subsequently, in Ca2+ signalling within the cell (Duchen, 2000). 

 

4.3.4 Conclusion  

In this chapter, the impact of senescence on mitochondria in non-cancer and cancer cell 

models was investigated. The findings confirm that during senescence, there is a consistent 

pattern of changed mitochondrial homeostasis characterised by increased levels of ROS 

and Ca2+. These changes in ROS and Ca2+ levels indicate mitochondrial stress, which is 

commonly associated with the senescence of different cell types. The disruption of MMP 

homeostasis observed in MCF10A cells further demonstrates the impact of senescence on 

mitochondrial function. MMP disruption can compromise the energy-producing capacity of 

mitochondria and contribute to cellular dysfunction while increasing Ca2+ levels 

intracellularly. 

The differential response of MMP homeostasis between MCF10A breast non-cancer and 

MCF7 breast cancer cells suggests that the regulation of MMP during senescence may vary 

depending on the cellular context or cell origin. While MCF10A senescent cells 

demonstrated MMP disruption, indicating a compromised mitochondrial function, no 

changes were observed in MCF7 cells. This difference may reflect distinct mechanisms 

underlying senescence induction and regulation in non-cancer versus cancer cell lines. The 

regulatory pathways controlling MMP and mitochondrial function during senescence may 

be cell-type specific and affected by cellular metabolism and oncogenic signalling pathways. 

Finally, it is important to acknowledge the limitations of this Chapter. Firstly, ATP levels were 

not measured due to time constraints, which could have provided additional insights into 

the metabolic changes associated with senescence. However, it's crucial to note that 

mitochondrial function and metabolic alterations during senescence, as well as the 

establishment of a senescent phenotype, can be comprehensively characterized without 
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direct ATP measurements. Furthermore, MMP, mitochondrial Ca2+, and intracellular Ca2+  

were not tested in A549 lung cancer cells. This decision was made because A549 cells 

were primarily employed for the NIR light study in Chapter 6, which occurred later in the 

research timeline. For A549 cells, only Dox-induced senescence (including primary 

senescent characteristics such as SA β-gal activity increase; Figure 3.8.C, and cell count 

decrease; Figure 3.10.C) and ROS levels (Figure 4.3) were examined, as ROS increase is 

critical for biophotonic production (explored in Chapter 5). While I established that Dox 

treatment induces a senescent model in A549 cells, the comprehensive mitochondrial 

function tests were limited to one non-cancer (MCF10A) and one cancer (MCF7) cell model 

due to time constraints. Future studies could benefit from expanding these analyses to 

include ATP measurements and a more comprehensive evaluation of mitochondrial 

parameters across all cell lines, including A549, to provide a more complete picture of 

altered mitochondrial homeostasis in senescence across different cell types. 
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Chapter 5 : Non-Chemical Communication During Senescence 

 

5.1 Aims 

 

Biophotonic communication, a phenomenon involving the emission and reception of ultra-

weak photons by biological systems, represents a novel field of understanding cellular 

interactions and signalling mechanisms. Biophotons are produced primarily through 

oxidative processes within cells, particularly by ROS, reflecting the dynamic metabolic 

activities and redox balance within the cellular microenvironment. Previous research has 

demonstrated the existence of non-chemical communication among mitochondria, 

revealing their potential role in intercellular signalling and coordination.  

In this chapter, I aimed to investigate the existence of non-chemical mitochondrial signalling 

during cellular senescence. Specifically, my objectives were to examine whether 

mitochondria from senescent cells can respond to stress signals from neighbouring 

mitochondria without direct chemical contact. This involved quantifying changes in the 

oxygen consumption rate of mitochondria from senescent cells when exposed to antimycin-

induced stress in nearby mitochondria. By comparing these responses to those from non-

senescent cells, I aimed to determine if senescence alters this form of mitochondrial 

communication. Additionally, I aimed to directly measure biophotons from isolated 

mitochondria from senescent cells.  
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5.2 Results 

 

5.2.1 Non-chemical communication assay optimisation 

To validate the experimental protocol for the non-chemical communication assay, two 

control experiments were conducted. First, the oxygen consumption rate of isolated 

mitochondria from senescent MCF10A cells was monitored over a 400-second period 

without any treatment. No significant change was observed in the oxygen consumption rate, 

confirming the stability of mitochondrial oxygen consumption under basal conditions (Figure 

5.1). 

Second, the effect of antimycin on oxygen consumption rate in isolated mitochondria from 

senescent MCF10A cells was assessed. Oxygen consumption rate was recorded for 2 

minutes before and 5 minutes after antimycin treatment. Results demonstrate a statistically 

significant decrease in oxygen consumption of 2.25% over the 5-minute post-antimycin 

period (pre-antimycin: 100.02% ± 0.86 SEM, post-antimycin: 97.77% ± 1.30 SEM; P < 

0.0001; Figure 5.2). Comparable results were obtained for MCF7 and A549 cell lines, 

demonstrating the consistency of the assay across different cell types.  

These validations, conducted on MCF10A cells and replicated with consistent outcomes 

across other cell lines used in this thesis, demonstrate the reliability of the non-chemical 

communication assay protocol. The results establish a robust baseline for interpreting 

subsequent experimental findings, with the MCF10A data serving as a representative 

example of the validation process applied to all cell lines in this study. 
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Figure 5.1: Oxygen consumption rate of isolated mitochondria from senescent MCF10A 

cells. Mitochondria were isolated from Dox-induced senescent MCF10A breast cells. The 

graph shows the oxygen consumption rate (OCR) measured continuously over 400 seconds 

in mitochondrial assay buffer under control conditions with no treatment (N=8 independent 

biological repeats). The red line represents the oxygen consumption rate maintained at 

100% of baseline. A vertical dashed line at 120 seconds indicates the timepoint 

corresponding to antimycin injection in experimental conditions, though no injection was 

performed in this control. This control experiment demonstrates stable baseline oxygen 

consumption in isolated mitochondria. Data are presented as mean changes compared to 

baseline oxygen consumption rate. 
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Figure 5.2: The effect of antimycin in isolated mitochondria from senescent MCF10A cells. 

Mitochondria were isolated from Dox-induced senescent MCF10A breast cells. The oxygen 

consumption rate was recorded for 2 minutes before (pre-antimycin) and 5 minutes after 

(post-antimycin) treatment with 244 μM antimycin, a specific inhibitor of mitochondrial 

complex III (N=8 independent biological repeats). Statistical significance was determined 

using a linear model analysis. Data are presented as percentage changes compared to 

baseline oxygen consumption rate ± SEM. *** : P ≤ 0.0001. 
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5.2.2 The effect of non-chemical communication on mitochondria from MCF10A breast 

cells 

Comparison of oxygen consumption rate in mitochondria between shielded and unshielded 

cuvettes demonstrated a significant increase of 0.00268% per second in isolated 

mitochondria of senescent MCF10A cells (unshielded: 0.00443% ± 0.00012, shielded: 

0.00175% ± 0.00018; P < 0.0001; Figure 5.3). These results are complemented by data 

from non-senescent MCF10A cells, previously published by our group (Mould et al., 2023). 

This work showed a decrease of 0.00420% per second in non-senescent MCF10A cells 

(unshielded: 0.00261% ± 0.00030, shielded: -0.00120% ± 0.00040; P < 0.0001) as 

demonstrated in Figure 5.4. The inclusion of these published data provides a direct 

comparison between senescent and non-senescent cells without necessitating the 

repetition of experiments. 

To confirm a differential effect of non-chemical communication during senescence, the 

oxygen consumption rates of the unshielded cuvettes were compared between isolated 

mitochondria from senescent and non-senescent populations. Results from MCF10A 

mitochondria indicate that senescence changes the effect of oxygen consumption by 

0.00556% per second (non-senescence: -0.00260 ± 0.00023, senescence: 0.00388 ± 

0.00037; P < 0.0001; Figure 5.5). At the same time, the oxygen consumption rate of isolated 

MCF10A mitochondria (shielded cuvettes) was compared between non-senescent and 

senescent populations. Senescence increased the mitochondrial consumption rate by 

0.00169% per second (non-senescence: 0.00033% ± 0.00018, senescence: 0.00202% ± 

0.00032; P < 0.0001; Figure 5.6). 
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Figure 5.3: The effect of non-chemical communication on mitochondria from senescent 

MCF10A cells. Mitochondria isolated from Dox-induced senescent MCF10A breast cells 

were equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=8 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data are presented as percentage 

changes compared to baseline oxygen consumption rate ± SEM. **** : P < 0.0001. 
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Figure 5.4: The effect of non-chemical communication on mitochondria from non-senescent 

MCF10A cells. Mitochondria isolated from non-senescent MCF10A breast cells were 

equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=8 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data adapted from Mould et al (2023) 

are presented as percentage changes compared to baseline OCR ± SEM. **** : P < 0.0001.. 
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Figure 5.5: The differential effect of non-chemical communication on mitochondrial oxygen 

consumption rate between senescent and non-senescent MCF10A cells. Oxygen 

consumption rate data were obtained from independent experiments with Dox-induced 

senescent and non-senescent MCF10A breast cells, comparing the responses in 

unshielded cuvettes following antimycin addition to their respective treated cuvettes. The 

oxygen consumption rate measurements from both experiments' unshielded cuvettes were 

compared (N=8 independent biological repeats). Statistical significance was determined 

using linear mixed-effects model analysis. Data are presented as percentage changes 

compared to baseline OCR ± SEM. **** : P < 0.0001. 
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Figure 5.6: The effect of senescence on MCF10A mitochondrial oxygen consumption rate. 

Oxygen consumption rate data were obtained from independent experiments with Dox-

induced senescent and non-senescent MCF10A breast cells, comparing the responses in 

shielded cuvettes following antimycin addition to their respective treated cuvettes. The 

oxygen consumption rate measurements from both experiments' shielded cuvettes were 

compared (N=8 independent biological repeats). Statistical significance was determined 

using linear mixed-effects model analysis. Data are presented as percentage changes 

compared to baseline OCR ± SEM. **** : P < 0.0001. 
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5.2.3 The effect of non-chemical communication on mitochondria from MCF7 breast 

cancer cells 

Comparison of oxygen consumption rate in mitochondria between shielded and unshielded 

cuvettes demonstrated a significant increase of 0.00118% per second in isolated 

mitochondria of senescent MCF7 cells (unshielded: 0.00287% ± 0.00016, shielded: 0.00169 

± 0.0002404; P < 0.0001; Figure 5.7). These results are complemented by data from non-

senescent MCF7 cells, previously published by our group (Mould et al., 2023). This work 

showed an increase of 0.0042% per second in non-senescent MCF7 cells (unshielded: 

−0.00052% ± 0.0005, shielded: −0.00167% ± 0.0003; P = 0.0016) as demonstrated in 

Figure 5.8. The inclusion of these published data provides a direct comparison between 

senescent and non-senescent cells without necessitating the repetition of experiments. 

To confirm a differential effect of non-chemical communication during senescence, the 

oxygen consumption rates of the unshielded cuvettes were compared between isolated 

mitochondria from senescent and non-senescent populations. Results from MCF7 

mitochondria indicate that senescence changes oxygen consumption by 0.00977% per 

second (non-senescence: -0.00111 ± 0.00033, senescence: 0.00401 ± 0.00054; P < 

0.0001; Figure 5.9). At the same time, the oxygen consumption rate of isolated MCF7 

mitochondria (shielded cuvettes) was compared between non-senescent and senescent 

populations. Senescence increases the mitochondrial consumption rate by 0.00589% per 

second (non-senescence: -0.00188% ± 0.00031019, senescence: 0.00401% ± 0.00051; P 

< 0.0001; Figure 5.10). 
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Figure 5.7: The effect of non-chemical communication on mitochondria from senescent 

MCF7 cells. Mitochondria isolated from Dox-induced senescent MCF7 breast cancer cells 

were equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=8 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data are presented as percentage 

changes compared to baseline OCR ± SEM. **** : P < 0.0001. 
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Figure 5.8: The effect of non-chemical communication on mitochondria from non-senescent 

MCF7 cells. Mitochondria isolated from non-senescent MCF7 breast cancer cells were 

equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=8 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data adapted from Mould et al (2023) 

are presented as percentage changes compared to baseline OCR ± SEM. ** : P ≤ 0.01. 
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Figure 5.9: The differential effect of non-chemical communication on mitochondrial oxygen 

consumption rate between senescent and non-senescent MCF7 cells. Oxygen 

consumption rate data were obtained from independent experiments with Dox-induced 

senescent and non-senescent MCF7 breast cancer cells, comparing the responses in 

unshielded cuvettes following antimycin addition to their respective treated cuvettes. The 

oxygen consumption rate measurements from both experiments' unshielded cuvettes were 

compared (N=8 independent biological repeats). Statistical significance was determined 

using linear mixed-effects model analysis. Data are presented as percentage changes 

compared to baseline OCR ± SEM. **** : P < 0.0001. 
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Figure 5.10: The effect of senescence on MCF7 mitochondrial oxygen consumption rate. 

Oxygen consumption rate data were obtained from independent experiments with Dox-

induced senescent and non-senescent MCF7 breast cancer cells, comparing the responses 

in shielded cuvettes following antimycin addition to their respective treated cuvettes. The 

oxygen consumption rate measurements from both experiments' shielded cuvettes were 

compared (N=8 independent biological repeats). Statistical significance was determined 

using linear mixed-effects model analysis. Data are presented as percentage changes 

compared to baseline OCR ± SEM. **** : P < 0.0001. 
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5.2.4 The effect of non-chemical communication on mitochondria from A549 lung cancer 

cells 

Comparison of the oxygen consumption rate of isolated mitochondria in shielded versus 

unshielded cuvettes demonstrated a significant difference of 0.00168% per second in 

isolated mitochondria of senescent A549 cells (unshielded: 0.00358% ± 0.00090, shielded: 

0.00190 ± 0.00015; P < 0.0001; Figure 5.11), and, a significant difference of 0.00216% per 

second in isolated mitochondria of non-senescent A549 cells (unshielded: 0.00395% ± 

0.0001173, shielded: 0.00179 ± 0.00019032; P < 0.0001; Figure 5.12). 

To confirm a differential effect of non-chemical communication, the oxygen consumption 

rate of the unshielded cuvette was compared between isolated mitochondria from 

senescent and non-senescent populations. Results from A549 mitochondria indicate that 

senescence increases oxygen consumption by 0.00241% per second (non-senescence: 

0.00227 ± 0.00015, senescence: 0.00468 ± 0.00026; P ≤ 0.001; Figure 5.13). At the same 

time, the oxygen consumption rate of isolated A549 mitochondria (shielded cuvettes) was 

compared between non-senescent and senescent populations. There was no significant 

difference in the mitochondrial consumption rate between senescent and non-senescent 

A549 mitochondria (P = 0.072; Figure 5.14). 
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Figure 5.11: The effect of non-chemical communication on mitochondria from senescent 

A549 cells. Mitochondria isolated from Dox-induced senescent A549 lung cancer cells were 

equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=12 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data are presented as percentage 

changes compared to baseline OCR ± SEM. **** : P < 0.0001. 
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Figure 5.12: The effect of non-chemical communication on mitochondria from non-

senescent A549 cells. Mitochondria isolated from non-senescent A549 lung cancer cells 

were equally distributed into three quartz cuvettes (2 mL total volume each). The oxygen 

consumption rate was measured in shielded and unshielded cuvettes for 5 minutes 

following addition of 244 μM antimycin to the central treated cuvette (N=11 independent 

biological repeats). Statistical significance between shielded and unshielded conditions was 

determined using linear mixed-effects model analysis. Data are presented as percentage 

changes compared to baseline OCR ± SEM. **** : P < 0.0001. 

 



 
 

121 
 

N
on-s

en
es

ce
nt

Sen
es

ce
nt

0.000

0.002

0.004

0.006

O
C

R
 (

%
 o

f 
b

a
s

e
li

n
e
)

Difference in oxygen consumption of
unshielded A549 mitochondria

****

 

Figure 5.13: The differential effect of non-chemical communication on mitochondrial oxygen 

consumption rate between senescent and non-senescent A549 cells. Oxygen consumption 

rate data were obtained from independent experiments with Dox-induced senescent and 

non-senescent A549 lung cancer cells, comparing the responses in unshielded cuvettes 

following antimycin addition to their respective treated cuvettes. The oxygen consumption 

rate measurements from both experiments' unshielded cuvettes were compared (N=11 

independent biological repeats). Statistical significance was determined using linear mixed-

effects model analysis. Data are presented as percentage changes compared to baseline 

OCR ± SEM. **** : P < 0.0001. 
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Figure 5.14: The effect of senescence on A549 mitochondrial oxygen consumption rate. 

Oxygen consumption rate data were obtained from independent experiments with Dox-

induced senescent and non-senescent A549 lung cancer cells, comparing the responses in 

shielded cuvettes following antimycin addition to their respective treated cuvettes. The 

oxygen consumption rate measurements from both experiments' shielded cuvettes were 

compared (N=11 independent biological repeats). Statistical significance was determined 

using linear mixed-effects model analysis. Data are presented as percentage changes 

compared to baseline OCR ± SEM. 
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Summary of non-chemical communication effects  

on oxygen consumption rate 

 

Populations  Oxygen Consumption Rate (unshielded) 

 

 

MCF10A MCF7 A549 

Non-senescent ↓ ↑ ↑ 

Senescent ↑ ↑ ↑ 

Senescent vs non-senescent ↑ ↑ ↑ 

 

Table 5.1: Summary of mitochondrial non-chemical communication effects on oxygen 

consumption rate. Summary of directional changes in oxygen consumption rate under three 

experimental conditions: unshielded cuvettes from non-senescent mitochondria 

experiments, unshielded cuvettes from senescent mitochondria experiments, and 

comparison between senescent versus non-senescent mitochondria in unshielded 

conditions. Upward arrows (↑) indicate increased OCR, downward arrows (↓) indicate 

decreased OCR. Results are shown for MCF10A breast cells, MCF7 breast cancer cells, 

and A549 lung cancer cells, derived from antimycin treatment experiments. 
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5.2.5 Biophotonic detection protocol optimisation  

Detecting biophotons is challenging due to their extremely weak emission (only tens of 

photons per second; Section 1.8.1). An ultra-sensitive detector was employed to address 

this (Mackenzie et al., 2024). However, the ultra-sensitivity of the detector also captures 

photons from materials exhibiting delayed luminescence, background noise, and even slight 

changes in electrical devices within the room. In the controlled dark conditions, the ultra-

sensitive detector recorded an average of 160 photons per 10 seconds in the absence of a 

sample, establishing a dark background noise baseline. 

An additional test was conducted to establish a baseline of non-biological photonic 

emission. This involved recording photons emitted from the mitochondrial assay buffer 

(MAB) alone. As shown in Figure 5.15, the average photon count from MAB (N=5) was 7.58 

± 0.73 photons per 10 seconds. This baseline allows for differentiation between non-

biological photonic emissions and those from isolated mitochondria in subsequent 

experiments. 
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Figure 5.15: The recorded photon counts per 10 seconds emitted from MAB. MAB sample 

(3 mL) was kept in 35 mm ibidi dish in complete darkness for 24 hours to eliminate delayed 

luminescence effects. The dish was then positioned directly above an ultra-sensitive 

photomultiplier tube detector within a light-tight aluminium box for continuous 72-hour 

measurement of photonic emission. The graph shows photon emission from MAB samples 

(purple line; N=5) presented as rolling means using a 1000-point window to reduce noise in 

the signal. The dashed black line at y=160 represents the established background dark 

count rate (average photon counts per 10 seconds with no sample present). 
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5.2.6 Detection of biophotons from senescent MCF10A mitochondria  

The biophotons emitted from isolated mitochondria from senescent MCF10A breast cells 

were recorded over 72 hours using the ultra-sensitive light detector to identify the primary 

means of non-chemical communication. A baseline (background noise) of 160 photons per 

10 seconds was established. Figure 5.16 shows the smoothed rolling means for isolated 

senescent MCF10A mitochondria in MAB (N=5) and MAB alone (N=5), confirming the 

occurrence of biological biophotonic production. As demonstrated in Figure 5.17, the mean 

photon counts per 10 seconds from isolated mitochondria of senescent cells were 

significantly higher than those from MAB alone (9.10 vs 7.60 counts per 10 seconds ± 0.73; 

P = 0.0397). This difference indicates a measurable biophotonic emission from the 

senescent MCF10A mitochondria above the non-biological baseline. 

To ensure consistency in our experiments and to provide a basis for comparing results 

across different biological repeats, the mitochondrial samples used in these experiments 

were characterised by quantifying their protein content. Using a standard Bradford protein 

assay, the average protein concentration in the isolated mitochondrial samples was 

determined to be 518.21 ± 138.39 μg/mL. This protein quantification serves multiple 

purposes: it confirms the consistency of the mitochondrial isolation procedure, enables the 

normalization of biophoton emission and oxygen consumption data, and provides a 

reference point for future studies.  
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Figure 5.16: The recorded photon counts per 10 seconds emitted from mitochondria from 

senescent MCF10A cell. Mitochondria isolated from Dox-induced senescent MCF10A 

breast cells (in 3 mL MAB) were kept in a 35 mm ibidi dish in complete darkness for 24 

hours to eliminate delayed luminescence effects. The dish was then positioned directly 

above an ultra-sensitive photomultiplier tube detector within a light-tight aluminium box for 

continuous 72-hour measurement of photonic emission. The graph shows photon emission 

from isolated mitochondria (red line; N=5) and MAB alone (purple line; N=5) presented as 

rolling means using a 1000-point window to reduce noise in the signal. The dashed black 

line at y=160 represents the established background dark count rate (average photon 

counts per 10 seconds with no sample present). 
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Figure 5.17: Emission of biophotons per 10 seconds from isolated mitochondria and MAB. 

Average photon counts were compared between mitochondria isolated from Dox-induced 

senescent MCF10A breast cells and MAB alone following 72-hour continuous measurement 

using an ultra-sensitive photomultiplier tube detector. Samples (3 mL) were kept in 35 mm 

ibidi dishes in complete darkness for 24 hours before measurement to eliminate delayed 

luminescence effects (N=5 independent biological repeats). Statistical significance was 

determined using Mann-Whitney U test. Data are presented as mean photon counts per 10 

seconds ± SEM. * : P < 0.05. 
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5.3 Discussion 

 

5.3.1 Photons recorded from mitochondria of senescent cells 

In this chapter, I aimed to investigate non-chemical communication in mitochondria isolated 

from senescent cells. The primary objectives were to measure biophotonic emission from 

senescent mitochondria directly, demonstrate the existence of biophotonic communication, 

and explore the differential effects of non-chemical signalling during senescence compared 

to non-senescent states. 

It has been hypothesised that the existence of non-chemical communication described in 

the literature (Mould et al., 2023) results from light (biophotons) emitted by mitochondria. 

Despite the challenge of detecting biophotons directly, I was able to confirm light emission 

by using an ultra-sensitive light detector. I recorded very low light emission (up to 1.86 

photons per 10 seconds) from the mitochondria isolated from senescent MCF10A breast 

cells.  

The methodological setup of this experiment was critical to differentiating delayed 

luminescence from biophotonic emission. As has been explained previously (Section 1.8), 

delayed luminescence is weak light emission induced by exposure to external light sources, 

and that emission can occur from seconds to several hours after light exposure (Cifra & 

Pospíšil, 2014; Scordino et al., 2014). Although delayed luminescence has been proposed 

to serve the purpose of communication (Fleiss & Sarkisyan, 2019), it does not appear to be 

spontaneous or produced by ROS, as in the way that biophotons are.  

Lack of experimental control of delayed luminescence can be a barrier to research claiming 

to record biophotonic emission (Cifra & Pospíšil, 2014; Mould et al., 2024). Thus, different 

studies employ strict dark conditions to eliminate the delayed luminescence effect when 

measuring biophotons. For example, in a study by Kobayashi et al. (2009), who imaged 

diurnal changes in human UPE (biophotons) using a cryogenic charge-coupled device 
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camera, subjects were dark-adapted for 15 minutes before 20-minute imaging sessions in 

a darkroom (Kobayashi et al., 2009). Additionally, Ortega-Ojeda et al. (2018) measured the 

spectral distribution of UPE from the human hand using an electron multiplying, charge-

coupled device sensor and liquid crystal tuneable filter. In their study, human participants 

wore a light-tight sleeve on the selected arm for at least 20 minutes prior to measurements 

in a darkroom with controlled temperature and humidity (Ortega-Ojeda et al., 2018). These 

tightly controlled dark conditions were crucial for accurately detecting the extremely weak 

biophotonic signals without interference from delayed luminescence. Thus, in this thesis, 

the isolated mitochondria from senescent cells were maintained in a dark box within the 

incubator (at 37°C with 5% CO2) for 24 hours before being placed in the detector, which 

itself is located in a double darkroom (Figure 2.2), to eliminate the effect of delayed 

luminescence completely. 

Detecting and quantifying biophotonic emission presents a significant challenge due to the 

extremely low photon emission rate, typically ranging from tens to a few hundred photons 

per second per cm2 (Cifra & Pospíšil, 2014). Traditional detection methods, such as low-

noise photomultiplier tubes and charge-coupled device cameras, have been employed for 

temporal and spatial visualization of biophotons. However, these methods have sensitivity 

and signal-to-noise ratio limitations when dealing with such low light signals (Mould et al., 

2024). Two strategies were employed to overcome this obstacle, which are described 

below.  

Firstly, isolated mitochondria from senescent cells were used for biophotonic emission 

detection. Since the main sources of biophotonic production are ROS and redox processes 

(Bókkon et al., 2010), and these processes mainly occur within the mitochondria, the 

biophotonic emission was measured specifically from isolated mitochondria rather than 

whole senescent cells to maximize the detected emission.  

Secondly, an innovative and recently published technology was used; a recent study by 

Mackenzie et al. (2024) marks a significant advancement in biophotonic detection 
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instrumentation. They employed an ultra-sensitive light detection system placed in an ultra-

dark lab to minimize noise and they utilized a photomultiplier tube design with a low count 

rate and wide active area to maximize sensitivity. Using this approach, Mackenzie 

successfully detected biophotons in growing mung beans, thereby providing compelling 

evidence for the intrinsic metabolic photon emission phenomenon (Mackenzie et al., 2024). 

The core challenge in recording biophotons with such sensitive equipment is the ability to 

distinguish the weak biophotonic signals from other photon sources, such as environmental 

light or instrumentation noise. Thus, rigorous experimental setups are crucial, including the 

use of sealed, light-tight containers placed in pitch-black rooms with no external light 

sources. In the present study, I accounted for these parameters, by measuring and 

subtracting the background noise (160 photons per 10 seconds) and photon emissions from 

non-biological samples (7.58 photons per 10 seconds; Figure 5.15). 

By using the innovative instrumentation developed and validated by Mackenzie et al. and 

by controlling for all sources of photonic noise and delayed luminescence, I was able to 

detect and quantify biophotonic emission from mitochondria from senescent cells. This 

approach not only verifies the reliability of the results but also contributes to the broader 

field of biophoton research because the feasibility of detecting these ultra-weak signals is 

demonstrated. Furthermore, the successful detection of biophotons in this study provides a 

solid foundation for interpreting future results related to non-chemical communication 

between biological systems. Any observed effects of non-chemical communication in later 

discussions can now be more confidently attributed to biophotonic emissions.  

 

5.3.2 Non-chemical communication in senescence  

Non-chemical communication between mitochondria isolated from senescent cells was 

demonstrated in this thesis. By replicating the experimental protocol described by Mould et 

al (2023), significant differences in the oxygen consumption rate in “unshielded” cuvettes, 

in comparison to “shielded” ones, were exhibited in mitochondria isolated from Dox-induced 



 
 

132 
 

senescent MCF10A (Figure 5.3), MCF7 (Figure 5.7) and A549 (Figure 5.11) cells, following 

antimycin treatment of the “treated” cuvette, where light exchange between these two 

cuvettes was possible (Mould et al., 2023).  

In more detail, two fundamental changes were confirmed from the experimental results to 

establish non-chemical communication during senescence. Firstly, I observed a significant 

change in the oxygen consumption rate of mitochondria following the introduction of 

antimycin (Figure 5.2). Antimycin, a well-known complex III inhibitor, disrupts mitochondrial 

OXPHOS by binding to the Qi site of cytochrome b in complex III (cytochrome bc1 complex). 

This binding blocks the electron transfer from ubiquinol to cytochrome c, leading to inhibition 

of the mitochondrial respiration. As a result, antimycin treatment leads to decreased oxygen 

consumption, as the final electron acceptor (oxygen) in the electron transport chain can no 

longer receive electrons. Additionally, this blockage causes an accumulation of reduced 

electron carriers upstream of complex III, leading to increased electron leakage and ROS 

production (Kim et al., 1999; Turrens, 2003). This stressed mitochondrial population 

provides an ideal model for testing non-chemical communication. According to current 

theories, increased ROS levels are associated with enhanced biophotonic production 

(Pospíšil et al., 2014). Therefore, the antimycin-treated mitochondria of this study, with 

interrupted OXPHOS, should theoretically emit more biophotons. 

Secondly, the experimental results demonstrate significant changes in the oxygen 

consumption rate between mitochondria of the “unshielded” and “shielded” cuvette post-

antimycin induction in the “treated” cuvette. In particular, the oxygen consumption rate in 

the “unshielded” cuvette increased for mitochondria isolated from all three senescent 

models: breast non-cancer and breast and lung cancer cells (Table 5.2). This difference 

highlights the influence of light exchange between the “unshielded” and “treated” cuvettes 

in the mitochondrial function.  

Since there is low photon emission from mitochondria isolated from senescent cells, the 

non-chemical communication between “unshielded” and “treated” cuvette is attributed to 
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biophotons. Additionally, the experiments of this thesis were conducted in “dark” conditions 

to eliminate potential confounding variables and ambient light influences (Section 2.17) 

(Mould et al., 2023). These dark parameters ensured that any changes in mitochondrial 

oxygen consumption rate in the “unshielded” cuvettes could solely be attributed to changes 

occurring in the “treated” cuvette post-antimycin, independent from external factors.  

It is important to note that, in the past, research findings claiming non-chemical cellular 

communication pathways have encountered scepticism and criticism because of flawed 

experimental setups. For example, Potapovich and Kostyuk (2021) supported the existence 

of biophotons in living organisms by claiming non-chemical signals from cellular models 

with increased oxidative stress post-duroquinone treatment (Potapovich & Kostyuk, 2021). 

However, Mould et al. (2022) revisited these claims by replicating Potapovich and Kostyuk's 

experiments, and they found that although the oxidative duroquinone-induced stress indeed 

led to significant cell death in neighbouring detector cells, this effect was dependent on 

volatility of the solvent used to dissolve the induction drug. Specifically, the use of a less 

volatile solvent negated the observed cell death, indicating that the original findings may 

have been influenced by volatile solvent-based transmission rather than light-based non-

chemical signalling (Mould et al., 2022). Taking this into account for the experimental setup 

of this thesis, parafilm was used to shield all cuvettes containing the isolated mitochondria 

to avoid confounding variables of potential gas exchange (Section 2.17). This experimental 

design provided a more controlled environment and ensured that any effect recorded did 

not result as a consequence of volatile transmission.  

In summary, non-chemical communication between mitochondria isolated from senescent 

cells was confirmed in multiple cell lines (MCF10A, MCF7, and A549), with the observed 

changes in oxygen consumption rates in the "unshielded" cuvettes, coupled with optimised 

experimental setup - including dark conditions and parafilm sealing to prevent volatile 

transmission - to strongly suggest that biophotons mediate this communication. These 
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findings contribute significantly to the field of biophoton research and provide new insights 

into understanding the complex interactions between mitochondria from senescent cells. 

 

5.3.3 Potential mechanism of biophotonic mitochondrial communication 

Biophotonic communication in mitochondria can potentially offer new insights regarding how 

these organelles coordinate their activities across the cell. Several mechanisms have been 

proposed for how this communication might occur. 

Firstly, the role of ROS in biophotonic production cannot be overlooked. Mitochondria are a 

major source of ROS in cells, and these ROS can interact with biomolecules to generate 

electronically excited species, which subsequently emit biophotons upon returning to their 

ground state (Figure 1.5; Pospíšil et al., 2019). This process could serve as a mechanism 

for translating metabolic activity into biophotonic signals. My experiments using antimycin 

to interrupt OXPHOS and induce oxidative stress provide support for this mechanism, as 

changes in oxygen consumption rates were observed that could be attributed to increased 

biophotonic emission. 

One of the primary mechanisms for how distant mitochondria can communicate via 

biophotons has been proposed by Thar and Kuhl (2004). They suggested that filamentous 

mitochondria, having a higher refractive structure compared to the surrounding cytoplasm, 

could act as “optical waveguides”. This morphological property could allow the directed 

transmission of biophotons along the mitochondrial network. The mitochondrial reticulum, 

in conjunction with microtubules, could form a continuous network that could guide 

electromagnetic radiation, potentially facilitating long-range communication between distant 

mitochondria within the cell (Thar & Kühl, 2004). Thar and Kuhl (2004) also described 

mitochondria as a “multi-layer optical system” with alternating refractive indices, particularly 

in their metabolically active state. This dynamic structure could potentially support coherent 

propagation and even amplification of that light. This mechanism could allow for the 
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amplification of low biophotonic signals, potentially increasing the range and efficacy of 

biophotonic communication (Thar & Kühl, 2004).  

 

Adding to this concept of long-distance mitochondrial communication, Kurian et al. (2017) 

proposed a mechanism for how biophotons might travel within microtubules, which are 

cylindrical proteins in the cytoplasm and play a role in regulating mitochondrial dynamics 

(Moore & Holzbaur, 2018). Kurian et al. suggested that microtubules could act too as 

“quantum optical waveguides” that are capable of transmitting light signals over long 

distances within the cell. According to their proposed model, biophotons, possibly generated 

by mitochondrial metabolic processes, could excite the uniquely arranged aromatic amino 

acids, especially tryptophan, within tubulin proteins. This excitation could then propagate 

along the microtubule structure and could be transferred between neighbouring tryptophan 

residues (Kurian et al., 2017). This quantum coherent energy transfer mechanism could 

allow efficient propagation of light-based signals along the microtubule network, potentially 

connecting distant mitochondria within the cell.  

The energy transfer mechanism proposed by Kurian et al. aligns with the earlier work of 

Craddock et al. (2014), who also suggested that the arrangement of aromatic amino acids 

(such as tryptophan or tyrosine) in tubulin, the microtubule constituent protein, could support 

such quantum effects (Craddock et al., 2014). The close association of microtubules and 

tubulin with mitochondria could potentially facilitate the exchange of biophotonic signals in 

between these structures within the cells. However, both these theories and the mechanism 

proposed by Thar and Kuhl describe models of mitochondrial communication over distances 

within intact cells. In the experimental setup of this thesis, the mitochondria, floating free 

within the MAB, were communicating outside of the cellular environment, thus making these 

proposed intracellular mechanisms less likely to be the primary mode of mitochondrial 

biophotonic communication in the observations of this thesis. It is also likely that 

mitochondria can act as an “optical system” even in isolation. This distinction highlights the 
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need for additional theories or modifications to existing models examining mitochondria 

outside of the cell, to explain the non-chemical communication observed between isolated 

mitochondria. 

At a molecular level, mitochondria contain numerous chromophores capable of absorbing 

and emitting light across a broad spectrum. Biophotons, which range within the 200-800 nm 

spectrum (Cifra & Pospíšil, 2014), can potentially interact with various cellular components. 

The electron transport chain components, such as cytochromes, ubiquinone, and NADPH, 

have absorption spectra spanning from UV to visible light (Nunn et al., 2020). Additionally, 

flavins and opsins can absorb light in the blue and green spectral regions  (Hamblin, 2017). 

These diverse chromophores could potentially act as both sources and receivers of 

biophotons within the cellular and mitochondrial networks, facilitating a complex system of 

light-based communication. 

In the specific context of red to NIR light, several mitochondrial components have been 

identified as potential chromophores. For example, CCO, located in the inner mitochondrial 

membrane, is widely recognized as the principal photoreceptor for NIR light in the range of 

600-850 nm. Absorption of these wavelengths by CCO can potentially increase electron 

transport chain activity, leading to enhanced ATP production and altered metabolic 

homeostasis (Hamblin, 2016b; Karu, 2008). Recent research has also highlighted the role 

of nanoscopic interfacial water layers within and around mitochondria in NIR light absorption 

(Sommer et al., 2015). These water layers, particularly near hydrophilic surfaces, may be 

modulated by NIR light, potentially affecting the efficiency of the ATP synthase motor 

(Sommer et al., 2015). Furthermore, the inner and outer mitochondrial membranes, 

containing various proteins and lipids, can absorb NIR light, potentially influencing 

membrane potential, permeability, and the function of membrane-bound proteins 

(Passarella & Karu, 2014). This chapter’s detection of low biophotonic emission from 

senescent mitochondria supports the involvement of these chromophores in mitochondrial 
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non-chemical communication, although the specific contributions of each component 

remain unknown. 

While the mechanisms discussed are theoretically plausible, direct experimental evidence 

for functional biophotonic communication in mitochondria remains limited. The results of 

this chapter, including the detection of weak biophotonic emission from senescent 

mitochondria and observed non-chemical communication between mitochondrial 

populations, contribute to evidence supporting the existence of biophotonic communication. 

However, the exact mechanism or combination of mechanisms involved is yet to be fully 

determined. 

Future research should focus on developing techniques to detect and manipulate 

biophotonic emissions in living cells. Such studies could provide valuable insights into the 

role of biophotonic communication in cellular ageing and related pathologies, potentially 

opening new avenues for understanding and addressing age-related diseases. 

 

5.3.4 Different effects of non-chemical communication during senescence 

This chapter also explored the differential effects of non-chemical communication during 

senescence. As demonstrated in Mould et al., 2023, previous research has shown 

significant changes in the oxygen consumption rate of non-senescent models, particularly 

in MCF10A non-cancer and MCF7 cancer breast cells, as observed in unshielded cuvettes. 

In addition to that, non-chemical signalling experiments were also undertaken on senescent 

and non-senescent A549 lung cancer cells (Figure 5.12) to support these findings further. 

When the oxygen consumption rate of isolated mitochondria was compared between 

“unshielded” results from non-senescent and senescent populations of all three cell lines 

(MCF10A: Figure 5.5, MCF7: Figure 5.9 and A549: Figure 5.13), significant variation 

between cell lines were observed. This suggests that during senescence, the effect of non-

chemical communication is different compared to non-senescent cells of the same cell line. 
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Given that the observed and recorded means of this communication are biophotons, as 

described previously (Section 5.3.1), that leads to the conclusion that there exists a 

biophotonic mitochondrial communication during senescence, influencing how cells 

communicate with each other across varying states, and thus, accepting this part of the 

hypothesis set at the beginning of this thesis. 

Biophotonic emission originates primarily from mitochondria, which play a crucial role in 

cellular dynamics (Volodyaev et al., 2023), and as explained in Section 5.3.3, ROS serving 

as the principal driver of such emission (Cifra & Pospíšil, 2014). In mitochondrial biology, 

ROS has a central role in influencing mitochondrial-nuclear signalling and epigenetic 

regulations (Van Wijk & Van Wijk, 2023). These dynamics are closely related to cellular 

senescence, where alterations in ROS levels and changes in mitochondrial homeostasis 

are characteristics. Additionally, as mentioned in Section 1.7.1, ROS levels not only 

contribute to senescence induction but are also responsible for maintaining this cellular 

phenotype (Correia-Melo & Passos, 2015; Miwa et al., 2022; Ziegler et al., 2015). This 

phenomenon is also observed in the results of this thesis, where the oxygen consumption 

of isolated mitochondria from the “shielded” cuvettes, indicating mitochondria unaffected by 

external influences or treatments, exhibited a significant increase over time in senescent 

cells compared to non-senescent cells (Figures 5.6 and 5.10), confirming once more the 

increased metabolic profile of senescence in both cancer and non-cancer cell models.  

It is important to note that A549 lung cancer cells exhibited a different metabolic pattern 

during senescence, compared to the other cell lines. Specifically, mitochondria from A549 

cells did not show a statistically significant alteration in oxygen consumption rate during 

senescence. While other indicators of altered mitochondrial homeostasis were observed in 

this cell line during senescence, the oxygen consumption rate did not align with the patterns 

seen in the other senescent models examined in this thesis. This could be attributed to the 

inherent complexity of senescence, as discussed in Section 4.3. Additionally, it's worth 

noting that the difference in oxygen consumption rate for A549 cells approached, but did 
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not reach, statistical significance (Figure 5.14; P = 0.072). This suggests that increasing the 

number of biological replicates in future experiments might potentially reveal a significant 

difference, aligning the A549 results more closely with the other cell lines studied.  

The results on mitochondria homeostasis during senescence (Chapter 4) demonstrated a 

highly significant change in mitochondrial function and ROS levels in Dox-induced 

senescent cell models. The findings, demonstrating distinct changes in oxygen 

consumption rates and non-chemical communication between senescent and non-

senescent states, can be attributed to the differential impact of ROS production and 

mitochondrial dynamics during senescence. This suggests a potential link between ROS 

and the non-chemical signalling changes, which appear to be driven by differential 

biophotonic production during senescence. Therefore, I suggest that the variance in 

biophotonic production may contribute to the alterations in non-chemical communication 

observed during senescence, which is driven by ROS-mediated changes in mitochondria. 

However, while the experimental setup in this study can confirm the existence of non-

chemical biophotonic communication and demonstrate a differential effect of such 

communication during senescence, several limitations and gaps remain in our 

understanding of why this effect might be cell origin-dependent. For instance, the observed 

increase in oxygen consumption rate in mitochondria from cancer MCF7 cells contrasts with 

the decrease demonstrated in mitochondria from non-cancer MCF10A cells. This 

phenomenon raises questions about the precise mechanisms governing this non-chemical 

communication and whether that is origin-dependent. Mould et al. acknowledged the origin-

specific nature of non-chemical communication, highlighting that the effect of such 

communication was increased in breast cancer cells (MCF7) compared to breast non-

cancer cells (Mould et al., 2023). Future studies should employ a cellular model of non-

cancer lung origin to establish a second cancerous-non-cancerous comparison of non-

chemical communication. This will increase the evidence of differential biophotonic 

emission and non-chemical signalling during cancer, firstly observed in Mould et al. (2023).  
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Furthermore, there are numerous possibilities regarding why the non-chemical 

communication effect is altered during senescence. One possible scenario is that changes 

in biophotonic production, influenced by increased ROS levels during senescence, alter the 

"message" (i.e. different wavelengths of emitted biophotons) or increase the signal (i.e. 

higher biophotonic production) being communicated. Alternatively, mitochondria in the 

"unshielded" cuvettes may be dysfunctional due to senescence and may fail to receive the 

signal. For example, proteins that act as chromophores inside and on the mitochondrial 

membrane of mitochondria from senescent cells might not interact with the light signal. On 

the other hand, they may also be overly sensitive to it, resulting in differential responses in 

oxygen consumption over time. Moreover, considering that biophotons exhibit a range of 

wavelengths, from UV to NIR light (Cifra & Pospíšil, 2014), the scenario that the wavelength 

of biophotons during senescence may vary, leading to differences in the conveyed 

message, is possible. For instance, different light wavelengths have been reported to exhibit 

different cellular responses cells, such as with red-NIR light promoting proliferation (Hu et 

al., 2007), while blue-green light inhibits it (Wang et al., 2017b). Although it is essential to 

recognise that these extracellular light effects are parameter-dependent, the wavelengths 

of the biophotons emitted remain unknown, and the technology to measure them is not 

readily available. In conclusion, to tackle the question about the mechanism of biophotonic 

communication, further research is needed to examine the specific parameters of non-

chemical communication and to characterise the wavelength and frequency of biophotonic 

production during senescence. 

 

5.3.5 Potential biophotonic applications of senescence-associated conditions and ageing  

The importance of biophotonic emission in detecting signature signals from diseased 

organisms holds significant potential for applications in disease diagnosis. Over the years, 

research has investigated the influence of internal factors, such as age and diseases, on 

human biophotonic emissions (Zapata et al., 2021). Since biophotonic production is mainly 
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influenced by oxygen consumption, ROS formation, and excited state formation, it is 

theoretically possible to utilise biophotonic emission to monitor an organism's oxidative 

metabolism and stress (Rastogi & Pospíšil, 2010), and many researchers have proposed 

biophotons as an in vivo, non-invasive diagnostic for various diseases and stress-related 

disorders (Du et al., 2023; Zapata et al., 2021). However, the accuracy and reliability of 

these measurements remain a subject of debate within the scientific community. 

A recent example of the application of biophotonic emission in disease diagnosis is 

Alzheimer’s disease. Sefati et al. (2024) reported detecting biophotons from the 

hippocampus of rat brains and found significant correlations between Alzheimer’s disease, 

memory decline, oxidative stress, and biophotonic production. They suggested that 

biophotons produced from neural tissue could provide insights for screening, detecting, 

diagnosing, and classifying Alzheimer’s disease and other neurodegenerative diseases. 

Interestingly, the researchers even proposed the development of a semi-invasive brain-

computer interface photonic chip for monitoring brain activity and diagnosing Alzheimer’s 

disease (Sefati et al., 2024). While these findings and proposals are intriguing, it's important 

to note the methodological challenges in such studies. Sefati et al. used a photomultiplier 

tube to detect biophotonic emissions, in a carefully controlled dark environment to minimize 

external light interference. They also took steps to minimize background noise and the petri 

dish containing the hippocampal sample was placed in the darkroom for 10 minutes before 

measurements to minimize detection of delayed luminescence. 

Biophotonic emission could also serve as a potential non-invasive tool for detecting ageing 

and age-related physiological changes. Studies from Gabe et al. (2013) and Zhao et al. 

(2016) have shown a relationship between biophotonic production and chronological age, 

suggesting that biophotonic emission could indicate biological age (Gabe et al., 2014; Zhao 

et al., 2016). Both studies used a photomultiplier tube to measure the biophotonic emission 

from the skin of the human participants, and both controlled for delayed luminescence by 

either leaving the participants in a dark room for 15 minutes (Gabe et al., 2013) or by having 



 
 

142 
 

the participants cover their hands with lightproof black gloves for 20 minutes (Zhao et al., 

2016). In addition, in vivo studies of human skin reported regional-dependent biophotonic 

production with higher intensity of biophotonic production in areas of the skin with higher 

oxidative stress and more sensitivity to age-associated changes, such as wrinkle formation 

(Tsuchida & Kobayashi, 2020). This time, the researchers used a highly sensitive cooled 

charge-coupled device camera and allowed human subjects to rest in a dark room for 15 

minutes before measurement, to prevent delayed luminescence effects.  

While these studies attempted to control for delayed luminescence, the effectiveness of 

their methods in eliminating this phenomenon is a significant challenge. The short dark 

adaptation periods used may not be sufficient to fully eliminate delayed luminescence, 

especially from deeper tissues. Additionally, the sensitivity and specificity of the detection 

methods used in these studies for distinguishing true biophotonic emissions from other 

sources of low-level light remain uncertain. And although the reported results from these 

studies are promising, the clinical application of biophotonic emission as a diagnostic tool 

for ageing or age-related changes has not yet been clinically employed. This is partly due 

to the difficulty in controlling for delayed luminescence in human and general animal models 

in vivo, as well as the challenges in standardizing measurements across different individuals 

and environmental conditions. 

Combining the literature with this thesis's novel results, the differential effect of biophotonic 

communication observed during senescence may provide valuable insights into age-related 

processes. The difference in non-chemical communication effects during senescence 

presented, possibly due to differential biophotonic production, supports the hypothesis that 

changes in biophotonic emission during senescence contribute to alterations in cellular 

communication. Considering that senescence is a biochemical biomarker for predicting 

human ageing (Levine, 2013), the findings of this thesis could contribute to measuring 

senescence levels and predicting ageing-related changes. This finding opens avenues for 

utilising biophotonic emission as a biomarker for assessing age-related changes and 
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predicting age-associated diseases by exploring the role of biophotonic communication in 

senescence. 

Furthermore, as discussed in detail in Chapter 1, senescence is also observed in a range 

of diseases (Section 1.3.4), and induction of senescence can contribute to disease 

management, such as in the case of cancer (Section 1.3.3). Recording the biophotonic 

communication of cells, especially considering that there is a distinct effect of that 

communication during senescence, suggests a potential application in detecting diseases 

such as heart and neurodegenerative conditions (McHugh & Gil, 2018). Additionally, since 

anti-cancer therapies employ senescence-induction drugs for delaying the progression of 

cancer (von Kobbe, 2019), monitoring non-invasively the biophotonic communication of the 

targeted organisms can record the presence of senescence or non-senescence and reveal 

insights into whether the treatment is successful or can be used in clinical trials for non-

invasive evaluation of the efficacy of these drugs. 

Furthermore, future research ought to characterise the nature of this biophotonic signal, 

which is different between senescence and non-senescence cells. By identifying the 

properties, such as wavelength and intensity, of that emission, one could mimic that signal 

extracellularly and potentially manipulate the cells non-invasively. This would provide a new 

approach to senescence-induction or senolytic treatments according to the needs of each 

patient. Although that proposal is a far-reaching goal, the understanding that non-chemical 

signalling is different among senescent cells marks the initial steps towards considering that 

clinical approach.  

 

5.3.6 Conclusion 

In conclusion, the exploration of non-chemical communication during senescence offers 

new insights into the mechanisms of cellular interactions and signalling pathways. This 

chapter has demonstrated the existence of biophotonic emission and signalling from 
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mitochondria isolated from senescent cells. The differential effects observed in oxygen 

consumption rates between senescent and non-senescent populations, as a result of 

differential biophotonic communication, further highlight the complexity of this phenomenon 

and its potential implications in ageing-related diseases and conditions. These senescence-

associated changes could be used by future studies aiming to employ non-chemical 

communication as a diagnostic tool and therapeutic target in managing age-related 

disorders. 
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Chapter 6 : Effect of External Near-Infrared Light on Senescence 

 

Chapter 6 is an extended version of the published paper “Selective induction of senescence 

in cancer cells through near‐infrared light treatment via mitochondrial modulation” 

(Kalampouka et al., 2024). 

 

6.1 Aims 

 

Photobiomodulation (PBM), utilising non-ionizing light in the visible and NIR spectrum, has 

been suggested as a potential method for enhancing tissue repair, reducing inflammation, 

and possibly mitigating cancer-therapy-associated side effects. In this chapter, the effect of 

PBM (734 nm NIR light) on cellular senescence, in both cancer and non-cancer cellular 

models was investigated. By examining the cellular and mitochondrial mechanisms and 

responses to NIR light exposure, this research aimed to increase understanding of how NIR 

light and PBM can manipulate cellular behaviour, with potential implications for cancer 

treatment. 

 

6.2 Results 

 

6.2.1 LED light characterization  

The first aim of this chapter was to characterize the LED in terms of wavelength and thermal 

effect. The LED light's maximum wavelength was 734 nm (Figure 6.1A), which lies within 

the spectrum of NIR (de Sousa, 2017; Pooam et al., 2021). No significant thermal effect 

(Figure 6.1B) was recorded during LED light treatment at a 40 mm distance on any media 

used.  
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Figure 6.1: LED light characterisation. (A) Thermal measurements of cancer (MCF7, A549) 

and non-cancer (MCF10A, IMR-90) cell media during 1,440 seconds of monitoring. LED 

exposure period (240-1,440 seconds) showed no significant temperature changes in any 

media type tested (N=3 independent repeats per media type). Temperature was recorded 

using a FireSting optical temperature sensor. (B) Spectral characterization of the LED light 

source revealed peak emission at 734 nm, confirming near-infrared wavelength 

classification. Measurements were taken using a high-resolution UV-NIR spectrometer with 

the LED array positioned 40 mm from the detection point, yielding a power output between 

0.328 to 0.420 mW (Fluence ≈ 63 mJ/cm2, Power density ≈ 0.05 mW/cm2). 
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6.2.2 NIR light treatment increases the levels of senescence in cancer cells 

The effect of NIR light treatment was examined in control and senescent cancer population. 

NIR light increases the senescence effect in control MCF7 breast cancer cells by 10.01% ± 

5.36 (Figure 6.2A; P = 0.0081) and in A549 lung cancer cells by 14.45% ± 5.54 (Figure 

6.3A; P = 0.0026), while in 0.25 μM Dox treated MCF7 cells by 13.72% ± 6.03 (Figure 6.2B; 

P = 0.0081) and in A549 cells by 203.20% ± 63.19 (Figure 6.3B; P = 0.0026), as measured 

by β-gal activity using the CellEvent fluorescent stain. Significant interactions between Dox 

and NIR light treatments were observed only in the A549 cell line among the two tested 

(Interaction; MCF7: P = 0.6510, A549: P = 0.0080). 
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Figure 6.2: The effect of NIR light on levels of senescence in MCF7 cells – Flow cytometry. 

MCF7 breast cancer cells were cultured in either media alone (A; control population) or 

treated with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-

free media. In parallel, populations were exposed to either no light or daily 20-minute NIR 

light treatment (734 nm) for 6 days. Senescence levels were quantified by flow cytometry in 

live cells following CellEvent staining and expressed as a percentage change from 

untreated control (N=6 independent biological repeats). Statistical significance was 

determined using two-way ANOVA with post-hoc Bonferroni testing. Data are presented as 

mean changes compared to untreated control ± SEM. ** : P ≤ 0.01. 
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Figure 6.3: The effect of NIR light on levels of senescence in A549 cells – Flow cytometry. 

A549 lung cancer cells were cultured in either media alone (A; control population) or treated 

with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free 

media. In parallel, populations were exposed to either no light or daily 20-minute NIR light 

treatment (734 nm) for 6 days. Senescence levels were quantified by flow cytometry in live 

cells following CellEvent staining and expressed as a percentage change from untreated 

control (N=6 independent biological repeats). Statistical significance was determined using 

two-way ANOVA with post-hoc Bonferroni testing. Data are presented as mean changes 

compared to untreated control ± SEM. ** : P ≤ 0.01. 
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6.2.3 NIR light treatment doesn’t affect the levels of senescence in non-cancer cells 

The effect of the same NIR light treatment was examined in control and senescent non-

cancer population. In contrast to cancer population, non-cancer cell lines MCF10A (Figure 

6.4; P = 0.9725) and IMR-90 (Figure 6.5; P = 0.0727) were unaffected in terms of 

senescence induction. No significant interactions between Dox and NIR light treatments 

were observed (Interaction; MCF10A:  P = 0.9190, IMR-90: P = 0.5420; Figure 6.2). 
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Figure 6.4: The effect of NIR light on levels of senescence in MCF10A cells – Flow 

cytometry. MCF10A breast cells were cultured in either media alone (A; control population) 

or treated with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in 

drug-free media. In parallel, populations were exposed to either no light or daily 20-minute 

NIR light treatment (734 nm) for 6 days. Senescence levels were quantified by flow 

cytometry in live cells following CellEvent staining and expressed as a percentage change 

from untreated control (N=6 independent biological repeats). Statistical significance was 

determined using two-way ANOVA with post-hoc Bonferroni testing. Data are presented as 

mean changes compared to untreated control ± SEM. 
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Figure 6.5: The effect of NIR light on levels of senescence in IMR-90 cells – Flow cytometry. 

IMR-90 lung fibroblast cells were cultured in either media alone (A; control population) or 

treated with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-

free media. In parallel, populations were exposed to either no light or daily 20-minute NIR 

light treatment (734 nm) for 6 days. Senescence levels were quantified by flow cytometry in 

live cells following CellEvent staining and expressed as a percentage change from 

untreated control (N=3 independent biological repeats). Statistical significance was 

determined using two-way ANOVA with post-hoc Bonferroni testing. Data are presented as 

mean changes compared to untreated control ± SEM. 
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6.2.4 NIR light treatment modulates ROS in MCF7 cancer cells  

The mitochondria of MCF7 breast cancer and MCF10A breast non-cancer cells were further 

assessed regarding NIR light treatment for both states of cell populations (control and Dox 

treated). For the MCF7 cells, the results showed a significant increase (P = 0.0158) in 

cellular ROS production after NIR light treatment, with a 36% ± 11.30 increase in control 

cells (Figure 6.6A) and 53.90% ± 37.45 in 0.25 μM Dox treated cells (Figure 6.6B).  

For the MCF10A cells, there was no significant difference in ROS levels post-NIR light 

treatment (P = 0.9353; Figure 6.7). As expected, Dox alone led to significant changes in 

ROS levels in both cancer and non-cancer cells (MCF7: 130.20 ± 22.50, P < 0.0001; 

MCF10A: 135.80 ± 37.90 P < 0.0001). No Dox – NIR light significant interaction was 

observed regarding ROS levels (MCF7: P = 0.2504, Figure 6.6; MCF10A: P = 0.7449; 

Figure 6.7). 

 

 



 
 

154 
 

D
C

F
D

A
 f

lu
o

re
s
e

n
c

e
 l

e
v

e
l

(%
c

h
a

n
g

e
 o

f 
u

n
tr

e
a

te
d

 c
o

n
tr

o
l)

-50

0

50

100 *

Control

NIR-light - +
D

C
F

D
A

 f
lu

o
re

s
e

n
c

e
 l

e
v

e
l

(%
c

h
a

n
g

e
 o

f 
u

n
tr

e
a

te
d

 c
o

n
tr

o
l)

0

100

200

300
*

Senescent

NIR-light - +

A B

NIR light effect in MCF7 ROS levels

 

Figure 6.6: The effect of NIR light on cellular ROS production – Flow cytometry. MCF7 

breast cancer cells were cultured in either media alone (A; control population) or treated 

with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free 

media. In parallel, populations were exposed to either no light or daily 20-minute NIR light 

treatment (734 nm) for 6 days. ROS levels were quantified by flow cytometry in live cells 

following DCFDA staining and expressed as a percentage change from untreated control 

(N=8 independent biological repeats). Statistical significance was determined using two-

way ANOVA with post-hoc Bonferroni testing. Data are presented as mean changes 

compared to untreated control ± SEM. * : P ≤ 0.05. 
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Figure 6.7: The effect of NIR light on cellular ROS production – Flow cytometry. MCF10A 

breast cells were cultured in either media alone (A; control population) or treated with 0.25 

μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free media. In 

parallel, populations were exposed to either no light or daily 20-minute NIR light treatment 

(734 nm) for 6 days. ROS levels were quantified by flow cytometry in live cells following 

DCFDA staining and expressed as a percentage change from untreated control (N=8 

independent biological repeats). Statistical significance was determined using two-way 

ANOVA with post-hoc Bonferroni testing. Data are presented as mean changes compared 

to untreated control ± SEM. 
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6.2.5 NIR light treatment does not affect mitochondrial Ca2+ levels  

The mitochondrial Ca2+ levels of MCF7 breast cancer and MCF10A non-cancer breast cells, 

exposed to either control or 0.25 μM Dox, were further assessed in terms of NIR light 

treatment. The results showed no significant effect (MCF7: P = 0.6007, Figure 6.8; MCF10A 

P = 0.2941, Figure 6.9) on mitochondrial Ca2+ levels post-NIR light treatment. As expected, 

mitochondrial Ca2+ levels were significantly increased by 32.10% ± 5.65 (P < 0.0001; Figure 

6.8) in MCF7 and by 90.30% ± 23.87 (P < 0.0001; Figure 6.9) in MCF10A cells treated with 

0.25 μM Dox in comparison to untreated. No significant Dox–NIR light interaction was 

observed regarding ROS levels (MCF7: P = 0.8366, Figure 6.8; MCF10A: P = 0.5586, 

Figure 6.9). 
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Figure 6.8: The effect of NIR light on mitochondrial Ca2+ levels – Flow cytometry. MCF7 

breast cancer cells were cultured in either media alone (A; control population) or treated 

with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free 

media. In parallel, populations were exposed to either no light or daily 20-minute NIR light 

treatment (734 nm) for 6 days. Mitochondrial Ca2+ levels were quantified by flow cytometry 

in live cells following Rhod-2 staining and expressed as a percentage change from 

untreated control (N=6 independent biological repeats). Statistical significance was 

determined using two-way ANOVA with post-hoc Bonferroni testing. Data are presented as 

mean changes compared to untreated control ± SEM. 
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Figure 6.9: The effect of NIR light on mitochondrial Ca2+ levels – Flow cytometry. MCF10A 

breast cells were cultured in either media alone (A; control population) or treated with 0.25 

μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free media. In 

parallel, populations were exposed to either no light or daily 20-minute NIR light treatment 

(734 nm) for 6 days. Mitochondrial Ca2+ levels were quantified by flow cytometry in live cells 

following Rhod-2 staining and expressed as a percentage change from untreated control 

(N=3 independent biological repeats). Statistical significance was determined using two-

way ANOVA with post-hoc Bonferroni testing. Data are presented as mean changes 

compared to untreated control ± SEM. 
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6.2.6 NIR light treatment modulates MMP in MCF7 cancer cells  

The MMP of MCF7 breast cancer cells were further assessed regarding NIR light treatment 

for two cell treatments (control and 0.25 μM Dox). The results showed a significant increase 

(P = 0.0116) in MMP after NIR light treatment, by 12.96% ± 4.00 in control populations 

(figure 6.10A) and by 7.08% ± 6.34 in 0.25 μM Dox-treated populations (Figure 6.10B). 

MMP was not significantly increased between untreated and cells treated with 0.25 μM Dox 

(P = 0.4206; Figure 6.10). No significant Dox – NIR light interaction was observed regarding 

MMP levels (P = 0.4278; Figure 6.10). 
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Figure 6.10: The effect of NIR light on MMP – Flow cytometry. MCF7 breast cancer cells 

were cultured in either media alone (A; control population) or treated with 0.25 μM Dox for 

24 hours (B; senescent population), followed by 6 days in drug-free media. In parallel, 

populations were exposed to either no light or daily 20-minute NIR light treatment (734 nm) 

for 6 days. Mitochondrial membrane potential was quantified by flow cytometry in live cells 

following TMRE staining and expressed as a percentage change from untreated control 

(N=6 independent biological repeats). Statistical significance was determined using two-

way ANOVA with post-hoc Bonferroni testing. Data are presented as mean changes 

compared to untreated control ± SEM. * : P ≤ 0.05. 
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6.2.7 NIR light treatment modulates intracellular Ca2+ levels in cancer cells  

The total intracellular Ca2+ levels were assessed post-NIR light treatment in MCF7 breast 

cancer cells exposed to control or 0.25 μM Dox. The results showed a significant increase 

(P = 0.0366) of intracellular Ca2+ post-NIR light treatment, by 13.90% ± 6.40 in control 

populations (Figure 6.11A) and by 39.38% ± 24.14 in 0.25 μM Dox-treated populations 

(Figure 6.11B). As expected, total Ca2+ was significantly increased between untreated and 

cells treated with 0.25 μM Dox by 94.65% ± 12.11 (P < 0.0001; Figure 6.11). No significant 

Dox–NIR light interaction was observed in total Ca2+ levels (P = 0.3022; Figure 6.11). 
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Figure 6.11: The effect of NIR light on intracellular Ca2+ levels – Flow cytometry. MCF7 

breast cancer cells were cultured in either media alone (A; control population) or treated 

with 0.25 μM Dox for 24 hours (B; senescent population), followed by 6 days in drug-free 

media. In parallel, populations were exposed to either no light or daily 20-minute NIR light 

treatment (734 nm) for 6 days. Total intracellular Ca2+ levels were quantified by flow 

cytometry in live cells following Fluo-4 staining and expressed as a percentage change from 

untreated control (N=8 independent biological repeats). Statistical significance was 

determined using two-way ANOVA with post-hoc Bonferroni testing. Data are presented as 

mean changes compared to untreated control ± SEM. * : P ≤ 0.05. 
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To sum up, all tests in this chapter were analysed with two-way ANOVA, where the effects 

of Dox, NIR light treatment, and their interaction were calculated. The complete list of all 

changes and statistical interactions is found in Table 6.1. The table summarizes the 

statistical analysis for all the experiments conducted in this chapter, providing an overview 

of the effects of Dox and NIR light treatments, both individually and in combination.  

 

Complete table of two-way ANOVA results 

 

Biological Assay P value   

 

 

Dox NIR light Interaction 

CellEvent Senescence Green_MCF7 0.0001 0.0081 0.6508 

CellEvent Senescence Green_MC10A 0.0006 0.9725 0.9196 

CellEvent Senescence Green_A549 0.0001 0.0026 0.0075 

CellEvent Senescence Green_IMR-90 0.0036 0.0727 0.5423 

DCFDA_MCF7 0.0001 0.0145 0.2504 

DCFDA_MCF10A 0.0001 0.9353 0.6191 

Rhod-2_MCF7 0.0001 0.6007 0.8366 

Rhod-2_MCF10A 0.0001 0.2941 0.5586 

Fluo-4_MCF7 0.0001 0.0366 0.3022 

TMRE_MCF7 0.4206 0.0116 0.4278 

 

Table 6.1: Two-way ANOVA results of biological assays comparing effects of Dox drug and 

NIR light treatment. The table presents P-values for three factors: Dox treatment effect, NIR 

light treatment effect, and their interaction across different cell lines and assays. Results 

include senescence detection (CellEvent), ROS levels (DCFDA), mitochondrial Ca2+ (Rhod-

2), total cellular Ca2+ (Fluo-4), and MMP (TMRE) measurements in cancer (MCF7, A549) 

and non-cancer (MCF10A, IMR-90) cell lines. Statistical significance (P ≤ 0.05) is indicated 

in bold, demonstrating differential responses between cancer and non-cancer cells. 
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6.3 Discussion 

 

6.3.1 NIR light treatment increases senescence effect in cancer cells 

This chapter aimed to investigate the effects of NIR light treatment on senescence induction 

in both cancer and non-cancer cell lines. The primary objectives were to examine whether 

NIR light could induce cellular senescence, explore its impact on ROS levels, and assess 

changes in mitochondrial function and homeostasis. 

To achieve this, the effects of NIR light treatment on senescence were investigated in four 

cell lines. Results showed that NIR light treatment (wavelength: 734 nm; fluence: 63 

mJ/cm2) can lead to significant induction of senescence in cancer cell lines (Figures 6.2 and 

6.3) while sparing non-cancer cells (Figures 6.4 and 6.5). Indeed, exposure to NIR light-

induced senescence in breast MCF7 and lung A549 cancer cells in the absence of Dox 

treatment, and also increased the senescence effect of Dox-induced senescent cell lines. 

Moreover, NIR light treatment exhibited a significant detectable interaction with Dox, leading 

to increased senescence within the lung cancer A549 model.   

Since senescence is a permanent cell cycle arrest, and as demonstrated in Section 3.2.3, 

a significant decrease in cell proliferation is expected following NIR light exposure. Previous 

studies have evaluated PBM therapy on cancer cell proliferation but failed to test for 

senescence. For instance, Hu et al. showed that A2058 melanoma cell lines increased in 

number in response to PBM (632.8 nm light) but used higher fluences (intensity): 500, 1000, 

and 2000 mJ/cm2. The same dose-response increase was observed in the CCO activity of 

this cell line (Hu et al., 2007). Magrini et al. reported similar results when tested different 

fluences (5, 28.8, and 1000 mJ/cm2) of 633 nm light treatment on MCF7 breast cancer cells 

(Magrini et al., 2012). Cell number increased with metabolic activity at a 1000 mJ/cm2 

fluence, while no increase in cell number or metabolic activity was reported at a fluence of 

5 mJ/cm2. In the results of this thesis, though the light characteristic was similar (734 nm) 

to those used by Hu et al. and Magrini et al., its fluence was lower (63 mJ/cm2), which may 
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explain the differential effect of the treatment used in this thesis. Interestingly, when the light 

treatment used by Magrini et al. decreased to a fluence range (28 mJ/cm2) similar to that 

used in this thesis, they observed no increase in cell population, but higher metabolic activity 

compared to cells treated with light of 5 mJ/cm2 (Magrini et al., 2012). This would suggest 

that they may induce senescence in their cell populations, but senescence was not 

examined in that study. 

As mentioned in Section 1.1, senescence signals the irreversible proliferation arrest of the 

cell, but the cell remains highly metabolically active (Hayflick & Moorhead, 1961; Quijano et 

al., 2012). These results, together with those previously published, suggest that NIR light 

senescence induction in cancer cells, but not normal cells, may display a bi-phasic effect, 

with a fluence “sweet-spot” above 20 mJ/cm2 and below 300 mJ/cm2 (Magrini et al., 2012) 

at wavelengths of 600 – 800 nm (de Freitas and Hamblin, 2016; Wang et al., 2016; Hamblin, 

2017), whitin this range, there is a permanent cell cycle arrest with an increase in metabolic 

activity. However, when the fluence is increased above this range, NIR treatment can 

increase cellular proliferation and metabolic rates in cancer cells. The overall mechanism 

of this remains unknown and requires further investigation. 

It is well-established that the effectiveness of PBM on a particular target tissue can depend 

on various factors, including the light source, wavelength, energy density, light pulse 

structure, and duration of the light application. These parameters significantly determine the 

optimal treatment outcomes (Kujawa et al., 2014; Yadav & Gupta, 2017).  A biphasic dose-

response curve, also known as hormesis, illustrates that excessively low or high doses such 

as fluence (mJ/cm2), irradiance (mW/cm2), duration of application, or treatment design may 

result in no significant effect or opposite inhibitory effects (Huang et al., 2011; Kujawa et al., 

2014). Thus, it is likely that NIR light treatment may be hormetic in nature, with cancer cell 

proliferation increasing at very low/high light fluence but inducing senescence at a specific 

range. 
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Of particular interest is the significant interaction between NIR light and Dox in A549 lung 

cancer cells. This could be attributed to Dox's intrinsic photosensitizing properties. As 

demonstrated by Greco et al. (2023), Dox, as a chemical structure, serves as a 

chromophore, which means that it can absorb light in the visible spectrum, making it a 

potential photosensitizer. If Dox becomes photoactivated, then it can generate ROS 

(Dolmans et al., 2003; Greco et al., 2023). This light-dependent ROS generation increases 

Dox's cytotoxic effects higher than conventional chemotherapeutic action (Greco et al., 

2023). The combination of NIR light with Dox treatment in A549 cells possibly triggers this 

dynamic effect, leading to increased oxidative stress and a higher senescence response 

(Ewald et al., 2010). This significant interaction indicates the potential of Dox's dual role as 

both a chemotherapeutic agent and a photosensitizer to enhance its anticancer efficacy, 

particularly in lung cancer models like A549 cells. Further investigation is required to 

optimize light parameters and drug concentrations that could lead to significant interactions 

of more cancer models, such as MCF7 breast cancer, and thus, the development of more 

effective photochemotherapy strategies for cancer treatment  (Greco et al., 2023; Hamblin 

et al., 2018). 

 

6.3.2 NIR light does not affect senescence levels in non-cancer cell lines 

The same dose-response differential effect appears to be applied between cells of different 

origins. As cancer cells indicate a significant permanent cell cycle arrest after the NIR light 

treatment, the MCF10A breast non-cancer cells and IMR-90 lung fibroblasts show no 

significant change. This confirms that although the overall phenotype of senescent cells is 

similar, it depends on the senescence induction mechanism, the molecular pathway and 

the origin of the cell (Gorgoulis et al., 2019; Toussaint et al., 2002). 

Numerous studies have reported that PBM treatment at high doses of over 1000 mJ/cm2 

can significantly increase the proliferation of non-cancer cells of different origins, including 

stem cells from human teeth (Fernandez et al., 2016), human osteoblast-like cells (Khadra 
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et al., 2005), melanocytes (Yu et al., 2003), human adipose stem cells (Abrahamse et al., 

2010)  and skin fibroblasts WS1 (de Villiers et al., 2011). Similar effects have also been 

reported in healthy human umbilical cord blood-derived mesenchymal stem cells (Kim et 

al., 2019) and healthy canine epidermal keratinocyte progenitors (Gagnon et al., 2016) 

following PBM treatment with fluence ranges of 300 - 100 mJ/cm2; the latter fluence being 

closer to the NIR light characteristic of this thesis. At present, it is unclear why there is a 

discrepancy between the results of the current study and those reported in the literature. 

Still, it indicates that the response of non-cancer cells to PBM may be related to tissue origin 

(Laakso et al., 1993), with different cell types showing differential activation “sweet-spots”. 

 

6.3.3 NIR light treatment increases ROS levels in cancer but not in non-cancer cells 

It has been previously suggested that modulation of ROS levels is one of the primary effects 

of PBM (Amaroli et al., 2022). It was, therefore, hypothesised that increasing intracellular 

ROS with NIR light should lead to senescence induction in cancer cells since their 

metabolism is more complex than normal cells, and they can switch readily between 

glycolysis and oxidative phosphorylation (Pavlova & Thompson, 2016). The results showed 

significantly higher ROS levels in breast cancer cells, with ROS levels increasing almost 

three times higher in the Dox-induced senescent population than in the control population. 

On the other hand, there was no change in ROS levels in the breast non-cancer populations 

post-NIR light treatment (Figures 6.6 and 6.7).  

Both in vivo and in vitro studies have established the essential role of mitochondria and 

ROS as drivers of cellular senescence (Correia-Melo & Passos, 2015; Höhn et al., 2017; 

Passos et al., 2010). ROS exhibits a bidirectional influence on cellular senescence, as the 

senescence process itself rapidly increases ROS levels, worsening oxidative stress due to 

complications of cellular OXPHOS (Höhn et al., 2017). This reciprocal role not only explains 

the significant increase in ROS levels post-Dox treatment but also elucidates why the 
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senescent population exhibited such a high increase in ROS levels—this is a consequence 

of both NIR light exposure and the induction of senescence. 

As discussed in Section 1.9.1, mitochondria dynamics and ROS levels are pivotal in 

senescence and PBM. CCO, an important chromophore in cells, is located within the 

mitochondria. ROS can mediate between mitochondria and the nucleus, activating various 

transcription factors, such as nuclear factor kappa B (NF-kB). NF-kB can influence the 

expression of numerous genes responsible for cellular functions, including stress-induced 

responses and survival (Baichwal & Baeuerle, 1997; Wang et al., 2002). Thus, PBS can 

activate signalling pathways that lead to the upregulation or downregulation of gene 

expression via these mediators.  

Notably, NF-kB regulates the expression of more than a hundred genes, including those 

that promote antioxidant, anti-apoptotic, pro-proliferation, and pro-migration functions 

(Hamblin, 2018a).  Indeed, a burst of ROS due to PBM has been shown to activate the NF-

kB signalling pathway (Hamblin, 2018a). Margini et al. (2012) proposed that ROS 

production in red light-treated MCF7 mitochondria altered cellular metabolism via 

interactions with nuclear transcription factors, including the nuclear signalling agent NF-kB 

(Magrini et al., 2012). Additionally, ROS production due to NF-kB activation after PBM 

therapy has been observed in other studies, including non-cancer cell models, such as 

mouse embryonic fibroblasts (Chen et al., 2011). 

It is well described that redox plays a key role in the cell cycle, controlling cell growth, 

proliferation and death (Menon & Goswami, 2007). Therefore, it is unsurprising that cellular 

senescence involves activation of the nuclear factor kappa B (NF-kB) (Fallah et al., 2019; 

Rovillain et al., 2011). Fahla et al., using rat cardiac tissue, reported higher ROS levels, 

decreased mitochondrial function, and a highly significant increase of NF-kB expression 

following treatment with doses of Dox that were likely to induce senescence. The same 

effects were not observed in untreated tissues or treated with lower Dox doses, which did 

not induce senescence (Fallah et al., 2019). This would suggest that the observed increase 
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in senescence in cancer cells, but not in non-cancer cells, in the current results, was a direct 

consequence of the elevation in ROS production associated with PBM, which in turn would 

lead to NF-kB signalling pathway activation and thus senescence.   

 

6.3.4 NIR light changes MCF7 cancer cell homeostasis and mitochondria function 

It has been previously suggested that retrograde signalling originating from mitochondria 

after light absorption can be mediated by changes in ROS, MMP and altered Ca2+ levels 

(Kim, 2014). In line with this concept, results from this thesis revealed significant modulation 

of all three mediators by PBM in MCF7 breast cancer cells (Figures 6.6, 6.10 and 6.11), 

except mitochondrial Ca2+ levels, which demonstrated no change. On the other hand, no 

ROS or intracellular Ca2+ levels were altered post-NIR light treatment in MCF10A breast 

non-cancer cells (Figures 6.7 and 6.9), highlighting the intricate impact of PBM on a cellular 

level (de Freitas & Hamblin, 2016; Kujawa et al., 2014). Together with the effectiveness of 

PBM, which depends on several factors (Section 3.1.3), the light treatment parameters and 

the origin of the tissue/cell line influence the molecular mechanisms that regulate 

transcription factors differently.  

In this thesis, MMP increased in cancer cells after NIR light treatment. It is generally 

accepted that ROS production and MMP are highly correlated (Suski et al., 2012). Indeed, 

as suggested by Aon and colleagues in their redox-optimised ROS balance hypothesis, 

mitochondria have evolved to optimise energy production while minimising ROS production 

by operating at an intermediate redox state, where electron flow and antioxidant balance 

systems are critical. This hypothesis explains why both an increase in MMP, for example, 

during hypoxia, and a decrease, as seen with excessive uncoupling, give rise to ROS (Aon 

et al., 2010). Korshunov et al., using isolated mitochondria from rat cardiac muscle, showed 

that even a slight increase in MMP was sufficient to produce H2O2 in mitochondria 

(Korshunov et al., 1997). Hence, PBM may induce a rise in the MMP due to an increase in 

the electron transport chain, which can increase ROS levels (Hamblin, 2018b; Suski et al., 
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2012). Additionally, decreasing MMP is correlated with mitochondrial dysfunction and 

increased ROS production, which are both key signals for mitochondrial turnover but can 

contribute to tissue damage (Hamblin, 2018a). This suggests that senescence induction 

after NIR exposure results from ROS as a secondary messenger, not general mitochondrial 

dysfunction. 

Although no change in mitochondrial Ca2+ levels was recorded in this thesis, there was a 

significant increase in intracellular Ca2+ levels post-NIR light exposure. PBM and the use of 

non-thermal NIR light notably influence cellular Ca2+ levels, as demonstrated across various 

studies, including cervical cancer HeLa cells (Golovynska et al., 2019), neuroblastoma, 

neuron cells (Golovynska et al., 2021) and osteoblasts (Tani et al., 2018). Studies by 

Amaroli et al. (2022) demonstrate that specific wavelengths and energies of light impact 

Ca2+ influx, either directly or by affecting mitochondrial activity. The interplay between ROS 

and Ca2+ signalling, as highlighted by Görlach et al., suggests a bidirectional relationship, 

where oxidative stress triggers Ca2+ influx from different cell sources, while Ca2+ can 

increase ROS production (Görlach et al., 2015). Finally, as Ca2+ serves as a critical cellular 

secondary messenger (Berridge, 2012), changes in Ca2+ levels induced by NIR light may 

regulate senescence in cancer cells. As mitochondria are central to Ca2+ signalling 

(Szabadkai & Duchen, 2008), it is surprising that I did not see any changes in mitochondrial 

Ca2+; however, it is entirely possible that the effects were too small to measure or occurred 

very quickly. Ca2+ influx into mitochondria would stimulate their activity, potentially raising 

their MMP, but the flow of Ca2+ in and out of the mitochondrion is tightly controlled. Thus, 

further research is required to understand their precise role in the observed shifts in 

intracellular Ca2+. 

 

6.3.5 Potential mechanisms of NIR light treatment 

Mechanistically, two primary mechanisms are most widely accepted in the literature to 

explain the initial interaction of red to NIR light with cells, leading to PBM effects. The first 
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and most widely recognized mechanism involves CCO as the primary chromophore (Karu, 

2008). CCO, located in the inner mitochondrial membrane as part of complex IV in the 

electron transport chain, is believed to be the first molecule to interact and absorb light in 

the range of 600-850 nm (Hamblin, 2016b). This absorption can lead to increased electron 

transport chain activity, resulting in increased ROS and Ca2+ levels, enhanced ATP 

production and altered metabolic homeostasis (Hamblin, 2016b; Karu, 2008). The second 

mechanism, as suggested by Wang et al., involves the activation of light-sensitive ion 

channels, which are thought to be activated by wavelengths in the range of 980-1064 nm, 

increasing the intracellular Ca2+ levels, which then act as signalling molecules to induce 

cellular physiological changes (Dompe et al., 2020; Wang et al., 2017a). However, this 

mechanism becomes more relevant for wavelengths beyond the primary absorption range 

of CCO. 

A third, more recent theory proposed by Sommer et al. (2015) suggests that nanoscopic 

interfacial water layers within and around mitochondria play a crucial role in NIR light 

absorption. According to this theory, NIR light may reduce the viscosity of these water 

molecules and expand the volume of water layers, potentially affecting the efficiency of the 

ATP synthase motor. Interestingly, the water layer modulation seemed to be more dynamic 

in hydrophilic surfaces, such as mitochondrial inner membrane, intermembrane space, 

cristae and the F1 part of ATP synthase (Sommer et al., 2015), highlighting the role of 

mitochondria in PBM. 

It is important to note that the first two proposed mechanisms are associated with different 

wavelength ranges. Although the results of this thesis show increased intracellular Ca2+ 

levels, which both theories can potentially explain, the distinction in wavelengths suggests 

that the CCO theory is more likely applicable to the findings presented here. This is because 

the wavelength used in this study (734 nm) falls within the range typically associated with 

CCO absorption (600 - 850 nm). Additionally, the potential role of interfacial water layers 

within the mitochondria, as proposed by Sommer et al. (2015), should not be discounted. 
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This mechanism may contribute to the observed effects, given the structural changes that 

occur in mitochondria during cellular senescence. As described in Section 1.7.2, 

mitochondria in senescent cells often appear swollen (Ziegler et al., 2015) and exhibit 

increased mass and altered cristae structure (Correia-Melo & Passos, 2015). These 

changes primarily affect the hydrophilic compartments of mitochondria, including the matrix 

and the intracristal space. Consequently, in the case of senescent MCF7 cells exposed to 

NIR light treatment, the effects of PBM might be amplified due to the increased presence of 

these hydrophilic regions. According to Sommer's theory, this NIR light interaction with 

interfacial water layers of the mitochondria from senescent cells could modulate their 

viscosity, potentially enhancing the impact of PBM. This hypothesis could explain the 

observed heightened response to PBM in already senescent MCF7 cells, as the structural 

changes in their mitochondria may provide a larger arena for light-water interactions. 

Furthermore, in comparison to the observations of biophotonic emission in isolated 

mitochondria (Chapter 5), it's important to note that the current experiments on NIR light 

treatment were conducted on whole cells. In this context, the NIR light might travel along 

the microtubule network, potentially sending light signals far into the cells. This concept 

aligns with theories proposed by Thar and Kuhl (2004) and Kurian et al. (2017), suggesting 

that microtubules could act as waveguides for light propagation within cells. Thar and Kuhl 

(2004) described mitochondria as a multi-layer optical system with alternating refractive 

indices, which could support coherent light propagation and even amplification. Kurian et 

al. (2017) proposed that the arrangement of aromatic amino acids in tubulin could support 

quantum coherent energy transfer, potentially extending to mitochondrial proteins. 

In summary, it is likely that these various mechanisms work in concert to produce the 

observed effects of PBM. The initial photon absorption by CCO and/or other chromophores 

triggers a cascade of events, including changes in mitochondrial function, ROS production, 

increased membrane potential and accumulation of Ca2+ signalling. These changes can 

then lead to the activation of various transcription factors and signalling pathways, such as 
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NF-kB (Butow and Avadhani, 2004), ultimately resulting in cellular responses, such as 

increased senescence in cancer cells. 

Further research is needed to fully explore the relative contributions of these mechanisms 

and how they interact in different cellular contexts, particularly in the context of senescence 

induction in cancer cells versus non-cancer cells. Understanding these mechanisms more 

comprehensively could lead to more targeted and effective applications of PBM in various 

therapeutic contexts. 

 

6.3.6 Differential response of cancerous and non-cancerous cells to PBM 

The results in this chapter demonstrate that the potential differences between cancerous 

and non-cancerous cells are associated with mitochondria and ROS. Warburg was the first 

to describe what is now known as the "Warburg effect"—the phenomenon whereby cancer 

cells, despite the presence of oxygen, seem to rely on glycolysis, so-called “aerobic 

glycolysis”, instead of OXPHOS (Vaupel & Multhoff, 2021; Warburg, 1956). Warburg also 

identified the enzyme CCO during an experiment he was conducting, suggesting CCO to 

be a crucial player in cellular energy metabolism. The energy from ingested glucose is 

extracted through glycolysis, and the resulting pyruvate enters mitochondria through a 

transporter on the outer membrane. In the last step, CCO controls OXPHOS to produce 

ATP with the help of oxygen (Kim, 2014).  

A more recent study revealed that defects in CCO can cause a metabolic shift to glycolysis 

(Warburg effect induction) and promote cancer progression. The loss of CCO activity results 

in the activation of several oncogenic signalling pathways and the upregulation of genes 

involved in cell signalling, cell migration, and extracellular matrix interactions (Srinivasan et 

al., 2016) This occurs through multiple mechanisms, including increased production of 

ROS, stabilization of hypoxia-inducible factor 1α (HIF-1α), activation of AMP-activated 

protein kinase (AMPK), and induction of retrograde signalling from mitochondria to the 
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nucleus. Together these changes contribute to the metabolic reprogramming characteristic 

of cancer cells, promoting their survival, proliferation, and metastatic potential. Since CCO 

has previously been suggested as containing chromophores that could be responsible for 

PBM (Section 6.3.5), it explains why cancer cells and normal cells might exhibit varied 

responses to PBM (Dompe et al., 2020; Hamblin et al., 2018). In cancer cells, PBM can 

increase energy demand, metabolism, and ROS activity, which activates transcription 

factors, potentially exacerbating their altered metabolic state. On the other hand, in non-

cancer cells, PBM may induce a small burst of ROS that triggers protective mechanisms 

and minimises damage, placing the cell in a position that overcomes stress and escapes 

senescence induction.  

In parallel, during senescence, the amount of ATP produced by mitochondria decreases, 

and more is produced through glycolysis. This compensatory response to the change in 

mitochondrial function due to senescence results in an increase in mitochondrial abundance 

and a shift towards glycolytic ATP production (Korolchuk et al., 2017). In a study using alpha 

mouse liver 12 cells, the senescent population had greater glycolytic potential, together with 

increased mitochondrial activity and damage due to proton leak—this did not increase ATP 

production despite the increased mitochondrial activity in senescent cells (Singh et al., 

2020). Interestingly, a study investigating the metabolic effects of acute 780 nm LED light 

of 5 J/cm2 on healthy human dermal fibroblasts neonatal and squamous carcinoma cells 

demonstrated that the cancer cells were more glycolytic. Only a few hours after treatment, 

the cancer cells showed increased ROS production and ATP levels, whereas the healthy 

cells did not; while 24 hours post-treatment, healthy cells increased proliferation, whereas 

cancer cells did not (Gonçalves de Faria et al., 2021). This suggests that the initial ROS 

increase and the increase in metabolic demand might play a role in decreased proliferation 

rates compared to healthy non-cancer cells.  

Lastly, the differential response to PBM between cancer and non-cancer cells may be 

attributed to a differential mechanism of NIR light absorption. Cancer cells, with their altered 
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mitochondrial function and reliance on glycolysis (Warburg effect), might respond differently 

to the proposed mechanisms of PBM. For instance, the CCO theory suggests that light 

absorption by CCO increases electron transport chain activity. In cancer cells, where CCO 

activity is often compromised (Srinivasan et al., 2016), this mechanism might lead to a more 

pronounced increase in ROS production compared to non-cancer cells with normal CCO 

function. This excessive ROS generation in cancer cells could trigger stress responses and 

potentially lead to increased senescence. Additionally, the water viscosity theory proposed 

by Sommer et al. (2015) could also have differential effects. Cancer cells often exhibit 

altered mitochondrial morphology and increased mitochondrial mass (Vyas et al., 2016), 

which might change the distribution and properties of interfacial water layers. This could 

potentially enhance the effects of NIR light on water viscosity in cancer cells, leading to 

more pronounced changes in mitochondrial function.  

In conclusion, the differential responses to PBM between cancer and non-cancer cells may 

result from their distinct metabolic profiles, mitochondrial characteristics, and chromophore 

compositions. These differences have significant implications for PBM therapy, suggesting 

that treatment parameters may need to be optimised specifically for cancer or non-cancer 

applications to achieve optimal outcomes. However, it's important to note that our 

understanding of these mechanisms is still evolving. The complex interplay between PBM 

and cellular metabolism creates challenges in generalizing these findings. Further research 

is needed to explore the precise molecular pathways involved in PBM responses across 

various cell types and cancer subtypes, and to determine how these origin-related NIR light 

effects can be translated into more effective and targeted PBM therapies. 

 

6.3.7 Conclusion 

Senescence is a multi-step process triggered by various stimuli, including oxidative 

damage, and different cell types can exhibit different senescence characteristics (Gorgoulis 

et al., 2019). In this study, NIR light, at a daily dose of 63 mJ/cm2 over a six-days period, 
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induced senescence selectively in MCF7 breast and A549 lung cancer cells but not in non-

cancer MCF10A breast cells and IMR-90 lung fibroblasts. The proposed mechanism, 

primarily based on the wavelength spectrum of the light treatment (734 nm), may involve 

CCO as the primary chromophore. The absorption of NIR light by CCO, as detailed in the 

literature on PBM action, appears to involve an increase in ROS production and Ca2+ levels 

(Aggarwal et al., 2019; Perillo et al., 2020), a finding confirmed by the results of this thesis.  

This selective cancer vs non-cancer response considers the Warburg effect, where cancer 

cells have a greater shift towards glycolysis, leading to increased ROS levels. The 

combination of the already elevated ROS levels in cancer cells and PBM-induced ROS 

increase activates a signal cascade towards senescence and permanent cell cycle arrest 

as a stress response (Figure 6.12). This mitochondrial/ROS-based mechanism would 

support the well-described anti-inflammatory and wound-healing properties observed with 

PBM. However, part of the limitations of this study is that it focused on a single NIR light 

parameter, which may not capture the full spectrum of cellular responses across different 

cancer types or light treatment conditions. Future work is needed to establish the optimal 

fluence and wavelength for PBM and determine its potential as a cancer-selective therapy, 

as well as the precise location of ROS production. 
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Figure 6.12: Schematic diagram of the proposed mechanism of NIR-induced senescence. 

Illustration showing cellular responses to 734 nm NIR light exposure in cancer cells. (A) NIR 

photons penetrate the cell and interact with cytochrome c oxidase (CCO) in mitochondria. 

(B) This interaction leads to increased mitochondrial membrane potential (MMP) and 

subsequently (C) elevated ROS production. ROS acts as a signalling messenger between 

mitochondria and the nucleus, while (D) inherently high baseline ROS levels in cancer cells 

contribute to the total oxidative burden. The combined ROS accumulation activates the NF-

κB signalling pathway in the nucleus, ultimately resulting in (E) cellular senescence. Each 

stage is indicated by numbered arrows showing the progression of the mechanistic 

pathway. (Image created with biorender.com) 
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These findings hold significant benefits for potential clinical applications in the field of cancer 

therapy and ageing-related conditions. By elucidating the differential response of cancerous 

and non-cancerous cells to NIR light treatment, this research opens avenues for the 

development of targeted therapeutic strategies. The selective induction of senescence in 

cancer cells while sparing non-cancer cells suggests a promising approach for enhancing 

the efficacy of anti-cancer treatments. Combining PBM therapy with conventional cancer 

therapies could potentially enhance the senescence-inducing effects, leading to improved 

outcomes and potentially reducing side effects for cancer patients, as senescence induction 

could be used to target only the cancerous populations selectively. Furthermore, the 

protective effect observed in non-cancer cells highlights the potential for NIR light treatment 

to mitigate age-related pathologies and promote healthy ageing.  

One additional limitation is that, despite the promising findings, the experiments were 

conducted in vitro, which may not fully represent the complexity of in vivo systems. For 

example, it has been shown that red to NIR light below 810 nm can be absorbed by blood 

and skin components (Yadav & Gupta, 2017). Since the NIR light treatment of this study 

was applied to in vitro cell culture, different light parameters might be more effective in in 

vivo models, such as, a higher wavelength penetrating deeper into the tissue. Translating 

the findings of this thesis from in vitro to in vivo can potentially enhance cancer treatment 

and age-related disease management, offering new approaches for improving patient 

outcomes. 

Lastly, while changes in ROS levels and mitochondrial function were observed, the exact 

molecular mechanisms underlying the differential response between cancer and non-

cancer cells require further investigation. Future studies should address these limitations by 

expanding to a wider range of cell types, exploring various NIR light parameters, and 

conducting in vivo experiments to validate the therapeutic potential of NIR light treatment in 

cancer and age-related conditions. 
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Chapter 7 : Thesis Conclusion  

 

7.1 Overview of key findings 

This thesis explores the relationship between senescent cells and light; the different aspects 

of cellular senescence, with a focus on mitochondrial function, non-chemical 

communication, and the effects of NIR light treatment. The key findings arising from my 

research are summarised below: 

During my research, I successfully developed and refined a Dox-based senescence 

induction protocol for various cell lines, encompassing both non-cancer (MCF10A breast 

cells and IMR-90 lung fibroblasts) and cancer (MCF7 breast cancer and A549 lung cancer 

cells) models. The senescence-associated changes included the expected decrease in 

proliferation, increased lysosomal content, and morphological alterations. Notably, I 

observed a substantial increase in ROS levels, MMP, and mitochondrial Ca2+ levels, 

signifying a profound shift in cellular metabolism. These findings enhance our 

understanding of the underlying mechanisms driving cellular senescence, emphasizing the 

pivotal role of mitochondrial homeostasis. 

I went on to establish the existence of non-chemical communication during cellular 

senescence. Specifically, I isolated highly metabolically active mitochondria from senescent 

cells to investigate this phenomenon. Notably, differences in oxygen consumption rates 

provided compelling evidence for this unique mode of communication. To further validate 

my findings, I conducted an experiment where these isolated senescent mitochondria were 

placed in an ultra-sensitive light detector. The outcome was significant photon emission, 

confirming that the means of non-chemical communication during senescence is light-

based. Importantly, I observed that this photonic, non-chemical communication effect 

exhibited distinct characteristics between senescent and non-senescent states, suggesting 
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the presence of a specific “biophotonic fingerprint” associated with the senescent cellular 

condition. 

Finally, I successfully achieved selective induction of senescence in cancer cells using near-

infrared (NIR) light irradiation, specifically at 734 nm and 63 mJ/cm². Remarkably, this NIR 

light treatment induced senescence in MCF7 and A549 cancer cells while sparing MCF10A 

and IMR-90 non-cancer cells. The selective effect observed in cancer cells was 

accompanied by notable changes, including increased ROS levels, altered MMP, and 

elevated intracellular Ca²⁺ concentrations in MCF7 cells. These findings suggest a potential 

mitochondria/ROS-mediated mechanism underlying the senescence induction, specifically 

in cancer cells, via NIR light exposure. 

 

7.2 Significance and Implications 

This research provides significant insights into the role of non-chemical biophotonic 

communication of mitochondria during senescence and the potential applications of intra- 

or extracellular light to affect mitochondria and further cell homeostasis. The demonstration 

of non-chemical communication between mitochondria from senescent cells represents a 

novel area of investigation in cellular signalling. This finding suggests that biophotons 

emitted by mitochondria may play a crucial role in intercellular and intracellular 

communication, particularly in the context of cellular senescence. This discovery could 

potentially have implications for developing non-invasive diagnostic tools for age-related 

diseases and monitoring the efficacy of senescence-inducing treatments for cancer. 

Furthermore, the selective induction of senescence in cancer cells by NIR light treatment, 

while sparing non-cancer cells, potentially holds promise for anti-cancer therapy. By 

combining NIR light with conventional treatments, it may be possible to enhance 

senescence-inducing effects and improve patient outcomes. Additionally, the protective 
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effect observed in non-cancer cells suggests potential applications in mitigating age-related 

pathologies and promoting healthy ageing. 

 

7.3 Limitations  

This research provides valuable insights into senescence, non-chemical communication, 

and the effects of NIR light treatment. However, it is important to acknowledge several 

limitations that impact the scope and interpretation of the findings. A primary limitation of 

this study is its reliance on in vitro cell models. While these models offer controlled 

experimental conditions, they may not fully recapitulate the complexity of in vivo systems. 

This limitation applies to all experiments conducted across the thesis and underscores the 

need for caution when extrapolating these results to physiological contexts.  

The method of senescence induction also presents a limitation. Dox-induced senescence 

represents premature senescence, which may not fully reflect the complexities of age-

related senescence. Adding a replicative senescence model would have been beneficial for 

a more comprehensive understanding of senescence processes. However, such a model 

was not feasible due to the time constraints inherent in a PhD project. While multiple 

senescence markers were assessed, the study could benefit from examining additional 

markers and pathways. For instance, the inclusion of epigenetic changes and SASPs 

measurements would provide a more comprehensive characterization of the senescent 

phenotype. This limitation extends to the analysis of mitochondrial function, where ATP 

levels were not measured due to time constraints. Such measurements could have provided 

additional insights into the metabolic changes associated with senescence.  

The study's focus on three main cell lines (MCF10A, MCF7, and A549) limits the 

generalizability of the findings. Expanding to include a non-cancer lung cell line would have 

provided a more comprehensive comparison, especially for the non-chemical 
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communication and NIR-light exposure experiments. Furthermore, the lack of testing for 

MMP, mitochondrial Ca2+, and intracellular Ca2+ in A549 lung cancer cells presents an 

opportunity for future research to explore mitochondrial function across different cell types 

during senescence. 

The characterization of biophotonic emission during senescence presented a particular 

challenge. Due to technological limitations, it was not possible to determine the specific 

parameters of this emission, such as wavelength and intensity. This limitation prevents the 

full acceptance of the hypothesis that there is a unique biophotonic signature associated 

with senescence.  

In the context of NIR light treatment, the study focused on a single PBM parameter, which 

may not capture the full spectrum of cellular responses across different cancer types or light 

treatment conditions. Additionally, the precise chromophores that react with either the NIR 

light or the biophotons, initially absorbing the light and activating the cascade of molecular 

pathways to induce a physiological change in the cell, remain unidentified.  

These limitations were primarily due to the constraints inherent in a PhD project, including 

limited time and funding. Despite these constraints, the research provides valuable insights 

and lays the groundwork for future studies in these areas. Detailed suggestions for 

addressing some of these limitations are described in the following section. 

 

7.4 Future research 

Based on the findings from this thesis, several areas of future research have been identified 

which warrant further investigation. While in vitro studies have provided valuable insights, 

future research should focus on bridging the gap between laboratory observations and 

clinical applications. 
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A promising avenue for future research involves the study of free-circulating mitochondria 

isolated from human plasma. As mitochondria are known to emit light, this approach could 

verify biophotonic emission in human models (Blalock et al., 2024; Stier, 2021). 

Furthermore, investigating the effects of NIR light treatment on the function and 

bioenergetics of these isolated mitochondria could provide valuable insights into the impact 

of PBM on human mitochondria in vivo. 

To further explore the mechanisms underlying non-chemical communication between 

senescent and non-senescent cells, additional studies using the ultra-sensitive light 

detector are necessary. Comparing light emission from the mitochondria of senescent and 

non-senescent cells could reveal important differences. Given that ROS are a primary 

source of biophotonic production, exploring the relationship between ROS increase and 

biophotonic emission could provide mechanistic insights. Recording the biophotonic 

emission from whole cells instead of isolated mitochondria might also provide mechanistic 

insides into the biophotonic production and absorption mechanism. Additionally, examining 

biophotonic production in cancer cell mitochondria and comparing it with non-cancer cells 

could help explain the differential effects observed in non-chemical communication. 

Since this study hinted at a differential effect of biophotonic communication during 

senescence, by exploring the unique emission during senescence, we could be able to 

mimic such light signals and potentially influence cellular function completely non-

invasively, thus considering the possibility of its use as a diagnostic or therapeutic target. 

While current technology limits our ability to measure the exact wavelength and intensity of 

minimal photon emissions, characterizing the precise nature of the "biophotonic fingerprint" 

during senescence could have significant implications for ageing research and quantum 

biology.  

Further research should also focus on optimizing NIR light treatment parameters for both 

senescent and non-senescent cells. This includes investigating different wavelengths, 
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fluence, and treatment regimens to maximize the selective induction of senescence in 

cancer cells while minimizing potential side effects. Additionally, by exploring the potential 

synergistic effects of combining NIR light treatment with existing cancer therapies or 

senescence-inducing drugs, we could potentially aim to develop more effective and targeted 

treatment strategies. 

Lastly, as technology advances, developing more sensitive methods to detect and 

characterize biophotonic emissions from cells and mitochondria will be crucial. This could 

include improvements in spectroscopic techniques or the development of new sensing 

technologies capable of detecting and analyzing extremely low-level light emissions. 

 

7.5 Concluding remarks 

This thesis has significantly advanced our understanding of the relationship between 

mitochondrial function, cellular senescence and light. The findings highlight the potential of 

utilizing light, either in the form of biophotons or as a form of PBM, as tools to influence 

mitochondria or to understand their physiological and metabolic state. Published literature 

highlights the importance and health benefits of the use of NIR light (Dompe et al., 2020; 

Hamblin et al., 2018), and recently, light-based non-chemical communication has gained 

interest (Mackenzie et al., 2024; Mould et al., 2024). Uniquely, this thesis explored the 

relationship between light and cellular senescence. Senescence, as an effect of 

antagonistic pleiotropy, can be both a weapon against mutations, diseases, wounds, and 

immunopathology, as well as an agent of organismal dysfunction and ageing. Fully 

comprehending the signalling processes that occur before and during senescence is 

essential. This knowledge could serve as a powerful tool for optimizing human health and 

countering health risks, effectively playing a dual role. 
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Exploring light and its relationship with biological systems could potentially open avenues 

for developing non-invasive, novel diagnostic and therapeutic approaches for age-related 

diseases and cancer. While further research is necessary to address the limitations and 

expand upon these findings, this work represents a significant contribution to the field of 

cellular senescence and opens exciting possibilities for translational applications in 

healthcare. 
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